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In order to investigate the effect of comonomer-unit composition and its distribution of bacterial poly
(3-hydroxybutyrate-co-3-hydroxyhexanoate) [P(3HB-co-3HHx)] on the miscibility of its blend with poly
(ethylene oxide) (PEO), as-bacterially synthesized and well-fractionated P(3HB-co-3HHx)s with different
3HHx unit content were blended with PEO at different content. It is found that the miscibility between P
(3HB-co-3HHx) and PEO decreases dramatically with increasing both 3HHx unit content of P(3HB-co-
3HHx) and PEO content in the blend. The miscibility is also found to be significantly affected by the
comonomer-unit compositional distribution of P(3HB-co-3HHXx). Strongly depending on the comonomer-
unit composition of P(3HB-co-3HHx) and PEO content in the blend, thermal stability and mechanical
properties of P(3HB-co-3HHx) can be regulated by blending with PEO. Moreover, PEO exhibits good
dispersion in P(3HB-co-3HHx) matrix. It is concluded that the P(3HB-co-3HHx)/PEO binary blend can
exhibit diverse properties by varying the comonomer-unit composition and comonomer-unit compo-
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sitional distribution of P(3HB-co-3HHXx) as well as the PEO content in the blend.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

In the second half of last century, a production of certain
materials has truly skyrocketed. They were synthetic polymers, also
known as plastic, the majority of which are petroleum-derived.
However, with the depletion of the global petroleum resource and
increasing of solid waste which need hundreds and thousands
years to degrade, plastics derived from new green energy are being
researched all over the world. The emergence of biomass-derived
polymers brings new hopes for solving these environmental pro-
blems, and accordingly they are being paid more and more atten-
tions as one of the potential and perspective alternatives for
petroleum-based polymers. The family of poly(hydroxyalkanoic
acids) (PHASs) is one typical family of biomass-derived, biodegrad-
able and biocompatible polymers, which can be produced by a wide
variety of microorganisms and biodegradable under the actions of
various microorganisms and/or enzymes [1—6]. In particular, the
bacterially synthesized poly(3-hydroxybutyrate) [P(3HB)] [7], the
most promising and attractive member of PHAs, has already been
industrially commercialized and its applications have covered
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widely from agricultural and marine to medical field. However,
there are still some issues concerning on the industrial processing
of P(3HB), such as narrow processability window and low impact
resistance, which confine greatly its industrial applications [8—10].
Studies on P(3HB) copolymers [11—23] and blending P(3HB) with
suitable polymers are expected to improve its physical properties
and make it the promising industrial polymeric materials in the
near future [24—26].
Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) [P(3HB-co-
3HHX)] is one of the promising bacterial P(3HB) copolymers,
exhibiting significantly improved physical properties than those of
P(3HB) due to its long side-chain [27—29]. So far, studies on the
physical properties of P(3HB-co-3HHx) have been intensively
described in several previous reports [28—35]. However, there are
still some issues concerning on the hydrophobicity, low crystalli-
zation rate and high production cost of P(3HB-co-3HHx), and many
efforts are being devoted to overcoming these limitations.
Polymer blending is one of the attractive and alternative choices
to improve the polymeric materials into the desired physical
properties. In our previous report [36], the miscibility, spherulite
morphology, crystallization behavior and mechanical properties of
P(3HB-co-3HHX)/poly (ethylene oxide) (PEO) binary blends has
been described. It was found that the biocompatible, hydrophilic
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and low production cost PEO played multiple roles as not only
nucleating agent but also the plasticizer on improving several
physical properties of hydrophobic and high production cost P
(3HB-co-3HHXx). Hence, PEO is taken as one of the very promising
candidates of modifier on improving the physical properties of P
(3HB-co-3HHX). Further detail studies are expected as the P(3HB-
co-3HHX)/PEO binary blend is promising for medical applications
due to their excellent biocompatibility and biodegradability.

Previous researches have characterized bacterially synthesized
PHA copolymers, as mixtures or blends of random copolymers with
different comonomer-unit compositional distribution. These co-
polymers can be comonomer-unit compositionally fractionated
into a series of fractions with different comonomer-unit composi-
tion through a process of dissolution/precipitation by solvent/non-
solvent mixed solvent [37,38]. It has also been demonstrated that
this compositional distribution found in bacterial PHAs exhibits
significant effect on their physical properties [39].

Therefore, in this work, the detail studies on P(3HB-co-3HHX)/
PEO binary blend were conducted in order to reveal the effect of the
unique feature of PHA copolymers, that is, the comonomer-unit
composition and its distribution, on the miscibility and physical
performance of P(3HB-co-3HHx)/PEO binary blends. The as-
bacterially synthesized as well as well-fractionated P(3HB-co-
3HHx)s with different 3HHx unit content were blended with PEO at
different content. The physical performance including the thermal
stability and mechanical properties of the P(3HB-co-3HHx)/PEO
binary blends was estimated by thermogravimetric analysis and
tensile test, respectively. The dispersion of PEO in the P(3HB-co-
3HHx) matrix was characterized by scanning electron microscope.
To our knowledge, this is the first report to reveal the effect of the
comonomer-unit composition and its distribution of polyester on
the miscibility of copolymer/homopolymer blending.

2. Experimental
2.1. Materials

As-bacterially synthesized P(3HB-co-3HHx) samples with 3HHx
unit content of 7.5 mol-% (M,y = 3.4 x 10°, My/Mp = 2.3),12.3 mol-%
(My = 2.2 x 10°, My/Mp = 3.7), and 16.2 mol-% (My, = 1.1 x 10°, My/
M, = 2.8), which were indicated as P(3HB-co-7.5 mol-% 3HHx), P
(3HB-c0-12.3 mol-% 3HHx) and P(3HB-co-16.2 mol-% 3HHX),
respectively, were kindly supplied by Kaneka Corporation (Osaka,
Japan) and were purified by precipitation in ethanol from chloro-
form solution. P(3HB-co-3HHx) with 3HHx unit content of
13.2 mol-% (My = 4.3 x 10°, Mw/Mp, = 2.3), which was indicated as P
(3HB-c0-13.2 mol-% 3HHX), was biosynthesized by our group
[31,32]. PEO sample was used as received (My = 3.0 x 10° g mol~';
Aldrich Chemical Co., Tokyo, Japan).

