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a b s t r a c t

By focusing on a range of fractions of medium-chain-length polyhydroxyalkanoates (mcl-PHA), a more in-
depth understanding of the thermal properties and the crystalline structure has been gained. Dual-mode
melting was observed for all the fractionated samples. Further DSC analysis revealed that such phenom-
enon was due to the presence of two crystalline phases (phase I and phase II), forming at different
temperatures. As noted, for the samples with higher 3-hydroxytetradecanoate (HTD) comonomer
composition, the crystallization rate of phase II was much depressed, which made phase I dominant. The
WAXD and FTIR results indicate that the two phases differ in the crystalline structure. The in situ IR and
WAXD registrations indicate that phase I would transform into phase II through a melting-recrystallization
process during heating. The high similarity of IR spectra in the range of 1500–900 cm�1 between phases I
and II excludes the possibility of adopting different conformation. It is suggested that major differences
between the two crystalline phases lie in the molecular packing.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Polyhydroxyalkanoates (PHA) are a family of biodegradable and
biocompatible polyesters that can be produced by a variety of
bacteria [1–3]. PHA have attracted much attention as biodegradable
plastics and potential tissue engineering materials [4–6]. Medium-
chain-length PHA (mcl-PHA) consisting of comonomer units of
3-hydroxyhexanoate (HHx), 3-hydroxyoctanoate (HO), 3-hydroxy-
decanoate (HD), 3-hydroxydodecanoate (HDD), 3-hydroxytetra-
decanoate (HTD), or even longer-chain comonomer units have been
recently synthesized by Pseudomonas putida, a well-known mcl-PHA
producer [7–9].

Biologically synthesized PHA have been shown to have a broad
chemical compositional distribution (CCD) [10]. For example, It was
reported by Erik et al. that PHA synthesized by Cupriavidus necator
were blends of poly(3-hydroxybutyrate) (PHB) and random copoly-
mer of 3-hydroxybutyrate and 3-hydroxyvalerate (PHBV) [11]. With
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a fractionation technique, PHA were separated into fractions con-
taining narrow property distributions [12]. Generally, these fractions
showed significantly different thermal properties, and it was found
that properties of PHA copolymers depend strongly on the distribu-
tion of comonomer unit composition and molecular weight [13].

It has been widely accepted that mcl-PHA show amorphous and
elastic properties with a lower melting point (Tm) and a lower degree
of crystallinity compared with short-chain-length PHA (scl-PHA) [14–
17]. Interestingly, recent study demonstrated that the presence of
over 30% long chain comonomer units such as HDD and HTD in the
mcl-PHA increased the Tm and the degree of crystallinity of mcl-PHA,
leading to dramatic changes in mcl-PHA mechanical properties [8,9]
making them significantly different from those of the typical mcl-
PHA.

So far, no reasonable explanation was provided for this
phenomenon. In addition, conclusions regarding the mcl-PHA con-
taining high proportion of HDD and HTD were all drawn from the
analysis of original biosynthesized mcl-PHA, which could be blends
of various PHA with various properties. Therefore, it is necessary to
study these original mcl-PHA excluding possible blends.

It has been known that both the primary structure, including
chemical structure and comonomer-unit composition [18,19], and
the solid-state play a significant role in determining polymer
biodegradability. The solid-state of PHA includes many factors, such
as the degree of crystallinity [20,21], lamellar thickness, the
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conformation and conformational flexibility of chains in the crys-
talline phase as well as the chain packing. It is easy to understand
the effects of chain packing and conformation on the PHA
biodegradation, as the enzymatic degradation occurs through
hydrolyzing ester linkages of PHA main chains. However, only
limited results are available on this subject till now. Therefore, it is
necessary to develop the basic understanding of crystalline struc-
tures of PHA.

In the present study, mcl-PHA containing high proportions of
HDD and HTD were successfully fractionated using mixed solvents
of chloroform/ethanol. The comonomer unit compositional distri-
bution and thermal properties of the original biosynthesized
mcl-PHA samples and their series of fractions were studied. The
crystallization kinetics were investigated using differential scanning
calorimetry (DSC), while the crystalline structures were studied by
the wide angle X-ray diffraction (WAXD) and time-resolved Fourier
transform infrared spectroscopy (FTIR). In addition to the DSC
results, the temperature-dependent WAXD and temperature-
dependent FTIR were used to monitor the polymorphic behavior of
mcl-PHA during the crystallization and melting process.

