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Various methods were employed to study the thermal behaviors of a novel microbial polyhydroxyalkanoate
(PHA) terpolyester, namely, poly(3-hydroxybutyrate-co-3-hydroxyvalerate-co-3-hydroxyhexanoate)
(PHBVHHX) compared with poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx). PHBVHHx
showed higher crystallization rate and degree of crystallinity. PHBVHHX exhibited also different multiple
melting behaviors from PHBHHx. The WAXD results demonstrated that the crystal lattice of PHBVHHx was
more compact than that of PHBHHX, suggesting stronger interaction between chain stems. DSC and in-situ
heating WAXD studies revealed that PHBVHHx showed a partial melting-lamellar thickening-remelting
process during heating, while PHBHHx demonstrated a melting-rapid formation of new crystals-remelting
process. It is proposed that the simultaneous introduction of 3-hydroxyvalerate and 3-hydroxyhexanoate
monomers into poly(3-hydroxybutyrate) improves the mobility of chain stems along the chain direction,
leading to easier intralamellar slip during heating or drawing, further resulting in improvement of
mechanical properties, which was supported by the DMA tests. Consequently, we establish a relationship
between the thermal behavior and the mechanical properties of biodegradable plastics, which we believe is
applicable to other polymers as well.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Polyhydroxyalkanoates (PHA) are microbial polyesters produced
by many microorganisms. They have attracted much attention for
their biodegradability, biocompatibility and the comparable mec-
hanical properties with commercial non biodegradable plastics
[1-3]. Poly(3-hydroxybutyrate) (PHB) is the first member of PHA
family; which shows high melting point (~ c.a. 180 °C) and tensile
strength, but brittleness and low elongation at break (¢, < 5%) at
room temperature due to its higher degree of crystallinity limits its
applications. Comonomers, such as 3-hydroxyvalerate (3HV) and 3-
hydroxyhexanoate (3HHx), have been introduced into PHB, resulting
in formation of PHBV and PHBHHX, which display a broad range of
thermal and mechanical properties varying with comonomer
content. For instance, the elongation at break (¢5) and decomposition
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temperature of PHBV and PHBHHX increase with increasing como-
nomer content in a certain range, widening their processing window
and application areas. However, aging is a serious problem for the
semi-crystalline PHA. PHB, PHBV and PHBHHx age rather quickly
over time even at room temperature, exhibiting reduction of ¢, due
to increase of brittleness [4—7]. Furthermore, the introduction of
3HV or 3HHx monomers results in significant reduction on the
crystallization rate and on the degree of crystallinity, which is
disadvantageous for their processing including injection molding,
film blowing and fiber spinning. Recently, a microbial terpolyester
PHBVHHXx containing 3HB, 3HV and 3HHx monomers was synthe-
sized by recombinant Aeromonas hydrophila 4AK4 harboring phbA
and phbB (phaAB) genes encoding (-ketothiolase and acetoacetyl-
CoA reductase of Ralstonia eutropha [8,9]. It was reported that
simultaneous incorporation of 3HV and 3HHx improved the ductility
and rigidity of the polyester compared with PHBV and PHBHHx with
similar comonomer contents. Mechanical properties of these PHAs
from literatures are listed in Table 1. For example, the cast film of poly
(3HB-c0-5.4 mol% 3HV-co-11.7 mol% 3HHXx) terpolyester showed
arather high elongation at break up to 340%, and the tensile strength
was still maintained at about 15.7 MPa. In contrast, PHBHHx12 film
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Table 1
The mechanical properties of PHBHHx and PHBVHHx from literatures.

PHA (mol%) Young’s Elongation at  Tensile strength
HE v HHx modulus (MPa) break (%) (MPa)

“88 0 12 134.8 107.7 4.5

982.9 5.4 11.7 290.5 340.1 15.7

b728 168 104 97.0 739.7 143

2 The mechanical properties are adopted from ref. [8].
b The mechanical properties are adopted from ref. [9].

demonstrated a low elongation at break around 108% and the tensile
strength is only 4.5 Mpa [8]. The excellent mechanical properties of
PHBVHHXx terpolyester will greatly widen the application range of
PHAs.