2.2. Fractionation

The as-bacterially synthesized P(3HB-co-3HHx) sample with
16.2 mol-% 3HHx unit content was comonomer-unit composition-
ally fractionated with a chloroform/n-heptane mixed solvent at
ambient temperature according to the procedures previously
applied for the fractionation of P(3HB-co-3HV) and P(3HB-co-3HP)
as described elsewhere [16,17,31,32].

2.3. Preparation of P(3HB-co-3HHx)/PEO blends

The P(3HB-co-3HHx)/PEO blend films with desired PEO content
were prepared by casting from chloroform solutions. The solvent
was allowed to evaporate at room temperature overnight and then
the resulted blend films were dried in a vacuum oven at 20 °C for at

least one week to remove the residual solvents before any
measurements.

2.4. Characterization of physical properties

2.4.1. Gel permeation chromatography (GPC)

Molecular weight of the samples was measured on TOSOH HLC-
8220 GPC system (Tosoh Corporation, Tokyo, Japan) assembled
with four TOSOH TSK GMH x 2 + 2000+1000HXL columns and
a VISCOTEK T-60AV viscometer. Chloroform was used as an eluent
at a flowing rate of 1.0 ml/min. The TOSOH TSK Standard poly-
styrene samples with narrow molecular distribution were used as
standards to calibrate the GPC elution curve. The weight-average
(My) molecular weight was calculated through a VISCOTEK TriSEC
Data Acquisition System.

2.4.2. Differential scanning calorimetry (DSC)

DSC measurements were carried out to monitor the melting
behavior on a Pyris Diamond DSC instrument (PerkinElmer Japan
Co., Ltd., Yokohama, Japan). The scales of temperature and heat flow
at different heating rates were calibrated using an indium standard
with nitrogen purging.

The DSC heating and cooling scanning procedures were con-
ducted as follows. About 3—5 mg sample was encapsulated in an
aluminum pan and was held at —50 °C for 2 min, and then heated to
180 °C at a heating rate of 10 °C min~. After holding for 2 min at
180 °C to allow complete melting, the sample was cooled to —50 °C
at a constant rate of —10 °C min~". Then after holding at —50 °C for

2 min, the sample was reheated to 180 °C at 10 °C min~.

2.4.3. 'H NMR spectroscopy

Solution 'H NMR spectra were recorded on a Bruker Ultrashield
600 MHz/54 mm NMR spectrometer (Bruker BioSpin AG, Fédllanden,
Switzerland) at room temperature. CDCl3 and tetramethylsilane
(TMS) were used as solvent and chemical shift reference, respec-
tively. The assignments of the resonance peaks in the 'H NMR
spectra were in accordance with those previously reported [14].

2.4.4. Dynamic mechanical thermal analysis (DMTA)

DMTA was performed on a DMS210 (Seiko Instruments, Tokyo,
Japan) equipped with a SSC5300 controller at a frequency of 1 Hz
and a heating rate of 5 °C/min. The samples were thin rectangular
strips with dimensions of about 30 x 10 x 0.15 mm®.

2.4.5. FI-IR spectroscopy

Transmission FT-IR measurements were carried out on an AIM-
8800 automatic infrared microscope (Shimadzu Co., Kyoto, Japan).
The transmission FT-IR spectra were registered with an accumu-
lation of 32 scans and a resolution of 2 cm~! at room temperature.
The film samples used for the FT-IR measurements were cast from
chloroform solution.

2.4.6. Thermogravimetric analysis (TGA)

ATG/DTA 220 U with the Exstar 6000 Station (Seiko Instrument,
Tokyo, Japan) was used for thermogravimetric analysis (TGA). The
samples were scanned from 30 to 300 °C at a heating rate of
5°C min~! in the presence of nitrogen flow.

2.4.7. Tensile test

Mechanical properties were measured at room temperature
using an EZ test machine (Shimadzu Corp., Kyoto, Japan). The gauge
length and crosshead speed were 22.25 and 20 mm/min, respec-
tively. The samples used for tensile test were prepared by film cast
and the thickness of sample was ca. 0.15 mm.
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2.4.8. Scanning electron microscopy (SEM)

The morphology of the surface of P(3HB-co-3HHx)/PEO blends
with different PEO content were characterized by a scanning
electron microscope model JSM-5200 (JEOL, Tokyo, Japan). The film
samples used for SEM observation were put into acetone solvent for
about 3 h to remove only the PEO component in order to elucidate
the dispersion state of PEO in P(3HB-co-3HHXx) film surface. Before
the SEM surface characterization, the samples were coated under
the coating currency of 6 mA for 2 min with the gold up to thickness
of about 10 nm.

3. Results and discussion
3.1. Thermal behavior

DSC measurements are extensively applied for investigations of
the miscibility of polymer blends. In the case of P(3HB-co-3HHX)/
PEO binary blend, as the PEO shows a glass transition at a very low
temperature range and also the increment of the heat capacity with
its glass transition is not obvious enough to be observed by DSC, the
DMTA is also applied to detect the glass transition temperature Tg of
the blend system. Fig. 1(a) and (b) show the tan ¢ plotted against the
temperature for the blends of P(3HB-co-7.5 mol-% 3HHx)/PEO and P
(3HB-c0-16.2 mol-% 3HHX)/PEO, respectively, with PEO content
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Fig. 1. The tan ¢ values plotted against the temperature for (a) P(3HB-co-7.5 mol-%
3HHx)/PEO (b) P(3HB-co-16.2 mol-% 3HHX)/PEO blends with different blend
composition.

ranging from 0 to 60 wt.-%. To make a comparison, the results for
pure P(3HB-co-7.5 mol-% 3HHx) and P(3HB-co-16.2 mol-% 3HHXx) as
well as PEO samples are also included.

