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Abstract

Solid-state structures and crystallization kinetics were compared between poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [PHB-HV] and
PHB/PHB-HYV blends exhibiting the cocrystallization. As cocrystallizable blends, both the blends showing complete cocrystallization, i.e.
the PHB content in the crystalline phase is the same as that of the whole blends, and the blends forming a PHB-rich crystalline phase were
used. The PHB and HV content in the cocrystalline phase were determined by high-resolution solid-state '*C NMR spectroscopy. In order to
determine these contents with a minimum experimental error, site-specific '*C-labeled PHB/PHB-HYV blends and PHB-HV copolymers were
used. The crystallinity, lamellar structures, spherulite growth rate, and melting behavior were analyzed by wide-angle X-ray diffraction,
small-angle X-ray scattering, polarized microscope, and differential scanning calorimetry, respectively. In these data, no difference was
observed between the complete-cocrystallizable PHB/PHB-HV blends and the PHB-HV copolymers with the same overall HV content. On
the other hand, the PHB/PHB-HYV blends forming a PHB-rich crystalline phase has the amorphous layers thicker than that of the PHB-HV
copolymers with the same overall HV content. Based on the collected data, the similarity and differences in the solid-state structures and

properties between PHB-HV copolymers and cocrystallizable PHB/PHB-HYV blends were discussed.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Bacterially synthesized poly(hydroxyalkanoate)s [PHAs]
attract much attention because they can be produced from
varied renewable resources and are truly biodegradable and
highly biocompatible thermoplastic materials. Therefore,
PHAs are expected to contribute to the construction of
environmentally sustainable society. The most representa-
tive member of this family is poly(3-hydroxybutyrate)
[PHB], which is a semi-crystalline material with a fairly
high melting temperature about 170 °C. PHB degrades to
crotonic acid at temperatures of only a few degrees above
the melting temperature. The unstable nature in the melt,
along with brittleness, of PHB limits its range of application
fields. Biosynthesis of copolymers containing hydroxyalk-
anoate units other than HB is a valuable approach to
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overcome the shortcomings of PHB and to diversify the
physical and mechanical properties of PHA materials.
Biosynthesis and characterization of various copolymers,
including copolymers of HB with 3-hydroxyvalerate (HV)
[1,2], 3-hydroxypropionate (HP) [3], 3-hydroxyhexanoate
(3HH) [4], and 4-hydroxybutyrate (4HB) [5], have been
reported.

In general, bacterial PHB-based copolymers have very
broad and/or polymodal distribution of chemical compo-
sition [6]. Properties of copolymers depend not only on the
average chemical composition but also on its distribution.
Therefore, researchers on the practical applications of PHB-
based copolymers require preliminary knowledge of the
influences of the average composition and its distribution on
various properties. From this point of view, the compo-
sitional fractionation of PHB-based copolymers and the
characterizations of both the original copolymers and their
fractions were reported [7—12]. The influences of the broad
composition distribution on crystallization behavior, the
resultant solid-state structure, and physical properties
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including biodegradation behavior were
demonstrated.

The relation between the composition distribution and
various properties were further investigated through the
analysis of the blends of PHB with fractionated PHB-based
copolymers [13—16]. These blends are regarded as a PHB-
based copolymer with bimodal composition distribution.
Such blends show wide variety of phase structures
depending on the chemical structure and the composition
of the copolymers. For the case of the blends of PHB and
PHB-HV, observable phase structures include cocrystalliza-
tion of PHB and PHB-HYV, coexistence of two or more
crystalline phases formed by phase segregation upon the
crystallization, and immiscible phase separation, which
changes in this order with the increase of the HV content of
PHB-HV [13,15-19]. In a previous paper [14], we have
shown the cocrystals of the blends further classified into two
types, i.e. PHB-rich crystals and complete cocrystals where
PHB content is the same as the blend composition, through
the analysis of the PHB content in the crystalline phase by
'13C cross-polarization magic-angle sample spinning
(CPMAS) NMR spectroscopy. In order to make contrast
between PHB and PHB-HV, the samples used in that
analysis was the blends of normal PHB-HV with PHB of
which methylene carbon was selectively labeled by "*C.

