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Abstract

The competition between cocrystallization and phase segregation in blends of poly(3-hydroxybutyrate) (PHB) and poly(3-hydroxybuty-

rate-co-3-hydroxyvalerate) (PHB±HV) containing 9 and 15% HV has been studied by 13C cross-polarization magic-angle sample spinning

(CPMAS) NMR and DSC techniques. The PHB homopolyester samples with selectively 13C-enriched methylene carbon (PHBp) were used.

Assuming a simple two-phase model, the 13C resonances were resolved into two peaks arising from the crystalline and amorphous phases.

Owing to the 13C-enrichment of PHBp, the relative areas of the crystalline peaks for the methylene and the methine carbon resonances on 13C

CPMAS NMR spectra change depending on the PHBp content in the crystalline phase. By comparing the ratio of these areas for the blends

with those for pure PHBp and PHB±HV, the composition in the crystalline phase of the blends was determined. For PHBp/PHB±9%HV

blends, the composition in the crystalline phase is very similar to that in the blend. This means that almost perfect cocrystallization of PHB

and PHB±9%HV occurs in these blends. For PHBp/PHB±15%HV blends, the PHB content in the crystalline phase is larger than that in the

whole blend. The phase segregation precedes the crystallization in these blends. Therefore, the degree of phase segregation (or the percentage

of PHB±HV that segregates from the growth front of crystals) changes depending on the HV content of PHB±HV. As the HV content

increases, the copolymer content in the crystalline phase decreases. q 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Recently, much attention has been paid to polymer blends

containing semicrystalline polymers [1±7]. In melt-misci-

ble blends of semicrystalline and amorphous polymers and

of two crystalline polymers, phase segregation competes

with cocrystallization. As a result, such blends can poten-

tially form several phase structures that vary with the misci-

bility of the component polymers. In crystalline±amorphous

polymer blends, the amorphous polymer chains can exist

in interlamellar±intra®brillar regions, inter®brillar±intra-

spherulite regions, interspherulite regions, or some combi-

nation of these. In case of crystalline±crystalline polymer

blends, the separation of the two-component polymers in the

crystalline phase brings about further variation in the micro-

structures. The component polymers can coexist in a lamel-

lae (cocrystallization) or form separate lamella. The

separate lamella can coexist in a ®bril or form separate

®brils. The separate ®brils can coexist in a spherulite or

form separate spherulites.

Crystallization behavior and the resultant crystalline

structure of the blends of polyethylenes (PEs) with different

degree of branching have been widely investigated and have

markedly contributed toward understanding the phenomena

of cocrystallization and phase segregation [8±18]. Through

the analysis of the bulk structure by DSC, optical micro-

scopy, and electron microscopy and the analysis of the

dimensions of some structural units by light scattering and

X-ray analysis, the crystalline phase structure of PE blends

was classi®ed into phase segregation and cocrystallization.

In these studies, however, the exact composition in the crys-

talline phase has not been determined. Even for the blends

showing cocrystallization, phase segregation may proceed

to some extent before crystallization. The composition of a

given component polymer in the cocrystalline phase is not

necessarily the same as that in the blend. The cocrystalline

phase may contain one component much more than the

other. The opposite case is also probable, i.e. the crystalline

phase of the blends showing phase segregation may contain

the second component to some extent. Further, the compo-

sition in the crystalline phase may change depending on the

blend composition, the crystallization condition and so on.

In a previous paper [19], we have reported miscibility and
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phase structure of the blends of poly(3-hydroxybutyrate)

(PHB) with poly(3-hydroxybutyrate-co-3-hydroxyvalerate)