2. Experimental materials

Three mcl-PHA samples with the number-average molecular
weight (Mn) of 5.85�104, 4.15�104, and 3.38� 104 were bio-
synthesized by P. putida KTOY06 [9], a b-oxidation pathway weak-
ened mutant strain from a well-known mcl-PHA producer P. putida
KT2440 [22,23]. Tetradecanoic acid was used as a sole carbon source.
The details of biosynthesis of these mcl-PHA samples were reported
elsewhere [8]. All the original samples were found to consist of five
comonomer units (HHx, HO, HD, HDD and HTD), while their
comonomer unit compositions were different from each other.

2.1. Fractionation

The as-produced mcl-PHA samples denoted as ‘‘original’’
samples, were fractionated by mixed solvents of chloroform/ethanol
as indicated below. The original mcl-PHA samples were dissolved in
chloroform at a polymer concentration of 10 g/L. Ethanol was then
slowly added into the polymer/chloroform solution under gentle
agitation at ambient temperature until precipitates were visually
observed. The mixed solution was maintained at 4 �C for 24 h.
Subsequently, the precipitated substance was isolated by centrifu-
gation at 9000 rpm for 30 min. The precipitates obtained were
transferred to a Petri dish and dried under vacuum at 28 �C for 48 h.
This procedure was repeated until the addition of a large amount of
ethanol could not cause appreciable precipitation. The last fraction
was obtained by evaporating the residue solvent.

2.2. Characterization of physical properties

2.2.1. Gel permeation chromatography (GPC)
Molecular weights of the mcl-PHA polymer samples were

studied on an HLC-8020 GPC system (Tosoh Co., Tokyo, Japan)
assembled with GEL G2000Hxl and GMHxl columns (TSK). Chlo-
roform was used as an eluent at a flow rate of 1.0 ml/min. Poly-
styrene standards with narrow molecular distribution were used to
calibrate the GPC elution curve. Number-average (Mn) and weight-
average (Mw) molecular weights as well as the polydispersity index
(Mw/Mn) of original and fractionated samples were calculated
through a SC-8010 data processor.

2.2.2. Gas chromatography (GC)
Comonomer compositions of mcl-PHA were determined after

methanolysis of the polymer samples using gas chromatography
(GC) on a Shimadzu GC-17A (Kyoto, Japan) equipped with an
InertCap 1 capillary column (30 m by 0.25 mm) (GL Sciences, Tokyo,
Japan) and a flame-ionization detector.

2.2.3. Carbon nuclear magnetic resonance (13C NMR)
Solution 13C NMR spectra were recorded on a 600 MHz/54 mm

NMR spectrometer (Bruker Ultrashield Co., Tokyo, Japan) under
ambient temperature. CDCl3 was used as the solvent and the
chemical shift reference.

2.2.4. Differential scanning calorimetry (DSC)
The melt-crystallization and melting behavior of the samples

were studied on a Pyris Diamond DSC (Perkin-Elmer, Japan, Yoko-
hama, Japan). Firstly, the cast samples were heated from �50 �C/
min to 100 �C at a scanning rate of 10 �C/min to evaluate the
melting behavior. After maintaining at 100 �C for 1 min, the
samples were cooled to �50 �C at a scanning rate of 10 �C/min to
observe the non-isothermal crystallization. Then the samples were
re-heated from �50 to 100 �C at 10 �C/min to observe the melting
behavior. The melting behaviors of non-isothermally crystallized
samples at different heating rates and non-isothermal crystalliza-
tion behaviors at different cooling rates were also studied.

2.2.5. Dynamic mechanical thermal analysis (DMTA)
Dynamic mechanical thermal analysis system DMS210 with

SSC5300 controller (Seiko Instrument Co. Ltd, Tokyo, Japan), was
utilized to measure the Tg value. The frequency of the oscillation
force was maintained at 0.5 Hz and the samples were treated at
a heating rate of 2 �C/min.