Asis well known, the physical and mechanical properties of semi-
crystalline polymers are quite related to their crystal structures and
thermal history. Various methods have been applied to characterize
the crystallization and melting properties of different PHA homo-
polymers and copolymers containing two types of monomers
[10—25]. However, crystallization and melting behaviors of PHAs
consisting of three types of monomers of 3HB, 3HV and 3HHx are not
yet studied.

In this paper, thermal behaviors of PHBVHHXx terpolyesters are
compared with that of PHBHHx in order to understand why ter-
polyester PHBVHHx exhibits improved mechanical properties over
PHBHHXx.

2. Experimental materials
2.1. Microbial production of PHA terpolyesters

Poly(3HB-co-12 mol% 3HHx) (PHBHHx12) was produced by A.
hydrophila 4AK4 in MS medium [26] supplemented with 8 g/L of
lauric acid. R. eutropha PHB-4 [27] harboring plasmid pZW]4-31
[28] which contains PHA synthesis phaPCJ operon of A. hydrophila
4AK4 was used for biosynthesis of poly(3HB-co-3HV-co-3HHXx)
(PHBVHHX). The recombinant was cultured in MS medium sup-
plemented with 5 g/L of octanoate and different concentrations of
propionate as co-substrate. Poly(3HB-co-7 mol% 3HV-co-11 mol%
3HHx) (PHBV7HHx11) and poly(3HB-co-18 mol% 3HV-co-11 mol%
3HHx) (PHBV18HHx11) were obtained when 0.5 and 1.5 g/L of
propionate were provided as precursor for HV monomer,
respectively.

2.2. Characterization of physical properties

2.2.1. Extraction, purification and molecular weight study of PHA

The process of extraction and purification, and the following
detection of monomer compositions and molecular weights were
described by Wang et al. [29]. Table 2 shows the molecular weights
of the three PHA samples.

2.2.2. Thermal and crystallization behavior studies

A Shimadzu DSC-60 apparatus was used to study the isothermal
crystallization from the melt state and the following melting
process. PHA samples were heated to a temperature about 30 °C
higher than their melting points, holding for 2 min to completely
eliminate the thermal history, and then quickly quenched to
a predetermined temperature for a sufficient time to obtain the
isothermally crystallized samples. After that, samples were heated
directly from the isothermal temperature to melt at a heating rate
of 10 °C/min. The DSC apparatus was calibrated with indium
standard and nitrogen atmosphere was used throughout the study.

Table 2
Molecular weights and molecular weight distribution of PHBV7HHx11,
PHBV18HHx11 and PHBHHx12.

Sample M,, (g/mol) M, (g/mol) My,/M,
PHBV7HHx11 1.60 x 10° 7.90 x 10° 2.03
PHBV18HHx11 1.84 x 10° 8.51 x 10° 2.16
PHBHHx12 3.46 x 10° 2.84 x 10° 1.22

Other heating rates were used when examining the effect of
heating rate on the melting behavior.

The morphologies and radial growth rates of PHA samples
isothermally crystallized at different temperatures were observed
by a Nikon polarized optical microscope (POM) equipped with
a Panasonic CCD camera. Each sample was melted at the temper-
ature about 30 °C higher than its melting point for 2 min and then
quickly transferred to a preset isothermal hot-stage for isothermal
crystallization. The in-situ Fourier transform infrared spectroscopy
(FTIR) experiments were carried out on a Nicolet-560 spectrometer
with a manually controlled heater. The PHA films were cast on KBr
salt window from 20 mg/mL chloroform solution. After removal of
the solvent, the samples were melted for 2 min and then placed at
75 °C to allow sufficient crystallization. After that, the prepared
samples were heated and the FTIR spectra were collected at interval
of 10 °C. Each was calculated by averaging 32 scans at a resolution
of 4 cm™! from 4000 cm™~! to 400 cm™ .