According to Fig. 1(a) and (b), the T, corresponding to P(3HB-co-
3HHX) is obviously observed at around 10 and O °C for both the P
(3HB-co0-7.5 mol-% 3HHx)/PEO and P(3HB-co-16.2 mol-% 3HHXx)/
PEO blend systems, respectively, with the PEO content ranging
from 0 to 30 wt.-%. While no Ty corresponding to PEO can be
observed. With increasing the PEO content from 40 to 60 wt.-% in
the blend, the T corresponding to both P(3HB-co-3HHxX) and PEO
can be observed. It shows that the blend has a single T; when
PEO content is less than 30 wt.-%, while double T; appears when
PEO weight composition is more than 40 wt.-%, indicating a sign of
miscibility between both P(3HB-co-3HHx) samples and PEO when
the PEO content is less than 30 wt.-%, and immiscibility when PEO
content is more than 40 wt.-%. To further confirm the effect of the
comonomer-unit composition of P(3HB-co-3HHX) on the misci-
bility between P(3HB-co-3HHx) and PEO, the DSC measurements
were conducted.

Only one T can be observed for the respective blend samples
during the range of DSC measurements. Fig. 2(a)—(d) show the T
values measured by the DSC second heating scanning diagrams for
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Fig. 2. The DSC thermograms of second heating scan (10 °C/min) of (a) P(3HB-co-
7.5 mol-% 3HHX)/PEO, (b) P(3HB-co0-12.3 mol-% 3HHX)/PEO, (c) P(3HB-co-13.2 mol-%
3HHX)/PEO and (d) P(3HB-co-16.2 mol-% 3HHx)/PEO blends with different blend
composition. PHBHH indicates P(3HB-co-3HHx).
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Table 1
T, values of P(3HB-co-3HHx)/PEO blends with different blend composition.

PEO content/wt-% Tg/°C

P(3HB-co-7.5 mol-% 3HHXx) P(3HB-co0-12.3 mol-% 3HHx) P(3HB-co-13.2 mol-% 3HHX) P(3HB-c0-16.2 mol-% 3HHX)

0 2.0 0.9 -0.2 -15

3 -1.1 -0.8 -0.6 -1.8

5 -23 -3.1 -22 -2.3

7 -33 51 —-4.5 -26

10 -7.0 -25 -4.0 -29

12 -74 -3.8 -59 -25

15 -10.5 -6.2 -79 -26

17 -7.8 —-4.6 -4.0 -25

20 13 -1.6 -29 -25

30 15 -0.8 -1.1 -3

40 13 -0.9 -13 -2.1

50 1.2 -0.8 -09 -2

60 1.1 -0.8 -0.3 -1.9

100 —49.0 —49.0 —49.0 —49.0

P(3HB-co-7.5 mol-% 3HHx)/PEO, P(3HB-co-12.3 mol-% 3HHx)/PEO,
P(3HB-c0-13.2 mol-% 3HHx)/PEO and P(3HB-co0-16.2 mol-% 3HHXx)/
PEO blends, respectively, with PEO content ranging from 0 to
100 wt.-%.

According to Fig. 2(a), it is observed that the T of P(3HB-co-
7.5 mol-% 3HHx) decreases at first with increasing the PEO content
to 17 wt.-%, then shifts to higher temperature and keeps almost
the same for the blend samples with PEO content over 20 wt.-%.
For the P(3HB-co0-12.3 mol-% 3HHx)/PEO and P(3HB-co-13.2 mol-%
3HHXx)/PEO blends as shown respectively in Fig. 2(b) and (c), the T
of the blends similarly decreases at first with increasing the PEO
content to 15 wt.-%, then shifts to higher temperature and keeps
almost the same for the blend samples with PEO content over
20 wt.-%. For P(3HB-co0-16.2 mol-% 3HHx)/PEO blends as shown in
Fig. 2(d), the Ty of P(3HB-co-16.2 mol-% 3HHX) only decreases
slightly for the blend sample with PEO content of 3 wt.-%, then
keeps almost the same for the blend samples with PEO content of
over 5 wt.-%.
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The Tg values of the blends were further plotted as a function of
blend composition, and the miscibility of the blends was further
discussed by applying the Fox equation in order to predict the Tg
dependence on the composition of the P(3HB-co-3HHx)/PEO blend.
The Fox equation is represented as follows:

1/T2e0d = W /T2 + Wy /Ty

where W, and Wy, are weight fraction of component polymers a and
b, respectively. Tg and Tgb represent the glass transition temperature
of polymers a and b, respectively [40].