Then, one of the remaining problems is where is the
boundary between the blend that can be regarded as a simple
copolymer practically and the blend that must be treated as
an exact blend. Can we regard a cocrystallizable PHB/PHB-
HV blend as a simple PHB-HV copolymer? In order to
answer this question, we compare the solid-state structures
and the crystallization kinetics between PHB-HV copoly-
mers and cocrystallizable PHB/PHB-HV blends in this
study. As structural parameters, the composition in the
cocrystalline phase, degree of crystallinity, long period and
lamella thickness are analyzed. As will be described later,
the complete description of the composition in the crystal-
line phase needs the HV content, in addition to the PHB
content, in the crystalline phase. These two contents in the
crystalline phase are determined by '*C CPMAS NMR
analysis of the blends of '*C-labeled PHB and '*C-labeled
PHB-HV. The other parameters are estimated from the
analyses of wide-angle X-ray diffraction (WAXD), differ-
ential scanning calorimetry (DSC), small-angle X-ray
scattering (SAXS), and polarized microscopy.

clearly

2. Experimental section
2.1. Materials

Samples of PHB and PHB-HV were prepared by
fermentation of Ralstonia eutropha H16 (ATCC17699) as
previously reported [20]. Acetic acid was used as a carbon
source for PHB preparation. '*C-labeled PHB samples were
produced from [2—4 mol% 2-13C) acetic acid. When [x

mol% 2-13C] acetic acid is used as a carbon source, x mol%
of the methyl and methylene carbons of PHB are selectively
labeled with >C [20]. The carbon sources used for PHB-HV
accumulation were mixtures of acetic and propionic acids.
3C-labeled PHB-HV copolymers were produced from
mixtures of natural acetic acid and [~ 10 mol% 1-'3C)
propionic acid. When a carbon source containing [x mol%
1-13C] propionate is used, x mol% of the methine carbons of
HV units is selectively labeled with B¢ [20]. When we need
to discriminate the PHB [PHB-HV] samples with and
without '°C label explicitly, we denote them as PHBE®
[PHB-HV®] and PHBY [PHB-HV"], respectively. The
PHB-HV samples isolated from bacteria were subjected to
the compositional fractionation by using chloroform/
heptane mixed solvent [7]. Three PHB-HV™ fractions (HV
content 9, 15, and 21 mol%) and two PHB-HVF fractions
(HV content 6 and 13 mol%), in addition to three PHBE,
were used in this study.

Molecular characteristics of the PHB and PHB-HV
samples are listed in Table 1. Molecular weights, HV
contents, and '’C contents of the labeled sites were
determined by GPC, solution-state '"H NMR spectroscopy,
and solution-state 'H-coupled '*C NMR spectroscopy,
respectively, as previously reported [14,21]. From the '*C
content of the labeled site, the 13C content among all carbon
atoms 1is calculated to be only =2 mol% for the labeled
samples. This value is comparable to the natural abundance
(1.1 mol%). Thus, we have assumed that the 13C enrichment
has no effect on the physical properties of the PHB® and
PHB-HV* samples.

Blending of PHB and PHB-HV was performed by a
conventional solvent-casting technique from chloroform
solution using a glass Petri dish as a cast surface. Two
blends of PHB® and PHB-HV", i.e. PHB"-3/PHB-6%HV"
and PHBE-3/PHB-13%HVE, were newly prepared for this
study. Full analysis was performed for these samples. In
order to improve the quality of discussion, the SAXS and
WAXD analyses were also performed for PHB-1/PHB-
9%HV", and PHB"-2/PHB-15%HV™. These two blends are
the same sample used in the previous study [14], where the
phase structure and the PHB content in the crystalline phase
were determined by DSC and 'C CPMAS NMR
spectroscopy.

The analysis was made on the melt-crystallized films of
PHB/PHB-HYV blends and PHB-HV copolymers. The melt-
crystallized films were prepared by compression molding
performed on a Toyoseiki Mini Test Press-10. The cast films
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. The molten
samples were then cooled to 90 °C and kept for four weeks
to reach the equilibrium crystallinity prior to the analysis.

2.2. Analytical methods

13C CPMAS NMR spectra were recorded at 100 MHz on
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Table 1
Molecular characteristics of PHB and PHB-HV

Polyester” HV content® (%) M, x107%¢ M /M. 13C content (%)"
HB methylene HV methine

PHBE-1 0 10.9 2.0 2.7 1.1¢
PHBE-2 0 43 23 24 1.1°
PHBE-3 0 6.0 24 3.4 1.1°
PHB-6%HV® 5.9 7.9 2.4 1.1° 11.9
PHB-9%HVN 9.2 7.2 2.7 1.1° 1.1°
PHB-13%HVE 12.9 4.4 2.7 1.1° 11.7
PHB-15%HVN 15.1 4.6 1.5 1.1° 1.1°
PHB-21%HVY 21.0 7.1 23 1.1° 1.1°

a

® Measured by 'H NMR.