The wide angle X-ray diffraction (WAXD) analyses were per-
formed at room temperature using a Rigaku D/max2550HB+/PC
X-ray diffractometer with Cu Ka radiation. The samples were
scanned from 10° to 40° with a step interval of 0.02° at a scan rate of
4° /min. And the in-situ WAXD observation of the heating process of
PHA samples was carried out on a Bruker D8 ADVANCE equipment,
the 26 angle was ranged from 10° to 26°, with a step interval of
0.02° at a scan rate of 6°/min. Two-dimensional WAXD pattern of
PHBHHx12 and PHBV7HHx11 fibers were obtained on a Rigaku R-
Axis Spider instrument with a Mo target. The wavelength of the
X-ray of Mo was 0.708 A and the beam size was 300 um in diameter.

The mechanical damping tand of the PHA films was recorded on
a dynamic mechanical analyzer (DMA-2980, TA Instruments)
from —50°Cto 150 °Cat a frequency of 1 Hz and a heating rate of 3 °C/
min. The PHA samples were isothermally crystallized at 90 °C and
then cut into the dimension of 40 x 5 x 0.3 mm.

3. Results and discussion
3.1. Crystallization behavior

The crystallization rate and degree of crystallinity of PHBHHx12
are lower than those of PHB due to the incorporation of non-
crystallizable 3HHx comonomers, which limits the application of
PHBHHx. Whereas, when 3HV and 3HHx comonomers are simul-
taneously introduced, the material becomes more ductile [8]. The
improved properties may result from the higher crystallinity of
PHBVHHx than that of PHBHHx. Table 3 shows the melting
enthalpy (AHy;) and the radial growth rate of the spherulite of the
three PHA samples. Both PHBVHHx samples exhibit higher AHp,

Table 3
Thermal parameters of the three PHA samples.

Sample AHy (90 °C) v (80 °C, POM) v (90 °C, POM) t2 (90 °C, DSC)
Ulg) (um/min) (um/min) (min)
PHBV7HHx11 40.2 10.6 9.8 7.9
PHBV18HHx11 255 6.3 45 8.3
PHBHHx12 212 19 1.0 14.7
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and growth rate than PHBHHx12 does even though they contain
similar 3HHx contents. Especially, PHBV7HHx11 shows almost
a twice AH;; value that of PHBHHx12, and much higher crystalli-
zation rate, almost 5 times at 80 °C and 10 times at 90 °C measured
by POM. Furthermore, PHBV7HHx11 shows a growth rate two
orders larger than PHBHHx with 17 mol% 3HHx (PHBHHx17),
though both of them contain almost the same total comonomer
content. The growth rate of PHBHHx17 reported by Xu et al. [30]
was only around 1 nm/s at 75 °C. In addition, PHBV7HHx11
spherulite has a much larger band spacing than PHBHHx12, namely
the lamellae of the former twist weaker than the latter (Fig. 1).
Thus, the results show that the simultaneous introduction of 3HV
and 3HHx monomers into PHB enhances the crystallization ability
compared with PHBHHx copolymer.

The Avrami equation is usually used to describe the crystalliza-
tion mechanism. Table 4 shows the Avrami exponent n of these three
PHAs isothermally crystallized at different temperatures. The value
of nis around 3 for PHBHHx12 at the studied Ts, while around 2 for
the two PHBVHHXx samples. The different n values suggest different
growth styles for the two types of PHAs, namely, three-dimensional
growth of PHBHHx12 and two-dimensional growth of PHBVHHx
(resulting from low nucleating density and thus large spherulite
diameter), which accord with the result in Fig. 1. All the three
samples crystallize via heterogeneous nucleation.