The T of P(3HB-co-3HHX) is summarized in Table 1, and Fig. 3
(a)—(d) show the T; values plotted against the blend composition,
in which the solid line indicates the T, theoretically calculated from
the Fox equation. The Ty values of the pure P(3HB-co-7.5 mol-%
3HHXx), P(3HB-co-12.3 mol-% 3HHx), P(3HB-co-13.2 mol-% 3HHx)
and P(3HB-co-16.2 mol-% 3HHx) as well as the pure PEO sample
used in this study are 2.0, 0.9, —0.2, —1.5 and —49.0 °C, respectively.
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Fig. 3. Compositional dependence of glass transition temperature (Tg) for (a) P(3HB-co-7.5 mol-% 3HHx)/PEO, (b) P(3HB-co-12.3 mol-% 3HHx)/PEO, (c) P(3HB-co-13.2 mol-% 3HHx)/
PEO and (d) P(3HB-co0-16.2 mol-% 3HHx)/PEO blends. The solid line indicates the theoretical value calculated by the Fox equation.
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As shown in Fig. 3(a), the Ty values of P(3HB-co-7.5 mol-%
3HHx)/PEO blend samples fit well with those calculated from the
Fox equation with the PEO content increasing up to 17 wt.-%, while
obvious deviation appears when the PEO content exceeds 20 wt.-%,
indicating the blend samples with PEO content less than 17 wt.-%
are miscible in the amorphous state, while the miscibility decreases
dramatically when the PEO content exceeds 20 wt.-%. For P(3HB-
c0-12.3 mol-% 3HHX)/PEO and P(3HB-co-13.2 mol-% 3HHx)/PEO
blend samples as shown in Fig. 3(b) and (c), the T; values fit
well with those calculated from the Fox equation with the PEO
content increasing up to 15 wt.-%, and then show slight deviation
with the PEO content of 17 wt.-%, while obvious deviation appears
when the PEO content exceeding 20 wt.-%. For P(3HB-co-16.2 mol-
% 3HHx)/PEO blend samples as shown in Fig. 3(d), however, the T
values do not show obvious change with the PEO content, and
deviate distinctly from those calculated from the Fox equation. This
results indicate that the miscibility between P(3HB-co-3HHx) and
PEO depends not only on the blend composition but also on the
comonomer-unit composition of the P(3HB-co-3HHx) sample and
it decreases dramatically with increasing both the PEO content in
the blend and the 3HHx unit content of P(3HB-co-3HHXx). It shows
an indication that the 3HB component is miscible but the 3HHx
component is not miscible with PEO.

a P(3HB-co-7.5mol-%3HHx)

-Exo
(0
%
\

20 40 60 80 100 120 140 160
Temperature /°C

b P(3HB-co-16.2mol-%3HHx)
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-—Exo

20 40 60 80 100 120 140 160
Temperature / °C

Fig. 4. The DSC thermograms of first heating scan (10 °C/min) of (a) P(3HB-co-7.5 mol-
% 3HHx)/PEO blends with blend composition of 100/0, 97/3, 95/5, 93/7, 90/10, 80/20
and (b) P(3HB-co-16.2 mol-% 3HHx)/PEO blends with blend composition of 100/0, 97/
3, 95/5, 93/7, 90/10. PHBHH indicates P(3HB-co-3HHXx).

To make it more obvious, the DSC first heating scanning
diagrams for P(3HB-co-7.5 mol-% 3HHx) and P(3HB-co-16.2 mol-%
3HHx)/PEO blends are shown in Fig. 4(a) and (b), respectively.

According to Fig. 4(a), the melting peak corresponding to the PEO
component of P(3HB-co-7.5 mol-% 3HHx)/PEO blend samples
appears when the PEO content is 7 wt.-% and shifts to a lower
temperature when that is 10 wt.-%, then shifts back to higher
temperature when that is 20 wt.-%, indicating that PEO does not
crystallize when the PEO content s less than 7 wt.-% in the blend and
shows a good miscibility with P(3HB-co-7.5 mol-% 3HHx) when that
is 10 wt.-%. While for P(3HB-co-16.2 mol-% 3HHxX)/PEO blends as
shown in Fig. 4(b), the melting peak corresponding to the PEO
component appears only with 3 wt.-% PEO in the blend, and the peak
position shifts slightly to a higher temperature with increasing the
PEO content, indicating that PEO crystallizes in all blends and it
shows almost no miscibility with P(3HB-co-16.2 mol-% 3HHX). This
result further demonstrates that the 3HHx component is not
miscible with PEO and the miscibility between P(3HB-co-3HHx) and
PEO decreases dramatically with increasing both the 3HHx unit
content of P(3HB-co-3HHX) and the PEO content in the blend. The
immiscibility between 3HHx component and PEO is considered
probably caused by the polarity, as PEO has polarity due to the
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Fig. 5. FT-IR spectra of (a) carbonyl and (b) methyl absorption of P(3HB-co-3HHx) of
P(3HB-co-7.5 mol-% 3HHx)/PEO blends with different blend composition at room
temperature. The arrow indicates the P(3HB-co-3HHx)/PEO weight composition for
each spectrum.
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Table 2

Characterization of as-produced P(3HB-co-16.2 mol-% 3HHx) and its fractions.
Sample Conc. of n-heptane (vol.-%) Amount of sample in fraction (wt.-%) 3HHxX (%) M,© x 10° MyS x 10° My /Mp©
P(3HB-c0-16.2 mol-% 3HHx)? - 100 16.2 0.4 1.1 2.8
Fraction 1 56.0 7.4 11.1 0.7 1.7 2.5
Fraction 2 58.0 5.9 8.9 0.5 14 2.5
Fraction 3 61.0 5.7 11.1 0.5 1.2 23
Fraction 4 64.0 9.4 13.2 0.4 1.2 3.0
Fraction 5 67.0 33.0 16.8 0.3 0.7 22
Fraction 6 70.0 17.8 204 0.2 0.4 1.9
Fraction 7 73.0 7.1 22.1 02 0.2 16
Fraction 8 73.0 0.3 19.2 0.1 0.2 1.7
2 As-produced original sample.
b Measured by 'H NMR.
€ Measured by GPC.

existence of strong polar ether group, while the 3HHX unit almost a b

doesn’t have distinct polarity due to the existence of strong non- ) -~

polar propyl group. F'acmf W\_ﬂ__

It is well known that the polymer—polymer miscibility usually ———-
involves hydrogen-bonding or other specific interactions between )
the components. In order to know the cause for the miscibility g | 1+WPEO~ o [Praeton S IowREEG
between PEO and P(3HB-co-3HHx) with low 3HHx unit content, i M_‘_‘_,/M“— g |
the FT-IR measurement was conducted. b |

Fraction 1+ 10wt%PEO Fraction 2 + 20m%PEQO
3.2. FI-IR analysis /'_’J L™
o

FT-IR spectroscopy can provide information about molecular
interactions, accordingly it has been intensively applied in detect- 20 40 0 10 20 20 10 0 10 20
ing the §x1stence of the hydrogen-bonding or other specific inter- Temperatura / °C Temperature / °C
actions in polymer—polymer blends. In the case of P(3HB-co-
3HHXx)/PEO blend, there are two possibilities to form hydrogen c d
bonds between these two kinds of polymers. One is the hydrogen-
bonding formed between the carbonyl group of P(3HB-co-3HHXx) Fraction 4
and the —CH,— group of PEO. The other is between the CH3— group % J\—A
of P(3HB-co-3HHx) and the —CH,—0—CH,— group of PEO.