¢ Measured by GPC.

4 Measured by 'H-coupled '*C NMR.
Natural abundance of "*C.

a VARIAN UNITY-400 NMR spectrometer equipped with
CPMAS accessories. Spectra were acquired with a 5 s pulse
repetition, a 50 kHz spectral width, 4 K data points, and
1200-4096 accumulations under high-power 'H decou-
pling. Contact time and MAS rate were 2 ms and 4.0-
6.0 kHz, respectively.

WAXD and SAXS measurements were made on a
Rigaku RU-200 operated at 50 kV and 180 mA. Nickel-
filtered Cu Ka radiation (A = 0.154 nm) was used. WAXD
patterns were recorded in the 26 range 5—50° at a scan speed
of 1.0°/min at room temperature. Assuming that the
diffraction peak from a crystallographic plane and the
amorphous halo could be reproduced by a Gaussian curve
and a sum of two Gaussian curves, respectively, diffraction
patterns in the 26 range 5—-33° were resolved into a series of
Gaussian peaks by curve fitting using damped least-squares
algorithm. The degree of crystallinity (xyaxq) Was calculated
from the relative areas of the resolved peaks. SAXS patterns
were recorded in the 26 range 0.1-2.5°. Each step increased
260 by 0.004° and X-rays were collected for 4 s at each step.
The first-order correlation function was estimated by
applying an inverse Fourier transform to the scattering
profile corrected by thermal background subtraction,
extrapolation to s = 0 by Guinier’s law and extrapolation
to s = oo by Porod’s law. The long period, L, of the samples
was determined from the maximum of the first-order
correlation function estimated from the SAXS patterns
[22]. Assuming a simple two-phase model of lamellar
morphology, lamellar thickness, L., can be estimated by the
product of L and the volume fraction of crystallinity, x.
Since the difference between y, and Xyaxq 1S very small [21],
we have estimated lamellar thickness, L., as a product of L
and Xwaxd*

Thermal characterization was conducted on a SEIKO
EXSTARG6000 system equipped with a DSC 220U. Melt-
crystallized films of 3—6 mg were encapsulated in alumi-
num pans, and heated from room temperature to 200 °C at a

Superscript E and N indicate the samples with and without '>C enrichment, respectively.

heating rate of 20 °C/min. The melting temperature was
taken as the peak top.

Spherulite growth rates were measured by polarized
microscopy. Analysis was carried out with an Olympus BX
90 polarized microscope equipped with a Mettler FP82HT
hot stage. Film samples were heated to 195 °C, kept at this
temperature for 1 min and then cooled to 90 °C where the
growth of spherulites was observed. The spherulite growth
rate was taken as the slope of the plot of spherulite radius vs.
time.

3. Results and discussion

3.1. Determination of composition in the crystalline phase

of PHBY/PHB-HV* blends

3.1.1. DSC analysis
Fig. 1 shows the DSC melting thermograms of PHB"-3/

(a) PHB®-3/PHB-6%HV" (b) PHB®-3/PHB-13%HV*
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ii. 75/25
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Fig. 1. DSC melting thermograms of PHB®-3/PHB-6%HVF (a) and PHB"-
3/PHB-13%HVE (b). Calculated average curve (a-vi) of pure PHBE-3 and
PHB-6%HVF is also shown. The arrow indicates the peak arising from
recrystallization.
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PHB-6%HV" and PHB"-3/PHB-13%HV" blends. For
PHBE-3/PHB-6%HV® blends, a single melting peak is
observed. The proximity of the melting temperatures of
PHB®-3 and PHB-6%HV" implies that the single peak
behavior of the blends is just a result of overlapping of two
melting peaks. This possibility is, however, denied by the
calculated average curve of the thermograms of pure PHB®-
3 and PHB-6%HV" shown in the figure. The thermogram
for 50/50 PHB"-3/PHB-6%HV" blend is obviously different
from the average curve. The peak of the former is much
narrower than the latter. Therefore, we can confirm that only
one crystalline phase is formed in PHBE-3/PHB-6%HV™.