Since significant differences of the thermal properties existed
between the PHBVHHx and PHBHHx12, more experiments were
conducted to examine the melting behaviors during the heating
processes (Fig. 2). DSC was utilized to study the melting process of
PHBV7HHx11 and PHBHHx12 after their isothermal crystallization
from melt at different crystallization temperatures (Tcs) for twice of
the time needed to finish the apparent crystallization process. To
prevent any possible changes during the cooling process, the
samples were directly heated from T; to melting. There are three
endothermal peaks labeled as Ty, T and T, with the order
Ta < Tim1 < Tm2. Both T, and Ty,1 peaks of PHBVHHX shift to a higher
temperature with increasing T, while the T;;;; peak remains almost
constant. Variance of the melting points with T is shown in Fig. 3a
and b. The first melting peak T is approximately 8 °C higher than T,
and the fitting line of peak Ty is parallel to T, = T¢ line. T, observed
here is called annealing peak, which may be due to melting of the
imperfect crystallite or the transition of rigid amorphous fraction
[20,31]. The annealing peak is not the focus of this study, thus in the
following part we will concentrate on T, and Tp;2. The melting peak
Tm1 increases linearly with T. at the examined temperature range.
The equilibrium melting point is 166 °C and 163 °C for the two
terpolyesters extrapolated by linear Hoffmann—Weeks plot, while
the highest melting peak T, remains almost constant around
143 °Cand 141 °C for PHBV7HHx11 and PHBV18HHXx11, respectively.

Wz

Table 4
The Avrami exponent n of the three PHA samples isothermally crystallized at
different T..

Sample T (°C) n
PHBHHx12 75 2.88
81 2.90
92 3.09
96 2.99
PHBV7HHx11 80 2.09
86 2.12
92 2.06
96 2.03
PHBV18HHx11 80 2.24
86 2.30
92 2.06
96 2.08

The T dependence of multiple melting peaks of PHBHHx12 is
presented in Fig. 3c. The fitting curves of T;;; and T are almost
parallel to each other with a constant gap of around 20 °C, and they
cross with the linear curve of Ty, = T, at 146 °Cand 167 °C, respectively.
Hu et al. [20] attributed the appearance of T;;; in PHBHHXx to the
melting-recrystallization-remelting process by judging from the
dependence of the multiple melting behavior on the heating rate.
However, it is of interest to note that both T;1 and Ty, arise with Te. As
for most polymers, the remelting peak temperature is nearly inde-
pendent of T.. The abnormal phenomenon observed here will be
discussed below.

The in-situ observation of PHA samples using POM is presented in
Fig. 4 to visualize the heating process. The recrystallization occurred
ataround 135 °C for PHBV7HHx with the crystal brightness recovered
at a certain extent. But the brightness of PHBHHx12 during heating
process weakened continuously, which is due to its smaller fraction of
recrystallization compared to the melted fraction. The real-time POM
observation agrees with the DSC results shown in Fig. 2.

3.2. Effect of crystal form and chain conformation

The multiple melting peaks in poly(vinylidene fluoride) and
polypropylene have been attributed to the coexistence of multiple
crystal modifications [32,33]. To confirm whether the multiple
melting peaks of PHB copolymers resulted from this reason, WAXD
diffractograms of PHBV7HHx11, PHBV18HHx11 and PHBHHx12
were recorded at room temperature after being isothermally
crystallized at 75 °C for sufficient time (Fig. 5). All samples exhibit
the similar diffraction pattern as a-form PHB, though the positions
of the diffraction peaks shift slightly. The a-form PHB possesses the
orthorhombic cell parameters: a = 5.76 A, b = 13.20 A and

Fig. 1. The banded spherulite morphologies of (a) PHBV7HHx11 and (b) PHBHHx12 isothermally crystallized at 90 °C.
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Fig. 2. The DSC curves of the melting process of (a) PHBV7HHx11 and (b) PHBHHx12 after being crystallized isothermally from melting state at different crystallization

temperatures.