The FT-IR spectra of the P(3HB-co-7.5 mol-% 3HHx)/PEO blend Fraction 3 + 5wt% PEO Fraction 4 + SWi%PEO
films with PEO content of 0—50 wt.-% cast from chloroform solution 2 I S .
are shown in Fig. 5(a) and (b). T /\—4 "

The absorption corresponding to the stretching of the carbonyl ' |Fraction 4 + 10wt%PEO
group of P(3HB-co-3HHXx) appears at the range of 17700—1800 cm ™! Fraction 3 + 10wt%PEO
as shown in Fig. 5(a). The second derivatives of the spectra are also s B
included for confirmation and assignment of the peak corre- s —
sponding to the absorption of the carbonyl group. According to
Fig. 5(a), no obvious spectral change occurs with increasing the PEO ' : : A S L
content from 0 to 50 wt.-% in the blend, indicating the absence of el 'I:;ape?atur;? nczo e ‘I:;?n e?aturl.? uc2o
hydrogen-bonding interaction between the carbonyl group of P P
(3HB-co-3HHXx) and the —CH»— group of PEO. e

Fig. 5(b) shows the absorption corresponding to the stretching of
the CH3— group of P(3HB-co-3HHx) in the range of 2800—3100 cm ™. F’““"W
The.second defivatives of the spectra are also. included for conﬁr— Fraction 5 + 3W%PEO
mation and assignment of the peak corresponding to the absorption
of the methyl group. Similarly, no obvious spectral change occurs .
with increasing the PEO content from 0 to 50 wt.-% in the blend, e FIEEONID EoMERRE0
indicating no hydrogen-bonding formed between the CH3— group of w L
P(3HB-co-3HHx) and the —CH,—0O—CH,— group of PEO. i |Fraction 5 + 7WI%PEO

These demonstrate that the miscibility between P(3HB-co-
3HHXx) with high 3HB unit content and PEO is not caused by the Fraction 5 + 10wt%PEO
formation of the hydrogen-bonding. // -

It is well known that P(3HB) is miscible with the PEO over the
wide range of PEO content [26,41—43], and the as-bacterially T T T

20 10 0 10 20

synthesized P(3HB-co-3HHx) has a very broad comonomer-unit
compositional distribution [31,32]. The above result also demon-
strates that the 3HHx component is not miscible with PEO. Hence, it
is reasonable to suggest that the miscibility between P(3HB-co-
3HHx) with broad comonomer-unit compositional distribution and

Temperature / °C

Fig. 6. The DSC thermograms of second heating scan (10 °C/min) of (a) Fraction 1/PEO,
(b) Fraction 2/PEO, (c) Fraction 3/PEO, (d) Fraction 4/PEO and (e) Fraction 5/PEO blends
with different blend composition.
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PEO is caused by the miscibility between P(3HB-co-3HHXx)
component with high 3HB unit content and PEO, and the como-
nomer-unit composition and its distribution is suggested to play
a key role in the miscibility between P(3HB-co-3HHx) and PEO. In
order to investigate the effect of the comonomer-unit composi-
tional distribution on the miscibility between P(3HB-co-3HHx) and
PEO, the fractionation was conducted on the as-bacterially
synthesized P(3HB-c0-16.2 mol-% 3HHX) sample by the chloro-
form/n-heptane solvent/non-solvent mixture and the miscibility
between the P(3HB-co-16.2 mol-% 3HHX) fractions with different
3HHx unit content and PEO were investigated.

3.3. Fractionation

The fractionation results of the as-bacterially synthesized P
(3HB-c0-16.2 mol-% 3HHx) are shown in Table 2.

According to Table 2, the original sample with 16.2 mol-% 3HHx
unit content is fractionated into eight fractions with 3HHx unit
content ranging from 8.9 to 22.1 mol-% and number-average
molecular weight from 0.1 x 10° to 0.7 x 10°. Except the Fraction 1,
the 3HHX unit content of the fractions increases with fractionation
proceeding from Fractions 2 to 7, and the molecular weight
decreases from Fractions 1 to 8. It indicates that the fractionation of
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the as-bacterially synthesized P(3HB-co-16.2 mol-% 3HHx) depends
on both 3HHx unit content and molecular weight.

3.4. Miscibility between the fractionated P(3HB-co-3HHx) and PEO

The miscibility between the Fractions 1 to 5 of the as-bacterially
synthesized P(3HB-co-16.2 mol-% 3HHx) and PEO were investi-
gated by the DSC measurements. Fig. 6(a)—(e) show the DSC second
heating scanning diagrams for Fractions 1—5 blended with PEO,
respectively.

The Ty values of the blends were further plotted as a function of
blend composition as shown in Fig. 7(a)—(e).

According to Fig. 7(a), the Ty value of Fraction 1/PEO blend shows
slight deviation from that calculated from the Fox equation when
the PEO content in the blend is 5 wt.-%, while the deviation
becomes significant when the PEO content in the blend increases to
10 wt.-%. On the other hand, for the Fraction 3, which has the
similar 3HHX unit content to Fraction 1, the T values of the Fraction
3/PEO blends as shown in Fig. 7(c) fit well with those calculated
from the Fox equation with the PEO content in the blend increasing
up to 10 wt.-%.