(PHB±HV). PHB±HV copolymers keep high crystallinity

throughout a range of compositions from 0 to 100% HV due

to the isomorphous behavior [20,21]. So, PHB/PHB±HV

blends are crystalline±crystalline systems. PHB is incom-

patible with PHB±HV of high HV content, while it is misci-

ble with PHB±HV of low HV content. Among the miscible

blends, phase structure changes depending on the HV

content of PHB±HV. For the blends of PHB with PHB±

HV containing more than 20% HV, multiple melting

temperatures (Tms) are observed. The highest Tm is similar

to Tm of PHB, indicating the formation of the PHB crystal-

line phase. On the other hand, the blends of PHB and PHB±

HV containing less than 10% HV show a single Tm, which

changes linearly with the blend composition. This behavior

indicates that PHB±HV cocrystallizes with PHB. Through

these studies, we have got to believe that the studies on the

PHB/PHB±HV blends will contribute to the systematic

understanding of the phenomena of cocrystallization and

phase segregation in polymer blends. In this paper, we

will determine the composition in the crystalline phase by

solid-state 13C NMR spectroscopy for the miscible PHB/

PHB±HV blends and show the composition in the crystal-

line phase changes gradually as a function of HV content of

PHB±HV. Two PHB±HV samples, containing 9 and

15 mol% HV, will be used.

From a NMR standpoint, PHB and PHB±HV have very

similar chemical structures. Therefore, it is very dif®cult to

distinguish the crystallization behavior of the respective

components separately. Here, we have used PHB of which

methyl and methylene carbons are speci®cally labeled with
13C. In this paper, PHB labeled with 13C is denoted as PHBp.

We have performed cross-polarization magic-angle sample

spinning (CPMAS) 13C NMR experiments on the blends of

PHB±HV of natural abundance and PHBp. Assuming a

simple two-phase model, the 13C resonances were separated

into the peaks of the crystalline and amorphous phases. The

relative intensities of the crystalline peaks for the labeled

(methylene) and the non-labeled (methine) carbons change

depending on PHBp content in the crystalline phase. By

comparing the signal intensity ratio of the blends with

those of pure PHBp and PHB±HV, we can determine the

composition in the crystalline phase of PHBp/PHB±HV

blends.

2. Experimental

2.1. Materials

Polyester samples were prepared by fermentation of

Ralstonia eutropha H16 (ATCC17699) as previously

reported [22]. Two PHBp samples (denoted as PHBp1 and

PHBp2) were produced from [2-13C]acetic acid (13C content

is 2±4 mol%). A PHB sample of natural abundance was also

prepared from natural acetic acid. PHB±HV samples were

produced from mixtures of natural propionic and acetic

acids. Polyesters were extracted from the dried cells with

hot chloroform and puri®ed by reprecipitation with hexane.

In the previous papers [23,24], we have reported that bacter-

ial copolyesters often have very broad and/or polymodal

chemical composition distribution. So, the bacterial PHB±

HV samples were compositionally fractionated by using

chloroform±heptane mixed solvent. Three fractions,

PHB±9%HV, PHB±15%HV, and PHB±21%HV, were

used in this study. Details of the fractionation were

described elsewhere [23].

The HV contents of PHB±HV were determined by 1H

NMR spectra. Molecular weight characterization of the

samples was performed by gel-permeation chromatography

(GPC) equipped with two detectors, refractometer and

viscometer. The number-average and weight-average

molecular weights (Mn and Mw) were calculated by con-

verting the distribution of the intrinsic viscosity into that

of the molecular weight through a universal calibration

curve. 13C content of PHBp samples were determined

from 1H-coupled 13C NMR spectra.

PHBp/PHB±HV blends were prepared by a conventional

solvent-casting technique from chloroform solution using a

glass Petri dish as a cast surface.

2.2. Preparation of melt-crystallized ®lms

The samples used for 13C CPMAS NMR analysis were

melt-crystallized ®lms. PHBp, PHB±HV and their blends

were compression-molded between two aluminum plates

containing a 0.1 mm aluminum spacer on a Toyoseiki

Mini Test Press-10 at 1958C for 3 min under a pressure of

5 MPa. The molten samples were crystallized at 908C for at

least one month in order to obtain the ®lms of equilibrium

crystallinity.

2.3. Structural analysis by NMR

High-resolution solid-state 13C NMR spectra were

recorded at 100 MHz on a Varian Unity-400 NMR spectro-

meter equipped with CPMAS accessories. 13C CPMAS

NMR spectra were acquired with a 5-s pulse repetition, a

50-kHz spectral width, 4K data points, and 1200±4000

accumulations under high-power 1H decoupling. Contact

time was 2 ms and MAS rate was optimized at 4.0 kHz.