¢ =5.96 A[34,35]. We calculated from Fig. 5a—c to generate the unit
cell parameters of PHA samples: a = 5.76 A, b = 13.24 A for
PHBV7HHx11; a = 5.78 A, b = 13.26 A for PHBV18HHx11, and
a =579 A, b =13.38 A for PHBHHx12, respectively. Furthermore,
the two-dimensional WAXD results of PHBHHx12 and
PHBV7HHx11 fibers are the same as shown in Fig. 5d and e, and the
values of c-axis for PHBV7HHx11 and PHBHHx12 are 6.20 A and
6.17 A. So the packing densities are 1.209 and 1196 g/cm® for
PHBV7HHx11 and PHBHHx12, respectively. The characteristic
diffraction of the §-form crystal is not observed [36,37]. Thus, the
multiple melting peaks of PHAs studied here must be attributed to
the same crystal modification. The in-situ WAXD observation on the
melting behaviors of PHBHHx and PHBVHHXx also confirmed the
existence of a single crystal modification (Fig. 6 a and b). FTIR

spectra of the three samples reveal no observable difference (Fig. 7),
suggesting that the polymer chains adopt the same conformation.
In-situ heating FTIR spectra recorded during the heating process of
PHBV7HHx11 (Fig. 8) exhibit the same transition as those of
PHBHHx12, which was also reported by Xu et al. [18] and Hu et al.
[20]. The wave number of the carbonyl band shifts from 1724 cm™!
to 1740 cm~! (Fig. 8b) and the bands corresponding to crystal
structure, e.g., 1278 cm~ ! and 1228 cm~! (Fig. 8a), weaken during
heating. The above WAXD and FTIR results confirm that PHBHHx
and PHBVHHx adopt the same crystal modification and chain
conformation. Consequently, the multiple melting behaviors of
PHAs appear not to be a result of different crystal forms or chain
conformations.
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Fig. 3. The T, dependence of the multiple melting points of (a) PHBV7HHx11, (b) PHBV18HHx11, and (c) PHBHHx12.
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Fig. 4. The in-situ observation of (a) PHBV7HHx11 and (b) PHBHHx12 by POM at a heating rate of 10 °C/min after sufficiently crystallized at 90 °C.

3.3. The melting-recrystallization mechanism

Multiple melting peaks on DSC curve are usually observed in
polyesters during the heating run, and most of the cases are
attributed to the melting—recrystallization—remelting mechanism,
yet the detail of the process was not much described. However, this
mechanism can not answer the following questions: Why does T2
peak of PHBHHx12 previously assigned as the melting peak of
recrystallized part show almost the same tendency as the Tp,; peak?
And why does PHBVHHXx display different melting behaviors from
PHBHHx?

We suggest that the fitting line of T;;;; of PHBHHx12 may just be
a shift of the fitting line of T;;; (Fig. 3¢). Above all, T;;; is due to the
melting of recrystallized structure. If Ty, is just a shifting of Ty, it
should follow the same Hoffmann—Weeks plot. The start melting
temperature (Tpq) or the peak melting temperature T, is tenta-
tively considered as the recrystallization temperature (T;c). Surpris-
ingly, when using T;. = Tgmy, the T, dependence of Ty, plot falls
perfectly on the fitting line of T3, as indicated by the half-filled
square points in Fig. 9.

When T was equal to Tgp1, the recrystallization process should
occur very quickly (for it just happened around Tgpy1). Thus, it is
hypothesized that PHBHHx12 forms new crystals quickly just after
it begins to melt at Tgp1. Fig. 10a shows the melting DSC curves of
PHBHHx12, isothermally crystallized at 75 °C and held at Ty