For Fraction 5 with the 3HHx unit content of 16.8 mol-%, the T
values of the Fraction 5/PEO blends as shown in Fig. 7(e) fit well
with those calculated from the Fox equation when the PEO content
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0 9 0
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© 20 )
= 30 | | bll
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Fig. 7. Compositional dependence of glass transition temperature (Tg) for (a) Fraction 1/PEO, (b) Fraction 2/PEO, (c) Fraction 3/PEO, (d) Fraction 4/PEO and (e) Fraction 5/PEO blends.

The solid line indicates the theoretical value calculated by the Fox equation.
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in the blend is less than 7 wt.-%, while slight deviation appears
when the PEO content exceeding 7 wt.-%. Compared the values for
the Fraction 5/PEO blends to those for original sample with
16.2 mol-% 3HHXx unit content, the T values of the original P(3HB-
c0-16.2 mol-% 3HHx)/PEO blends show obvious deviation from
those calculated from the Fox equation when the PEO content in the
blend is only 3 wt.-%. That is, there is obvious difference in the PEO
content dependence of the T values between the Fraction 5/PEO
and original P(3HB-co-16.2 mol-% 3HHx)/PEO blends, even this
Fraction and the original sample have almost the same 3HHx unit
content.

In the case of Fractions 1 and 3, as the 3HHx unit content of
these two samples are the same, it is considered that their como-
nomer-unit compositional distribution are different because the
first fraction of the fractionation of P(3HB-co-3HHx) usually still
bears a relatively broad comonomer-unit compositional distribu-
tion [44]. In the case of the Fraction 5 with 16.8 mol-% 3HHx unit
content and the original sample P(3HB-co-16.2 mol-% 3HHX), it is
obvious that the original sample P(3HB-co-16.2 mol-% 3HHx) has
a much broader comonomer-unit compositional distribution
according to Table 2. This result reveals that the miscibility between
P(3HB-co-3HHx) and PEO is not only affected by comonomer-unit
composition but also significantly affected by the comonomer-unit
compositional distribution of P(3HB-co-3HHx). The miscibility
between P(3HB-co-3HHx) with broad comonomer-unit composi-
tional distribution is caused by the miscibility between P(3HB-co-
3HHx) component with high 3HB unit content and PEO. According
to previous studies on P(3HB)/PEO blend, it is suggested there are
some specific interactions between P(3HB) and PEO, as the P(3HB)-
PEO interaction parameter is reported to be always negative,
though it shows composition dependent [26]. While this specific
interaction between P(3HB) and PEO is still not clear yet, further
studies are expected.

3.5. Thermal stability

Our previous report has revealed that the crystallization and
mechanical properties of P(3HB-co-3HHX) can be enhanced by
blending with a certain weight content of PEO [36]. In the case of P
(3HB-co-3HHXx) with 11 mol-% 3HHx unit content, the crystalliza-
tion of P(3HB-co-3HHxX) can be accelerated by blending with
20—30 wt.-% PEO when the isothermal crystallization temperature
is lower than the cold crystallization temperature of PEO, and the
mechanical properties of P(3HB-co-3HHx) can be improved by
blending with 5—17.5 wt.-% PEO.

The thermal stability of polymers is one of the fundamental
properties that control their processability and applicability. In this
work, thermogravimetric analysis (TGA) was applied to investigate
whether the thermal stability of P(3HB-co-3HHx) can be improved
by blending with PEO, as PEO is thermally stable compared to P
(3HB-co-3HHXx).

The TGA traces for P(3HB-co-7.5 mol-% 3HHx) and P(3HB-co-
16.2 mol-% 3HHx)/PEO blends with PEO content of 0, 10, 20 and
30 wt.-% are shown respectively in Fig. 8(a) and (b).

It can be seen that all the investigated samples exhibit an one-
step weight loss mechanism which is ascribed to P(3HB-co-3HHXx),
while PEO does not show thermal decomposition at the tempera-
ture lower than 300 °C under nitrogen atmosphere. It can also be
observed that the TGA curves shifted towards lower temperature
range with increasing the PEO content for P(3HB-co-7.5 mol-%
3HHx). While for P(3HB-co-16.2 mol-% 3HHx)/PEO blend, the TGA
curves shifted towards high temperature range by blending with
PEO of less than 30 wt.-%.

The temperatures at 5% decomposition weight loss, indicated as
Ty(s%), are listed in Table 3.
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Fig. 8. TGA weight loss curves for (a) P(3HB-co-7.5 mol-% 3HHx)/PEO (b) P(3HB-co-
16.2 mol-% 3HHxX)/PEO blends with different blend composition.

According to Table 3, the Tqsy) decreases with increasing the
PEO content from 0 to 30 wt.-% for P(3HB-co-7.5 mol-% 3HHx)/PEO
blend. While for P(3HB-co0-16.2 mol-% 3HHx)/PEO blend, the Tq(sy)
firstly increases with increasing the PEO content to 10 wt.-%, then
decreases with increasing the PEO content to 30 wt.-%. It indicates
that the thermal stability of P(3HB-co-7.5 mol-% 3HHX) is deterio-
rated by blending with PEO. For P(3HB-co-16.2 mol-% 3HHXx),
however, the thermal stability can be enhanced by blending with
PEO, though the enhancement effect is depending on the PEO
content in the blend.

It is widely believed that the thermal degradation of PHAs
occurs almost exclusively by a non-radical random chain—scission
reaction [45—49]. The thermal decomposition mechanism consists
of a gradual decrease in the molecular weight. It is considered that
the presence of the 3HHx unit in the P(3HB) polymer chain prob-
ably leads to a faster degradation since the propyl group possesses

Table 3
Ta(s%) of P(3HB-co-3HHX)/PEO blends with different blend composition.