2.4. Thermal analysis by DSC

Thermal characterization was carried out using a Seiko

DSC220U. Melt-pressed ®lms of 2±5 mg were encapsu-

lated in aluminum pans and heated from room temperature

to 2008C at a heating rate of 208C min21. The melting

temperature was taken as the peak top.
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3. Results

3.1. Characterization of PHB, PHBp and PHB±HV samples

Molecular characteristics of PHB, PHBp and PHB±HV

samples are listed in Table 1. Two PHBp were biosyn-

thesized from [2-13C]acetate (13C content is 2±4 mol%) as

a sole carbon source. In Fig. 1, 1H-coupled 13C NMR spectra

of PHBp1 and PHBp2 are shown. In order to determine

relative 13C content in each site, pulse repetition time was

adjusted to be 5 s, which is longer than ®ve times the spin±

lattice relaxation times of methyl, methylene, and methine

carbons.1 So, the relative peak areas of these resonances are

proportional to the relative 13C abundance in the corre-

sponding sites. The relative peak areas are also shown in

Fig. 1. It has been reported [22] that when [2-13C]acetate is

used as a carbon source, only the methyl and methylene

carbons are labeled with 13C. We can assume that the 13C

populations in the methine and carbonyl carbons in PHBp

are 1.1% (natural abundance). Therefore, the 13C popula-

tions in the methyl and methylene carbons are 2.4% for

PHBp1 and those for PHBp2 are 3.2 and 3.4%, respectively.

3.2. DSC analysis of crystalline phase structure in PHBp/

PHB±HV

Fig. 2 shows the DSC melting curves of PHBp/PHB±

HV blends. The DSC curves of 50/50 and 25/75 PHBp2/

PHB±15%HV blends have two melting peaks. When we

interpret multiple melting peaks of a polymeric mate-

rial, we must distinguish between peaks arising from

phase-separated crystals and ones arising from crystals

rearranged during heating run in DSC apparatus. By

simply varying the heating rate, these can be distin-

guished [25]. For 50/50 and 25/75 PHBp2/PHB±

15%HV blends, the relative intensity of the higher

temperature peak decreases as the heating rate increases

(data not shown). So, the higher temperature peak is

ascribed to the melt±recrystallization process. Only the

lower temperature peak shows the melting of the crys-

tals formed at the crystallization temperature (908C).

The width of the melting peak of the blends is smaller

than the difference of the melting temperature of PHBp2 and

PHB±15%HV. These facts indicate that only one crystalline

phase is formed in each PHBp2/PHB±15%HV blend. We

have con®rmed that PHBp1/PHB±9%HV blends also have

only one crystalline phase.

Parts (a) and (b) of Fig. 3, respectively, show melting

temperature of PHBp1/PHB±9%HV and PHBp2/PHB±

15%HV blends as a function of blend composition. The

data for PHBp1/PHB±9%HV blends follow a straight line

suggesting that PHB±9%HV cocrystallized with PHBp1
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Fig. 1. 1H-coupled 13C NMR spectra of PHBp1 and PHBp2 in CDCl3. The

numerical values in this ®gure are the relative peak areas.

1 The 13C spin±lattice relaxation (T1) times of PHB were determined by

the standard inversion-recovery (p±t ±p/2±T) pulse sequence. The T1

times of methyl, methylene, and methine carbons are 0.81, 0.47, and

0.85 s, respectively. The T1 time of carbonyl carbon is much longer than

1 s and is not determined exactly.

Table 1

Molecular characteristics of polyesters used as blend components

Polyester HV content (%)a Mw £ 1025b Mw/Mn
b 13C content (%)c

PHBp1 0 10.9 2.0 2.4

PHBp2 0 4.3 2.3 3.4

PHB 0 6.0 2.4 1.1

PHB±9%HV 9.2 7.2 2.7 1.1

PHB±15%HV 15.1 4.6 1.5 1.1

PHB±21%HV 21.0 7.1 2.3 1.1

a Measured by 1H NMR.
b Measured by GPC.
c 13C content of methylene carbon measured by 1H-coupled 13C NMR.



in these blends and that the composition in the crystal-

line phase is similar to that of the blend. For PHBp2/

PHB±15%HV blends, though the melting temperature is

still located between those of PHBp2 and PHB±15%HV,

the data give a convex curve. The upward deviation

from a straight line suggests that the PHB content in

the crystalline phase is larger than that of the blend.