For PHBE-3/PHB-13%HVE, the thermograms of 100/0,
75/25 and 0/100 blends show single melting peak while
those of 50/50 and 25/75 blends show two peaks. When
interpreting multiple melting peaks of a polymeric material,
we must distinguish between peaks arising from phase-
separated crystals and ones arising from crystals rearranged
during heating run in the DSC apparatus. The distinction can
be easily made by their response to variations in heating rate
[23]. For the 50/50 PHBE-3/PHB-13%HVF blend, the
relative intensity of the higher temperature peak decreased
as the heating rate increased, indicating that this peak is
ascribed to the melt/recrystallization process (data not
shown). Only the lower temperature peak corresponds to the
melting of the crystals formed at the crystallization
temperature (90 °C). For the 25/75 blend, on the other
hand, the variation of heating rate gave little effect on the
relative intensity of the peaks. Therefore, two crystalline
phases are formed in this blend at the crystallization
temperature.
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Fig. 2. Melting temperature of PHBE-3/PHB-6%HV® (a) and PHBE-
3/PHB-13%HVE (b) as a function of blend composition.

Parts a and b of Fig. 2, respectively, shows the melting
temperature of PHBE-3/PHB-6%HV® and PHBE-3/PHB-
13%HVE blends as a function of weight fraction of the
copolymers. Note that the peak ascribed to the melt/
recrystallization is not plotted in this figure. The data for
PHBE-3/PHB-6%HV® blends follow a straight line,
suggesting that the PHB content in the crystalline phase is
similar to the blend composition, i.e. complete cocrystalli-
zation occurs in these blends. For 75/25 and 50/50 PHB®-3/
PHB-13%HVF blends, the data also suggest the complete
cocrystallization. For 25/75 PHB"-3/PHB-13%HV", the
higher melting temperature is as high as that of PHBE-3
while the lower one is between those of PHB®-3 and PHB-
13%HVE. Therefore, the peaks are probably due to the
melting of the PHB-rich crystals and of complete cocrystals,
respectively.

The data of melting temperature only allow the
estimation of the composition in the crystalline phase with
limited accuracy because of the dependence of melting
temperature on lamellar thickness. More precise estimation
was done for PHB"-3/PHB-6%HV", and PHB"-3/PHB-
13%HV" blend by '>*C CPMAS NMR spectroscopy.

3.1.2. °C CPMAS NMR analysis

PHB-HV is known as a copolymer exhibiting isodi-
morphism, i.e. the cocrystallization of HB and HV units
both in the PHB and PHV crystalline lattices [24,25].
However, the composition in the crystalline phase would
not necessarily be the same as the HV content of the whole
PHB-HV copolymer and actually changes with the crystal-
lization condition [26,27]. The cocrystalline phase of PHB/
PHB-HV is, therefore, composed of HB units from PHB,
HB units from PHB-HV, and HV units from PHB-HV. The
amount of HV unit in the cocrystalline phase is not the same
as the product of the PHB-HV content in this phase and the
HYV content of the whole PHB-HV copolymer. Further, the
composition in the crystalline phase probably changes
depending on the blend composition and the crystallization
condition. Therefore, the complete description of the phase
structure of PHB/PHB-HV blends needs both the HV and
PHB contents in the crystalline phase.

In a ">C CPMAS NMR spectrum of PHB/PHB-HV, the
peaks from PHB completely overlap with those from HB
units of PHB-HV. The determination of the PHB content in
the crystalline phase is impossible for the normal
PHBYN/PHB-HV" blend samples. Therefore, the contrast
between PHB and PHB-HV was made by '*C-labeling of
methylene carbons of PHB (PHB®-3) in this study. Further,
when the total HV content in a PHB/PHB-HV blend is
small, the resonances from HV units in the 13C CPMAS
NMR spectrum are so weak that the estimation of the
relative peak area of them yields a large margin of
experimental error. Thus, the methine resonance of HV
units was enlarged by '°C labeling for PHB-HV samples
(PHB-6%HVF and PHB-13%HVF).

Fig. 3 shows '*C CPMAS NMR spectra of PHBE-3, 50/
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Fig. 3. 100 MHz "*C CPMAS NMR spectra of PHB®-3, 50/50 PHBE-
3/PHB-13%HVE, and PHB-13%HVE.