(=110 °C) for different periods of time. The heating program is
shown in Fig. 10d. The sample held at T;;; was in the partial melting
state. It was expected that the longer the holding time, the more the
recrystallized part and this should lead to a larger melting enthalpy
of Tpyn. However, the height of peak Ty, remained constant at
0.17 W/g, whatever the holding time was, with Tg;; equal to 97.3 °C.
As shown in Fig. 10b, when the holding temperature was above
Tsm1, the fusion of peak Ty, was independent of both the temper-
ature and holding time. These indicate that the recrystallization
would finish quickly as far as the temperature passed through Tgp1;
otherwise, the melting enthalpy of peak Ty;, should increase as the
holding time prolonged. The melting enthalpy of peak Ty in
PHBHHx12 was much lower than that of PHBV7HHx11, while the
melting enthalpy of peak Ty; in these two PHAs is similar (see
Fig. 2), revealing that the recrystallization fraction is much less in
PHBHHx12. The similar melting processes of PHBV7HHx11 are
shown in Fig. 10. When held at T;;;3, the peak height of T,z increased
with prolonging holding time, which is quite different from
PHBHHx12.

To investigate the heating rate dependence of multiple melting
behavior, we heated the samples at different rates to observe
whether the ratio of the two peaks would change with heating rates.
The decrease of the ratio of Ty peak to T;q peak was observed in
PHBV7HHx11 (Fig. 11a), which is a common phenomenon of the
melting-recrystallization mechanism. However, to our surprise, the
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Fig. 5. The wide angle X-ray diffraction patterns of (a) PHBV18HHx11, (b) PHBV7HHx11, and (c) PHBHHx12. And the two-dimensional WAXD patterns of (d) PHBV7HHx11 fiber and

(e) PHBHHx12 fiber.

Tm2 peak was still prominent even at the heating rate of 40 °C/min,
which might indicate that the reorganization synchronously pro-
ceeded with partial melting of original PHBV7HHx11 lamellae. In
contrast, with the increase of heating rate from 5 °C/min to 40 °C/
min, Ty and Ty of PHBHHx12 shifted simultaneously toward
higher temperature, and the endothermal T, peak gradually
diminished and disappeared eventually (Fig. 11b), suggesting that
Tm2 peak corresponds to the melting of the new crystals reformed
during the heating process.

From the above results, it is speculated that the recrystallization
of PHBV7HHx11 should be a reorganization process, e.g., via lamellar
thickening, after partial melting of lamellae, which is difficult to
eliminate by simply raising the heating rate. In addition, the thick-
ening process requires the adjustment of chain stems in lamellae,
making it more dependent on holding time. As a result, more orig-
inal lamellae will transform into thicker lamellae. As lamellar
thickening goes on, the energy barrier for intralamellar slip
increases, and the kinetics finally leads to the thicker lamellae with
almost a constant thickness, whatever T, the original lamellae were
formed. Thus, Ty, the melting point of the thickened lamellae, is
independent of T.

In-situ WAXD observation of the melting processes of PHA
samples crystallized at 90 °C are shown in Fig. 6a and b. For

PHBHHx12, the intensity of (020) and (110) diffraction planes
decreased as the temperature increased until around 118 °C, and
the intensity maintained almost constant from 118 °C to 126 °C,
which should result from the recrystallization, then further
increase of temperature led to further attenuation of diffraction
peaks. During the whole process, the intensity ratio I(110)/l(020) kept
nearly a constant value about 1.5. The in-situ WAXD results of
PHBHHx12 confirm the melting-recrystallization mechanism
expected from DSC experiments. The constant diffraction intensity
between 118 °C and 126 °C indicates that the total mass of crystal is
constant under a certain heating rate as described in Fig. 10a. Unlike
PHBHHx12, PHBV7HHx11 showed rather different change, the
intensity of (020) plane decreased as the temperature rose to
132 °C, while the (110) plane first increased slightly and the ratio of
I110)/I(020) increased from 0.7 to 1.0. The opposite change tendency
of (020) plane and (110) plane should arise from the asynchronous
reorganization of the two planes during the lamellar thickening
process. It has been reported that the intensity ratio of (110) and
(020) diffraction of PHB varies with the isothermal crystallization
temperature [38]. The variation of the intensity ratio of (110) and
(020) diffraction in PHBV7HHx11 during heating can be attributed
to the different size or the different reorganization rates of (110)
and (020) plane during the lamellar thickening process through
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Fig. 7. The FTIR spectrograms of (a) PHBV7HHx11, (b) PHBV18HHx11 and