3.3. Determination of composition in the crystalline region

The composition in the crystalline phase of PHBp/

PHB±HV blends can be estimated by the comparison

of 13C CPMAS NMR spectra of PHBp, PHB±HV, and

the blends of them. Fig. 4 shows 13C CPMAS NMR

spectra of PHBp2, 50/50 PHBp2/PHB±15%HV blend,

and PHB±15%HV. Assuming a two-phase model, we

have tried to decompose the main-chain methylene

(B2, V2) and the methine (B3, V3) resonances into the

crystalline and amorphous phases by curve ®tting. Fig.

5 shows experimental and calculated 13C CPMAS NMR

spectra for these carbons in 50/50 PHBp2/PHB±

15%HV. The resonances of this blend were decomposed

into three peaks, which are assigned to crystalline HB,

amorphous HB, and HV. The assignment of these peaks

was ascribed elsewhere [21,26]. It was reported that

when the HV content is smaller than 40%, the amount

of HV units in the crystalline phase is one-third of the

whole HV content [21,26±28]. So, the HV contents in

the crystalline phase for this PHBp2/PHB±15%HV

blend must be only a few percent. The resonances

from crystalline HV units must be too weak to be

resolved by curve ®tting. So, the resolved HV resonance

for PHBp2/PHB±15%HV blends are assigned to the

amorphous HV units. The curve ®tting of spectra for

PHB±15%HV and PHB±9%HV samples gave similar

results. For PHBp1/PHB±9%HV blends, no peak for

HV units could be resolved from the methylene and
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Fig. 3. Melting temperature of blends of: (a) PHBp1/PHB±9%HV and

(b) PHBp2/PHB±15%HV crystallized at 908C.

Fig. 2. DSC melting thermograms of blends of: (a) PHBp1/PHB±9%HV

and (b) PHBp2/PHB±15%HV crystallized at 908C. Arrows indicate peaks

arising from recrystallization.



methine resonances. In the 13C CPMAS NMR spectra,
13C in the crystalline phases are emphasized more than

that in amorphous phases. This means that the reso-

nances from the amorphous phase are relatively small.

Thus, the resonances from the amorphous HV must be too

small to be resolved for PHBp1/PHB±9%HV. The results of

curve ®tting for B2, B3, V2, and V3 carbon resonances are

summarized in Table 2.

The intensities of the B2 and B3 crystalline resonances for

the PHBp/PHB±HV blends are given by

AB2 � krh
B2 f h

B2Ph 1 krc
B2 f c

B2Pc

AB3 � krh
B3 f h

B3Ph 1 krc
B3f c

B3Pc
�1�

where k is a constant: r, f and P are 13C population, CP

ef®ciency, and composition in the crystalline phase,

respectively, superscripts c and h indicate copolymer

(PHB±HV) and homopolymer (PHBp), respectively:

subscripts B2 and B3 identify the carbon site. Here,

Pc 1 Ph � 1: In general, the relative peak areas of 13C

CPMAS NMR do not re¯ect the exact concentrations of

relevant carbons because the strength of 1H± 13C dipole

interaction depends on the environments surrounding the

carbon atoms of interest. However, we can assume that

the CP ef®ciencies of B2 and B3 carbons of PHB±HV

are the same as that of the corresponding carbons of

PHB (or PHBp) because the chemical structure of HB

unit is similar to that of HV unit and the motions of

backbone methine and methylene carbons ought to be

limited in the crystalline region. Thus, f c
B2 � f h

B2 � fB2; and

f c
B3 � f h

B3 � fB3: All the carbons in PHB±HV and the B3

carbon in PHBp are naturally abundant, while the B2 carbon

in PHBp is enriched with 13C. So, rc
B2 � rc

B3 � rh
B3 � rN

�13C natural abundance� � 0:011: Then, the ratio of the

intensity of the crystalline B2 resonance to that of the crys-

talline B3 resonance is given by

AB2

AB3

� rh
B2

rn

Ph 1 Pc

 !
fB2

fB3

�2�

The ratios of the peak areas for PHBp, PHB±HV, and the

blends are different from each other. The ratio for the blends
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Fig. 4. 13C CPMAS 100-MHz NMR spectra of a series of PHBp2/PHB±

15%HV blends.