50 PHB®-3/PHB-13%HV", and PHB-13%HVE. Assuming
a two-phase model, the main-chain methylene (B2, V2) and
the methine (B3, V3) resonances of the samples are
decomposed into the crystalline and amorphous peaks by
curve fitting software using damped least-squares algorithm.
Fig. 4 shows experimental and calculated spectra for the
methine and methylene carbons of 50/50 PHBE-3/PHB-

(@)

(b) B2cr
V2(cr+am)

80 70 60 50 40 30
Chemical shift / ppm

Fig. 4. Result of curve decomposition for methylene and methine
resonances in 100 MHz '>C CPMAS NMR spectra of 50/50 PHBE-
3/PHB-13%HVE: (a) observed spectrum, (b) sum of curves in part c, (c)
simulated curves.

13%HVE. Since the resonance from crystalline V2 units is
too weak to be resolved by curve fitting, the methylene
(B2 + V2) resonance of the blends was decomposed into
three Lorenzian curves, which are assigned to crystalline
HB, amorphous HB, and crystalline + amorphous HV.
Owing to the '’C labeling, the methine (B3 + V3)
resonance could be decomposed into four Lorenzian curves,
which are assigned to crystalline HB, amorphous HB,
crystalline HV, and amorphous HV. The assignment of
these peaks was clearly described elsewhere [14,25,28]. The
results of curve fitting for the blends are summarized in
Table 2.

The peak areas of the crystalline resonances from B2, B3
and V3 for PHB®/PHB-HVF blends are given by

Apy = kriofs Py + kriofs: Py (1)
Ags = krfafbs Pl 4 krfafss P )
Ays = krysfys Py 3)

where k is a constant: A, r, and f are peak area, B¢
population, and CP efficiency, respectively: superscripts ¢
and h indicate copolymer (PHB-HV®) and homopolymer
(PHBF) in the blend, respectively: subscripts B2, B3 and V3
identify the carbon site: P! is a content of i unit from
copolymer (j = ¢) or homopolymer (j = h) in the crystalline
phase. From the definition, P} + P§ + P = 1. In the
present case, we can assume that £, = f5, = f, and fi}; =
f83 = fv3 = f3 because the chemical structure of HB unit is
very similar to that of HV unit and the motions of the
backbone methine and methylene carbons are extremely
restricted in the crystalline region of both the copolymer and
homopolymer. Since the B2 and B3 carbons in PHB-HV®
and the B3 carbon in PHBF are not labeled, r§, = r$; =
rg3 =r (13C natural abundance) = 0.011. Then, the HV
content in the crystalline phase Py can be estimated from
Egs. (2) and (3) as

P = Ay3/(Ag3rislry + Avs) “4)
The ratio of Ag, to Ags is given by
R = Apy/Ags = fo(Pyria/ra + PR)/fs (P + P§) (5)

Considering that P§ = P, = 0 for pure PHB® and Pl = 0
for pure PHB-HVE, we can determine the PHB content in
the crystalline phase of PHB®/PHB-HV* by the comparison
of the relative peak area of the blend, R*", with those of
PHBF, RPB, and PHB-HVE, RPIBHY 4 follows:

Pl]l3 — (1 _ P%)[RPHB-HV _ Rblend]/(RPHB-HV _ RPHB) (6)

If i, was set to be much larger than the natural abundance,
RPHB and R would be much larger than one and give
relatively large experimental error in P3. In order to
minimize the error, 5, of PHB®-3 was set to be 3.4% in this
study, resulting in the values of RP"® and R®*™ to be no
more than 3.05. For the similar reason, r5; of PHB-HVE was
set to be ca. 12%.
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Table 2

Chemical shifts and peak areas of '*C CPMAS NMR spectra for PHB®/PHB-HV® blends

Chemical shift (ppm) Relative peak area (%) R?