(c) PHBHHx12.

intralamellar slip. Above 132 °C, further heating resulted in the
synchronous decrease of both (020) and (110) planes, with the
I110)/I(020) ratio remained constant at 1.0, which could also validate
the above discussion. In the temperature range of T, PHBV7HHx 11
showed the similar behavior as PHBHHx12, which indicates the
normal melting of newly formed thicker lamellae.

Fig. 6¢ and d present the heating influence on the values of a and
b of the unit cell in the crystal lattice. In PHBHHx12, both a and
b increase with the temperature during heating. In PHBV7HHx11,
avalue shows the same tendency as thatin PHBHHx12, but increases
more slowly, while b value first slightly increases and then slightly
decreases (The relative variation of b is smaller than that of a). The
different change of cell parameters further comfirms the different
recrystallization process of PHBHHx12 and PHBV7HHx11.

Therefore, the different melting behaviors of PHBV7HHx11 and
PHBHHx12 reflect the different mechanisms of recrystallization:
the former corresponds to partial melting of lamellae—lamellar
thickening—remelting mechanism while the latter corresponds to
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1400 1300 1200 1100 1000 1800 1780 1760 1740 1720 1700 1680

wavenumbers (cm™)

Fig. 8. The in-situ FTIR spectrograms of PHBV7HHx11 heated from 30 °C to 170 °C.
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melting-quickly formation of new lamellar crystals-remelting
mechanism.

3.4. Why did PHBVHHx and PHBHHXx follow different
recrystallization manners?

Why did PHBVHHx and PHBHHXx follow different recrystalliza-
tion manners? We attributed it to different degree of interaction
between neighboring chain stems in the lamellar crystals. The
a and b values of PHBHHx12 are larger than those of PHBV7HHx11,
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which indicate that there is stronger interaction between the
neighboring stems in PHBV7HHx11 than PHBHHx12. In PHB and its
copolyesters, the hydrogen bonding between neighboring stems is
along a axis [39]. The smaller a value, the stronger hydrogen
bonding in PHA [40]. Consequently, the different parameters
suggest that there is stronger hydrogen boding in the PHBVHHx
terpolyesters than in PHBHHx.

It was reported that 3HHx monomers were excluded from the
crystalline part and enriched mainly on the amorphous fold
surfaces [41], while 3HV monomers coexisted both in crystalline
and amorphous part [42], thus, the large distortion of the unit cell
parameter of the crystalline lattice should be resulted from the
overcrowding of non crystallizable comonomers on the lamellar
surface. Because 3HV can co-crystallize with 3HB, while 3HHx are
enriched on the lamellar surface, the 3HV monomers in the crys-
talline part might alleviate the surface stresses, which result in
smaller lattice parameters and larger band spacing for
PHBV7HHx11 and PHBV18HHx11 (Fig. 1a). The co-crystallization of
HV with HB monomer units might be the reason for the higher
crystallization rate and higher degree of crystallinity in PHBVHHXx
compared with PHBHHx12.

During the heating process, PHBHHx12 crystal structure was
easily destroyed due to the weaker interaction between neigh-
boring chain stems, as indicated by the larger crystal cell expansion
than PHBV7HHx11 (see Fig. 6¢). The lamellar crystals of PHBHHx12
were melted immediately from the start melting temperature. In
the meanwhile, a small amount of polymer chains recrystallized
into more stable lamellae in the presence of unmelted lamellar
nuclei, with the Ty, peak just belonging to the more stable
lamellae. Both PHBVHHx samples possessed stronger interaction
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Fig.10. The melting DSC curves of (a) PHBHHx12, isothermally crystallized at 75 °C, then kept at T;;;; (=110 °C) for different holding time, (b) PHBHHx12, isothermally crystallized at
75 °C, then kept at different holding temperatures for 10 min, and (c) PHBV7HHx11, isothermally crystallized at 90 °C, then kept at T,y (=130 °C) for different holding time, and (d)

the sketch of heating program.