Fig. 5. Methylene and methine resonances in the CPMAS NMR spectrum of

50/50 PHBp2/PHB±15%HV blend: (a) observed spectrum; (b) total curve

of c; (c) simulated resonances. SSB indicates spinning side band.



varies with the composition in the crystalline phase and

increases with the increase of PHBp content in the crystal-

line phase.

If the 13C population in the methylene carbon of PHBp is

much higher than the natural abundance, the AB2/AB3 value

will become much larger than one and contain relatively

large experimental error. In order to minimize the error,

the 13C population in the methylene carbon of PHBp was

limited to a few percent in this study.

Considering that Pc � 0 for PHBp and Pc � 1 for PHB±

HV, the copolyester content in the crystalline phase of

PHBp/PHB±HV is given by

Pc �
AB2

AB3

� �blend

2
AB2

AB3

� �PHBp
" #

AB2

AB3

� �PHB2HV

2
AB2

AB3

� �PHBp
" # �3�

where �AB2=AB3�blend
; �AB2=AB3�PHBp

and �AB2=AB3�PHB2HV

are the peak area ratios for the blend, pure PHBp and pure

PHB±HV, respectively.

Composition in the crystalline phase is also listed in

Table 2. The relation between the composition in the

crystalline phases and the overall blend composition is

shown in Fig. 6. Although all of these blends have only

one crystalline phase, the compositions in the crystalline

phase are different. For PHB/PHB±9%HV blends, the

PHB content in the crystalline phase is similar to the

blend composition, i.e. almost perfect cocrystallization

occurs in these blends. On the other hand, for PHB/

PHB±15%HV blend, the PHB content in the crystalline

M. Saito et al. / Polymer 42 (2001) 5573±55805578

Table 2

Chemical shifts and peak intensities of 13C CPMAS NMR spectra for PHB/PHB±HV blends

Chemical shift (ppm)a Rel peak area (%) AB2/AB3
b Pc (%)c

B2d V2 B3d V3 B2d V2 B3d V3

CR AM CR AM CR AM CR AM

PHBp1/PHB±9%HV

100/0 42.9 41.3 68.6 68.4 50.0 21.9 21.7 6.3 2.30 0

75/25 43.0 40.4 68.7 68.7 53.3 12.0 0.0 26.2 8.5 0.0 2.03 22.3

50/50 42.9 40.7 68.7 69.2 50.5 10.2 0.0 28.3 11.0 0.0 1.78 43.6

25/75 43.0 40.2 68.7 69.1 46.5 10.7 0.0 32.1 10.7 0.0 1.45 72.4

0/100 42.9 41.1 39.0 68.6 68.5 72.7 38.1 15.0 1.4 33.8 10.6 1.0 1.12 100

PHBp2/PHB±15%HV

100/0 42.8 41.4 68.5 68.3 46.7 27.8 15.8 9.7 2.95 0

75/25 42.8 41.9 40.0 68.5 68.5 72.8 45.5 26.6 1.1 15.9 10.4 0.5 2.86 4.7

50/50 42.8 41.9 40.4 68.5 68.6 72.8 41.4 25.9 1.9 16.8 12.8 1.3 2.47 25.6

25/75 42.8 41.5 39.9 68.5 68.3 72.7 34.5 25.4 2.5 20.7 14.6 2.2 1.67 67.5

0/100 42.8 41.2 39.4 68.5 68.3 72.6 31.4 16.0 3.6 30.1 15.4 3.5 1.04 100

a Ppm from TMS.
b AB2/AB3 indicates the ratio of B2 to B3 carbon intensities of CR components.
c Pc indicates the PHB±HV content in the crystalline phase.
d CR and AM indicate crystalline and amorphous components, respectively.

Fig. 6. The composition in the crystalline region of blends of: (a) PHBp1/

PHB±9%HV, and (b) PHBp2/PHB±15%HV.



phase is larger than the whole blend, i.e. PHB mole-

cules are predominantly crystallized. Therefore, the

composition in the cocrystalline phase for PHB/PHB±

HV blends changes depending on the HV content of

PHB±HV. The PHB±HV content in the cocrystalline

phase decreases as the HV content of PHB±HV increases.

These results indicate that the composition in the crystalline

phase is determined by the competition of phase segregation

and crystallization.