B2° V2 B3® V3P B2° V2 B3® V3P

Cr am cr am cr am cr am cr am cr am
PHBE-3/PHB-6HVE
100/0 42.8 415 68.5 68.6 48.7 25.0 16.3 10.0 3.05
75125 42.8 412 68.6 68.2 72.9 712 45.8 24.5 0.0 17.4 9.4 1.2 1.8 2.63
50/50 42.8 41.1 40.1 68.6 67.9 72.8 71.1 41.8 18.1 4.0 20.2 9.3 3.7 2.9 2.07
25/75 42.8 41.4 39.9 68.5 68.3 72.7 71.0 33.3 19.5 3.0 21.9 12.0 6.2 4.1 1.52
0/100 429 42.0 39.7 68.6 68.4 72.7 71.7 28.1 142 4.1 24.9 13.4 8.7 6.6 1.13
PHBE-3/PHB-13%HV®
100/0 42.8 415 68.5 68.6 48.7 25.0 16.3 10.0 3.05
75125 42.8 41.6 40.3 68.6 68.7 72.8 72.0 43.6 20.9 3.7 17.2 8.2 3.1 3.3 2.54
50/50 429 41.9 40.1 68.6 69.5 72.8 71.6 39.4 14.0 6.5 19.2 7.4 7.4 5.9 2.05
25/75 429 41.6 40.2 68.6 68.0 72.8 72.0 27.7 13.6 5.8 18.4 11.2 11.8 11.6 1.51
0/100 429 419 39.5 68.6 67.6 72.7 71.8 18.5 142 3.1 20.0 8.7 20.7 14.8 0.92

? R indicates the ratio of the peak areas for the crystalline B2 and crystalline B3 resonances.

® ¢r and am indicate crystalline and amorphous components, respectively.

3.1.3. Composition in the crystalline phase of PHB*/PHB-
HVE blends

Fig. 5 shows the relation between the PHB content in the
crystalline phases, P, and the blend composition for PHB®-
3/PHB-6%HV* and PHB®-3/PHB-13%HV" blends crystal-
lized at 90 °C. The data for 25/75 PHB"-3/PHB-13%HV" is
excluded from the plot because the coexistence of the two
crystalline phases in this blend complicates the interpret-
ation. For these blends, the PHB content in the crystalline

@ 100 0
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Fig. 5. PHB content in the crystalline phase of PHBF-3/PHB-6%HV* (a)
and PHBE-3/PHB-13%HVE (b) as a function of blend composition. The
broken line indicates the case in which both of the crystalline and
amorphous phases have the same composition.

phase is similar to the whole composition, which indicates
the occurrence of complete cocrystallization. PHB and
PHB-HV chains are equally introduced into the crystalline
phase without phase segregation and any other mechanism
differentiating between PHB and PHB-HV. This result
totally agrees with the suggestion of the DSC analysis.

It has been shown in the previous paper [14] that
cocrystallization also occurs in PHB®-1/PHB-9%HV" and
PHBE-2/PHB-15%HV™. The degree of phase segregation is,
however, different in these blends. The complete cocrys-
tallization occurs in PHB"-1/PHB-9%HV" while PHB
preferentially enters the crystalline phase of PHB®-2/PHB-
15%HV™. The phase structures for the blends studied in this
paper and in the previous paper are summarized in Table 3.
For PHB/PHB-HV blends the extent of phase segregation
during cocrystallization increases as the HV content of
PHB-HV increases. The blends of PHB and PHB-HV
containing 9 mol% or less HV exhibit complete cocrystalli-
zation, i.e. the PHB content in the crystalline phase is the
same as the overall composition. When the HV content of
PHB-HYV increases to 15 mol%, phase segregation occurs

Table 3
Crystalline phases formed in PHB/PHB-HV blends

Blend Crystalline phases®

75125 50/50 25/75
PHBE-3/PHB-6%HVE cc cc cc
PHBE-1/PHB-9%HVN cc ccC cc
PHBE-3/PHB-13%HVE cc cC CC and BrC
PHBE-2/PHB-15%HVY BrC BrC BrC

The data of PHBE-1/PHB-9%HVN and PHBE-2/PHB-15%HVN are
cited from Ref. [14].
? CC and BrC indicate complete cocrystalline phase and PHB-rich
cocrystalline phase, respectively.
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with PHB crystallization and as a result, the PHB contents in
the crystalline phase is higher than the overall PHB content.
In PHB/PHB-13%HYV, the complete-cocrystalline phase or
the two separated crystalline phases are formed depending
on the blend composition. When PHB is a minor component
of the blend, both the PHB-rich crystals and complete
cocrystals are formed.

The HV content in the crystalline phase is plotted against
the HV content of the whole blend for PHBF-3/PHB-
6%HVE and PHBE-3/PHB-13%HVF blends crystallized at
90 °C in Fig. 6. This figure indicates that the HV content in
the crystalline phases is approximately one half of that in the
whole blend for the complete cocrystallizable PHB/PHB-
HV blends.