PEO content/wt.-%  Tg(s%)/°C
P(3HB-co0-7.5 mol-% 3HHXx)

P(3HB-c0-16.2 mol-% 3HHX)

0 267 245
10 260 252
20 257 249
30 248 248
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Fig. 9. Stress—strain curves of (A) (a) pure P(3HB-co-7.5 mol-% 3HHXx) and its blends with PEO of (b) 10 wt.-%, (c) 20 wt.-%, (d) 30 wt.-%; (B) (a) pure P(3HB-co-12.3 mol-% 3HHx) and
its blends with PEO of (b) 10 wt.-%, (c) 20 wt.-%, (d) 30 wt.-%; (C) (a) pure P(3HB-co-13.2 mol-% 3HHXx) and its blends with PEO at (b) 10 wt.-%, (c) 20 wt.-%, (d) 30 wt.-% (D) P(3HB-co-

13.2 mol-% 3HHx) blends with PEO of (e) 40 wt.-%, () 50 wt.-%, (g) 60 wt.-%, (h) 70 wt.-%,

a stronger electron-donating effect than the methyl one [50]. This
stronger electron-releasing effect of the propyl group might
enhance the formation of the alkenyl end group, as it stabilizes the
sp? carbon atoms of the double bond more than the methyl would
[50]. Moreover, P(3HB-co-7.5 mol-% 3HHx) has a higher molecular
weight than P(3HB-c0-16.2 mol-% 3HHx). Therefore, the thermal
stability of P(3HB-co-7.5 mol-% 3HHXx) is higher than that of P(3HB-
c0-16.2 mol-% 3HHXx).

By blending with PEO, in the case of P(3HB-co-7.5 mol-% 3HHXx),
the presence of PEO with a low content may probably lead to
a faster degradation as PEO is miscible with P(3HB-co-3HHXx) in this
case and the interactions between PEO and P(3HB-co-3HHXx)
component with high 3HB unit content probably accelerate the

(i) 80 wt.-% and (j) pure PEO.

random chain—scission reaction of P(3HB-co-3HHx) polymer chain.
While in the case of P(3HB-co-16.2 mol-% 3HHx), as the blend
system is not miscible, the presence of PEO with a low content may
probably act as a decomposition-retardant which hinders the
thermal mobility of P(3HB-co-3HHX) polymer chain resulting in an
improved thermal stability. With increasing the PEO content in the
blend, the significant phase separation and the decrease of P(3HB-
co-3HHx) domain is considered to be the cause of a faster thermal
degradation.

These TGA results indicate that the blending with PEO can
exhibit different effect on the thermal stability of P(3HB-co-3HHX),
which is not only depending on the PEO content in the blend but
also on the comonomer-unit composition of P(3HB-co-3HHX).

Table 4
Mechanical properties of P(3HB-co-3HHx)/PEO blend samples.
Sample PEO content/% Young’s mod
P(3HB-co-7.5 mol-% 3HHXx) 0 253.2 +59.0
10 0.6 + 0.0
20 0.7 £ 0.0
30 9.2+ 0.0
P(3HB-c0-12.3 mol-% 3HHX) 0 6.5+ 29
10 39+14
20 53+13
30 7.0 +£0.1
P(3HB-co0-13.2 mol-% 3HHXx) 0 33+04
10 14 +£0.0
20 52+ 0.0
30 2.0+0.8
40 63 + 04
50 34+34
60 58+ 03
70 54+ 1.7(
80 46 £ 1.4 (
100 192.1 + 13.6

ulus/MPa Yield strength/MPa Elongation at break/%
202 +£2.2 435.8 + 24.7
159+ 0.8 336.7 + 21.7
153 £ 1.1 356.3 £ 9.9
11.6 £ 0.6 252.8 £ 6.2
157 £ 1.8 4454 + 25.7
149 + 2.1 410.1 +31.2
131 +03 456.1 + 26.7
89+ 04 67.7 + 4.2
112+ 15 457.9 + 37.6
19.2 + 32 759.1 + 37.6
16.2 + 0.0 689.7 + 10.0
144 +09 710.7 + 19.5
8.8 +£0.1 173.5 + 21.6
93+ 04 553 +4.9
8.1 +0.7 1785+ 7.2
x107?) 7.9+ 0.7 295.0 + 12.9
x1072) 79+ 04 331.1+ 95
16.0 £ 2.4 783.5 + 85.6
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Fig. 10. SEM photographs for (a) pure P(3HB-co-7.5 mol-% 3HHx) and P(3HB-co-7.5 mol-% 3HHx)/PEO blends with PEO weight fraction of (b) 5 wt.-%, (c) 10 wt.-% (d) 20 wt.-%, scale

bar for (a) — (d): 10 um.

3.6. Mechanical properties

In order to know how the comonomer-unit composition of P
(3HB-co-3HHXx) and the miscibility between P(3HB-co-3HHx) and
PEO affect the mechanical performance of the P(3HB-co-3HHXx)/
PEO binary blend material, the tensile test were conducted.

The stress-strain curves of P(3HB-co-7.5 mol-% 3HHx)/PEO, P
(3HB-c0-12.3 mol-% 3HHx)/PEO and P(3HB-co0-13.2 mol-% 3HHx)/
PEO blends with different blend composition are shown in Fig. 9
and the mechanical data are summarized in Table 4.

In the case of P(3HB-co-7.5 mol-% 3HHX), the elongation at
break decreases with increasing the PEO content to 10 wt.-%,
then increases slightly when the PEO content is 20 wt.-%, while
decreases significantly with the PEO content increasing to
30 wt.-%. The Young’s modulus, however, decreases significantly
when the PEO content increasing to 10 wt.-% and then increases
with increasing PEO content to 30 wt.-%. In general, the yield
strength decreases with increasing the PEO content. It indicates
that the miscibility between PEO and P(3HB-co-3HHx) with low
3HHx unit content leads to a significant deterioration in the
modulus of the blend sample and a slight decrease in the elon-
gation at break.