3.4. DSC analysis of crystalline phase structure in PHB/

PHB±21%HV

By comparing Fig. 6 with Fig. 3, we can notice that the

melting temperature of the blend is sensitive to the compo-

sition in the crystalline phase. Both of the plots of melting

point and PHB content in the crystal against PHB±HV

composition for the PHB/PHB±9%HV blend give a straight

line, while both of the plots for PHB/PHB±15%HV show

convex curves of which the shapes of deviation from the

linearity are very similar to each other. The deviation

decreases with increase of the PHB±15%HV content.

Therefore, we can speculate the composition in the crystal-

line phase from the plot of melting temperature versus blend

composition.

Fig. 7(a) shows the DSC melting curves of PHB/

PHB±21%HV isothermally crystallized at 908C for 2

weeks. For all the blends and PHB±21%HV sample,

multiple melting peaks were observed. By varying the

heating rates, we have con®rmed that the highest melt-

ing peaks of 50/50 blends and PHB±21%HV are

ascribed to the melt±recrystallization peaks. Fig. 7(b)

shows the relation between melting temperature and

blend composition of PHB/PHB±21%HV blends. The

melting temperatures around 170 and 1208C are

ascribed to the melting of PHB-rich and PHB±HV-

rich crystals, respectively. The middle melting tempera-

ture is assigned to the melting of cocrystal. Therefore,

the PHB±HV-rich crystalline phase, the PHB-rich crys-

talline phase and/or the cocrystalline phase are formed

in PHB/PHB±21%HV. These results indicate that the

phase segregation and the crystallization proceed simul-

taneously in these blends. Since two or three crystalline

phases were formed in these blends, the composition in

individual crystalline phase could not be determined by

the CPMAS NMR analysis.

4. Discussion

In this study, we have shown that the PHB/PHB±9%HV

blends exhibit almost perfect cocrystallization, the PHB/

PHB±15%HV blends form PHB-rich crystalline phase,

and the PHB/PHB±21%HV blends show phase segregation

and formation of the crystalline phases of component poly-

mers as well as the cocrystalline phase. These results indi-

cate that the degree of phase segregation (or the percentage

of PHB±HV that segregates from the growth front of crys-

tals to the melt-mixed phase) changes depending on the HV

content of PHB±HV. As the HV content increases, phase

segregation proceeds to higher degree before cocrystalliza-

tion and as a result, the copolymer content in cocrystalline

phase decreases and/or the crystalline phases of the compo-

nent polymers are formed. The phase structure of the blends

is determined by the competition between the cocrystalliza-

tion and phase segregation.

The necessary conditions for cocrystallization are

supposed to be miscibility in the melt state, similarity in

the crystalline structures, similarity in the crystallization

rates of the component polymers, and large crystallization

rates. The miscibility prevents phase segregation. The simi-

larity in the crystalline structure lowers the free energy of

cocrystallization. The similarity in the crystallization rates
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Fig. 7. (a) DSC melting thermograms and (b) melting temperatures of blend

of PHB/PHB±21%HV crystallized at 908C: (W) PHB-rich crystals; (K)

cocrystals; (A) PHB±HV-rich crystals. Arrows indicate peaks arising

from recrystallization.



allows the simultaneous crystallization of two components.

The high crystallization rate does not give suf®cient time for

phase segregation. It has been reported that the crystalline

lattice of PHB±HV containing 40% or less HV unit is the

same as that of PHB [20,29]. So, the similarity in the crystal-

line structure is undoubted for the PHB/PHB±HV blends

used in this study. The fact that PHB and PHB±HV with

high HV content are immiscible [19,30±32] indicates that

the extent of miscibility between PHB and PHB±HV gradu-

ally decreases with the increase of HV content of PHB±HV.

The fact that the crystallization rate of PHB±HV gradually

decreases with the increase of HV content [33,34] shows

that the difference in the crystallization rate of component

polymers gradually increases with the increase of HV

content of PHB±HV. Both of these two factors promote

the phase segregation with the increase of the HV content

of PHB±HV for PHB/PHB±HV blends. Therefore, as the

HV content of PHB±HV for PHB/PHB±HV blends

increases, the PHB±HV content in the cocrystalline phase

gradually decreases and the crystalline phases of the indivi-

dual component polymers are formed.
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