3.2. Comparison between cocrystallizable PHB/PHB-HV
blends and PHB-HV copolymers

In Fig. 6, the HV content in the crystalline phases for
PHB-HV copolymers containing 0—21 mol% HV are also
plotted. For the PHB-HV copolymers containing less than
10 mol% HYV, the ratio of the HV content in the crystalline
phases to that of the whole copolymer is approximately one
half, which is similar to the case of complete cocrystalliz-
able PHB/PHB-HV blends. The coincidence in this ratio
indicates the similarity in the structures inside the crystal-
line phase of the complete-cocrystallizable PHB/PHB-HV
blends and PHB-HV copolymers.

It should be noted that the ratio for PHB-HV copolymers
changes from one half to two third at 10 mol% HV [21].
This change was interpreted as an evidence of structural
transition in the crystalline phase of PHB-HV copolymer.
Though similar structural transition may occur in the
cocrystallizable PHB/PHB-HV blends, this possibility
cannot be discussed further because we could not prepare
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Fig. 6. HV content in the crystalline phase of PHB®-3/PHB-6%HV®(A) and
PHBE-3/PHB-13%HVE(O) as a function of overall blend composition. The
data for PHB-HV copolymers(A) are also plotted. The broken line indicates
the case where both the crystalline and amorphous phases have the same
composition. The solid lines indicate the cases where the HV contents in the
crystalline phase are one-half and two-thirds of the whole HV content.

the blends containing more than 10% HV and still forming
only complete-cocrystalline phase.

The comparison between PHB/PHB-HV blends and
PHB-HV copolymers is continued through the X-ray and
polarized microscope analysis. In addition to the blends
studied in the previous sections, the blends of PHBE-1/PHB-
9%HVY and PHB®-2/PHB-15%HV" are analyzed. The
25/75 PHB®-3/PHB-13%HV"® is again excluded from the
analysis.

Figs. 7-9, respectively, shows the degree of crystallinity
estimated from WAXD patterns, the parameters of lamellar
structure characterized by SAXS analysis, and the spherulite
growth rate measured at 90 °C by polarized microscopy for
cocrystallizable PHB/PHB-HV blends and PHB-HV copo-
lymers as a function of HV content of the whole blend. The
cocrystallizable blends are further categorized into two
types; the one showing complete cocrystallization and the
one forming PHB-rich crystals.

All the data for the complete-cocrystallizable PHB/PHB-
HV blends shown in Figs. 6—9 exhibit the composition
dependence similar to those of PHB-HV copolymers
containing 10% HV or less. The coincidence in both the
degree of crystallinity and the HV content in the crystalline
phase indicates the similarity in the HV content in the
amorphous phase. Since PHB and PHB-HV containing
25 mol% or less HV have been reported to be miscible [13],
the structures in the amorphous phase of the complete
cocrystallizable PHB/PHB-HV blends are practically the
same as those of the PHB-HV copolymer of the same
overall HV content. In addition to the HV content in the
crystalline and amorphous phases, the data on spherulite
growth rate, and lamellar structures of these blends are also
similar to those of PHB-HV copolymers. Therefore, we can
equate the complete-cocrystallizable PHB/PHB-HV blends
with PHB-HV copolymers of the same overall HV content.

The situation for the blends forming PHB-rich crystals is
little bit different. Fig. 8 shows that the long period of the
PHB/PHB-HYV blends forming PHB-rich crystalline phase is
slightly longer than that of PHB-HV copolymers of the same
overall HV content. Although the difference is very small,
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Fig. 7. Degree of crystallinity of PHB-HV copolymers (A) and PHB/PHB-
HV blends exhibiting complete-cocrystallization (O) and crystallization
preferring PHB (+) as a function of overall HV content.
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Fig. 8. Long period and lamellar thickness of PHB-HV copolymers (A) and
PHB/PHB-HV blends exhibiting complete-cocrystallization (O) and
crystallization preferring PHB (+) as a function of overall HV content.