For P(3HB-co-12.3 mol-% 3HHXx), the elongation at break simi-
larly decreases by blending with 10 wt.-% PEO, then increases with
further increasing the PEO content to 20 wt.-%, while decreases
dramatically with the PEO content increasing to 30 wt.-%. Though
not as significant as in the case of P(3HB-co-7.5 mol-% 3HHX), the
Young’s modulus decreases with increasing the PEO content to
10 wt.-% and then increases with increasing to 30 wt.-%, where the
Young’s modulus of the blend sample is a little higher than that of
the pure sample. The yield strength similarly decreases with
increasing the PEO content.

In the case of P(3HB-co-13.2 mol-% 3HHX), the elongation at
break is significantly enhanced by blending with 10 wt.-% PEO,
while it decreases with increasing the PEO content to 50 wt.-%, then
increases again by further increasing the PEO content to 100 wt.-%.
Similar to previous two P(3HB-co-3HHx) samples, the Young’s
modulus of blend samples decreases with increasing the PEO
content to 10 wt.-% then increases with further increasing the PEO
content, while it decreases significantly when the PEO content is
over 70 wt-% in the blend. The yield strength is in general
decreases with increasing the PEO content in the blend, while
different to the previous cases, the yield strength of blend samples
with the PEO content less than 30 wt.-% is improved compared to
the pure sample. It indicates that the miscibility between PEO with
content less than 30 wt.-% and P(3HB-co-3HHx) with higher 3HHx
unit content can enhance the elongation at break, though it leads to
a slight decrease in the modulus.

It is considered that a low content of PEO in the blend acts as
diluents in the amorphous phase of P(3HB-co-3HHx) with higher
3HHXx unit content, as PEO is miscible with P(3HB-co-3HHx) and
accordingly can enter the amorphous phase of P(3HB-co-3HHXx).
However, in the case of P(3HB-co-3HHx) with lower 3HHx unit
content, though a low content of PEO can enter the amorphous
phase of P(3HB-co-3HHx) due to the miscibility, while the role of
PEO as a diluent is less obvious as the interactions between PEO and
P(3HB-co-3HHx) component with high 3HB content are stronger
due to the low 3HHx unit content of P(3HB-co-3HHX), leading to
a hindering effect on the mobility of P(3HB-co-3HHx) polymer
chain and accordingly resulting in a decrease in the elongation at
break.

The above results demonstrate that the miscibility between P
(3HB-co-3HHx) and PEO is a requirement to an improved
mechanical performance of P(3HB-co-3HHx)/PEO blend, while this
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improvement effect depends significantly on the comonomer-unit
composition of P(3HB-co-3HHXx).

3.7. Scanning electron microscopy (SEM)

The surface morphology of pure P(3HB-co-7.5 mol-% 3HHx) and P
(3HB-co-7.5 mol-% 3HHx)/PEO blend films with the PEO content of 5,
10 and 20 wt.-% were characterized by SEM. In order to investigate the
dispersion of PEO in P(3HB-co-3HHx) matrix, the investigated films
were processed by dipping in acetone for 3 h to remove the PEO
component in the blend. The SEM photographs are shown in Fig. 10
(a)—(d).

It is clearly shown that a porous surface of P(3HB-co-3HHx) film
can be formed by blending with PEO. In the case of the blend with
5 wt.-% PEO, the average diameter of the pore is around 1 pm. With
increasing the PEO content to 10 wt.-%, the average diameter of the
pore increases to about 2 um, and it further increases to 5 um with
increasing the PEO content to 20 wt.-% in the blend. This result
indicates that the diameter of the porous morphology linearly
expands with increasing the PEO content in the blend. By varying
the weight content of PEO in the blend, it is able to regulate the
porous morphology. It is also shown that PEO exhibits a good
dispersion in P(3HB-co-3HHx) matrix. This result reveals that the P
(3HB-co-3HHX)/PEO blend is promising for the fabrication of
porous materials for medical applications due to the excellent
biocompatibility and biodegradability of this blend.

4. Conclusions

The as-bacterially synthesized P(3HB-co-3HHx) samples with
7.5, 12.3, 13.2 and 16.2 mol-% 3HHx unit content were used to
investigate the effect of the comonomer-unit composition of P
(3HB-co-3HHx) on the miscibility of P(3HB-co-3HHx)/PEO blends.
It is found that the miscibility between P(3HB-co-3HHx) and PEO
decreases dramatically with increasing both the 3HHX unit
content of P(3HB-co-3HHX) and the PEO content in the blend. By
conducting the fractionation on the as-bacterially synthesized P
(3HB-co-3HHx) sample with 16.2 mol-% 3HHx unit content, it is
found that the miscibility between P(3HB-co-3HHx) and PEO is
significantly affected by the comonomer-unit compositional
distribution of P(3HB-co-3HHXx). It is suggested that the miscibility
between P(3HB-co-3HHx) with broad comonomer-unit composi-
tional distribution and PEO is caused by the miscibility between
PEO and P(3HB-co-3HHx) component with high 3HB unit content.
Depending on both the comonomer-unit composition of P(3HB-
co-3HHx) and the blend composition, PEO exhibits different effect
on the thermal stability and mechanical performance of P(3HB-co-
3HHx). By SEM characterization, PEO is found to exhibit good
dispersion in P(3HB-co-3HHXx). It is concluded that the P(3HB-co-
3HHXx)/PEO binary blend can exhibit diverse properties by varying
the comonomer-unit composition and comonomer-unit composi-
tional distribution of P(3HB-co-3HHx) and also the PEO content in

the blend, which is promising for numerous applications in
particular the medical applications. Future work is expected on
explanation of specific interactions between P(3HB) and PEO as
well as the regulation of biodegradability of P(3HB-co-3HHX) by
blending with PEO.
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