H.-M. Ye et al. / Polymer 51 (2010) 6037—6046 6045
a 5 °C/min b
L in |
in
40“C/min
o s I
b=} =
= =]
w w
v \
1 1 il 1 1 1 1 1 1 1
90 105 120 135 150 165 90 105 120 135 150

Temperature / °C

Temperature / °C

Fig. 11. The DSC curves of (a) PHBV7HHx11 and (b) PHBHHx12 in the heating run under different heating rates.

between neighboring chain stems than PHBHHx12 did, contrib-
uting to higher stability of the PHBVHHx lamellae. When heated,
there is less crystal cell expansion in PHBVHHx (Fig. 6d). The
lamellar thickening process in PHBVHHx happened due to chain
sliding before the complete destruction of the crystal structure.
Thus, the different interaction between neighboring stems led to
the different melting behaviors of the three PHA samples.

At the similar 3HHx comonomers content, PHBVHHx showed
higher tensile strength as a result of its higher degree of crystallinity
and stronger hydrogen bonding than PHBHHXx. Similar to heating,
tensile drawing might also cause intralamellar slip and reorgani-
zation of lamellae in PHBVHHX, resulting in a high elongation at
break. Fig. 12 shows the DMA testing results of the three PHA
samples. During the whole testing temperature range, PHBVHHx
samples exhibited lower damping tangent than PHBHHx12, result-
ing from the higher degree of crystallinity of the former. PHBHHx12
sample showed a sudden increase of tand when passed through Ty,
which can be attributed to the melting of most original lamellae
with a small part of new lamellae formed from recrystallization at
the same time. In contrast, PHBVHHx samples demonstrated slow
and steady increase, which indicate that a large amount of lamellae
underwent reorganization during the heating process, resulting in
a slower melting process. The DMA results agree with the DSC
results shown in Fig. 2, where PHBVHHX presents a much larger T,z

0.01 *

-40 0 40 80
Tmperature / °C

Fig. 12. Temperature dependence of tand of (a) PHBV18HHx11, (b) PHBV7HHx11 and
(c) PHBHHx12, which are all isothermally crystallized at 90 °C. The arrow indicates T,y
of each sample.

peak than PHBHHX. These results also reveal the easier tendency of
lamellar reorganization in PHBVHHX. Our results demonstrate that
there is a close link between the lamellar reorganization during
heating and tensile drawing, which both result from the motion of
chain stems in the lamellar crystals. Consequently, we may estimate
the mechanical properties from the thermal behavior if there is only
tiny sample size, where determination of the mechanical properties
is a challenging issue.

4. Conclusion

PHBVHHx showed higher crystallization rate and higher degree
of crystallinity than PHBHHx12 did. The terpolyesters exhibited
different multiple melting behaviors compared with PHBHHX. The
crystal structure of PHBVHHx was more compact than PHBHHX,
indicating the stronger hydrogen bonding between chain stems in
the crystal lattice of the former. This explains the higher crystalli-
zation rate and higher degree of crystallinity of PHBVHHX compared
with PHBHHXx. During heating, PHBVHHx showed a partial melting-
lamellar thickening—remelting process, while PHBHHx demon-
strated a melting-quickly formation of new lamellae-remelting
process. All the above results demonstrate that the simultaneous
introduction of 3-hydroxyvalerate (3HV) and 3-hydroxyhexanoate
(3HHx) monomers enhanced the degree of crystallinity of the ter-
polyester and improved the tendency of lamellar reorganization
during melting and tensile drawing, resulting in improved
mechanical properties. Terpolymerization may point to a new way
to improve the properties of PHA. Futhermore, our results demon-
strate that there is a close link between the lamellar reorganization
during hearing and tensile drawing.
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