we believe that the difference is beyond the experimental
error because repeated experiments show the similar results.
On the other hand, the lamellar thickness of the blends
forming PHB-rich crystalline phase is similar to that of the
copolymers. This indicates that the blends have the
amorphous layers thicker than the copolymers. Therefore,
the composition in the crystalline phase and the lamellar
structures of the PHB/PHB-HV blends forming the PHB-
rich crystalline phase are slightly different from PHB-HV
copolymers. The data on spherulite growth rate of these
blends are, however, quite similar to those of the
copolymers. The difference between the PHB/PHB-HV
blends forming PHB-rich crystalline phase and PHB-HV
copolymers is not so large.
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Fig. 9. Spherulite growth rate at 90 °C of PHB-HV copolymers (A) and
PHB/PHB-HV blends exhibiting complete-cocrystallization (O) and
crystallization preferring PHB (+) as a function of overall HV content.

As shown in a previous paper [21], the crystalline phase
structure of PHB-HV copolymers transforms from sandwich
lamellae to uniform lamellae at ca. 10 mol% HV. In the
uniform lamellar crystals, HV units are uniformly distrib-
uted. On the other hand, the sandwich lamellar crystals
consist of edge parts and a core part between them: the core
is composed entirely of HB units and HV units exist only in
the edges. Because of the excess free energy of cocrystalli-
zation of HB and HV units, there must be a marked tendency
for HV units to be excluded from the lamellae. In the PHB-
HV copolymers with low HV content, the abundance of the
long HB sequences strengthens this tendency to form the
core. In this situation, HV units are probably concentrated
on the surface of the core. Since the distortion of the
crystalline lattice can be easily relaxed at the crystalline
surface, these HV units can crystallize to form the edges
with the HB units surrounding them. Therefore, the
sandwich lamellae are considered to be a proper model for
the isomorphism of PHB-HV with low HV content. The
sandwich lamella is advantageous only when the average
length of HB sequences is sufficiently large. So, the
crystalline structure of PHB-HV copolymer transforms to
uniform lamella at ca 10 mol% HV.

The driving forces behind the formation of the sandwich
lamella in pure PHB-HV copolymers must also stimulate
the cocrystallization in the blends of PHB and PHB-HV
with low HV content. The long HB sequences of the
copolymer, which would forms the core of the sandwich
lamella in the pure state, must have marked tendency to
cocrystallize with PHB to form the core of lamellae in the
blends. Just like the case of pure copolymer, HV units are
concentrated on the surface of cores to form the edges with
the PHB chains surrounding them. Therefore, the sandwich
lamella model may also well describe the lamellar structure
of the blends of PHB and PHB-HV with low HV content.

4. Conclusion

By the comparison of the solid-state structures and
crystallization kinetics between PHB-HV copolymers with
narrow chemical compositional distribution and PHB/PHB-
HV blends, the boundary between the PHB/PHB-HV blend
that can be regarded as a simple PHB-HV and the one that
must be treated as an exact blend are estimated. No
difference was observed in structural parameters, melting
behavior, and spherulite growth rate between the complete-
cocrystallizable PHB/PHB-HV blends and the PHB-HV
copolymers with the same overall HV content. Therefore,
we can equate the structure of the complete-cocrystallizable
blends with that of PHB-HV copolymers. On the other hand,
the PHB/PHB-HV blends forming a PHB-rich crystalline
phase has the amorphous layers thicker than that of the
PHB-HV copolymers with the same overall HV content.
The difference is, however, not so large and the other
properties such as melting temperature and spherulite
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growth rate are similar. Therefore, we can practically regard
the blends forming a PHB-rich crystalline phase as a
copolymer in some case. Needless to add, the PHB/PHB-
HV blend forming more than two crystalline phases has to
be treated as a exact blend.

The simplest method to identify the phase structure of
PHB/PHB-HV blends and blends of two PHB-HV’s is to
measure the DSC melting curve and to compare the melting
temperature of the blends with PHB-HV copolymers with
narrow composition distribution. The melting temperature
of such PHB-HV copolymers has been reported elsewhere
[7]. Immiscible blends and blends forming more than two
crystalline phases have two or more melting peaks. The
blends forming complete cocrystals have only one melting
peak at the temperature expected from the average HV
content. If the melting temperature higher than the
expectation, the crystalline phase rich in the component
with higher crystallization rate is formed. This method may
be applicable to the samples with broad chemical compo-
sition distribution and the sample with more complex
composition distribution. If so, this method allows us to
judge whether the PHB-HV sample as extracted from
bacteria can be regarded as a simple copolymer.
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