2.2.6. Fourier transform infrared spectroscopy (FTIR)
The transmission IR spectra were measured on an AIM-8800

(Shimadzu Co., Japan), equipped with an IMV-4000 multichannel
infrared microscope (Shimadzu Co., Japan) and an MCT detector in
the transmission mode. Mcl-PHA sample was placed between two
pieces of BaF2 slides, and then it was melted at 100 �C for 2 min in
an LK-600FTIR hot stage (Linkam Scientific Instruments Ltd, Surrey,
UK) equipped with a cooling unit (L600A) under the protection of
dry nitrogen gas. The amorphous sample was then quenched to
selected temperature by a flow of liquid nitrogen for isothermal
melt-crystallization. Afterward, the isothermally crystallized
samples were re-heated at 1 �C/min and the spectral changes were
also monitored.

2.2.7. Wide angle X-ray diffraction (WAXD)
The temperature-dependent WAXD measurement was recorded

on a Bruker D8 ADVANCE diffractometer at a scanning rate of 4 �/
min (l¼ 1.54 Å, 40 KV and 40 mA). The samples were hot pressed at
100 �C for 1 min, and then quenched to a pre-selected temperature,
followed by maintaining at that temperature for 24 h to allow
a complete crystallization. WAXD data were collected over
a temperature range from 28 �C to 80 �C in the scattering angle
range of 2q¼ 12–30 �. The degree of crystallinity was calculated
from the data processing software on the basis of Vonk method
[24]. The samples used for measuring the degree of crystallinity
were dissolved first in chloroform as a solvent and then recovered
from the solution by casting. Before measurement, these samples
were annealed for one week at 28 �C.

3. Results and discussion

3.1. Fractionation of mcl-PHA

The as-produced mcl-PHA with Mn of 5.85�104, 4.15�104 and
3.38� 104 were denoted as A, B, and C-original, respectively.
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Bacterial mcl-PHA were fractionated into several fractions by the
precipitation method using a mixed solvent of chloroform/ethanol.
As shown in Table 1, HO composition of the fractionated mcl-PHA
increased gradually for all original samples, while HTD composition
decreased as the concentration of ethanol increased. The HD
composition increased gradually for B and C fractions. The HDD
composition in both the original samples and the fractions were
similar to each other, and the HHx composition was very low. In
addition, the Mn of almost all fractions (except for B-1 and C-1
fractions) decreased gradually as the concentration of ethanol
increased.

According to a previous study [25], the comonomer composi-
tional fractionation of P(3HB-co-3HA) by chloroform/n-heptane
mixed solvent depends normally on the length of the side chain and
the composition of comonomer units. In our experiments, frac-
tionation of mcl-PHA was found to depend on both the comonomer
composition and the molecular weight. Usually the fractions
precipitated earlier had both higher HTD composition and higher
averaged molecular weight, although fractions with relatively low
Mn but extremely high HTD content (fractions B-1 and C-1) could
also be precipitated earlier. The influence of comonomer compo-
sition on the solubility of mcl-PHA in ethanol could be explained by
the effects of comonomer composition to molecular polarity.
Higher composition of comonomer units with longer alkyl side
chain (HTD) leads to a lower polarity, therefore a poorer solubility
in the polar ethanol solvent. The results also indicate that the
biosynthesized mcl-PHA were not compositionally uniform, they
contained very board comonomer compositional and molecular
weight distributions.

In Fig. 1 are shown the liquid 13C NMR spectra and their
assignments for the original mcl-PHA samples and their fractions.
The 13C NMR resonance assignment of mcl-PHA was referring to
those reported previously (Fig. 1a–c) [26]. As shown by spectra of
the terminal carbons of the side chain for each fraction of the B-
original sample (Fig. 1c), the resonance intensity ratio of HTD-HDD
terminal carbon to HD and HO terminal carbon was higher in the
earlier precipitates from the B-original sample. This result agreed
with that of GC’s. Results of A and C samples were similar to that of
B sample and were not shown here.
Table 1
Molecular weights and comonomer composition of mcl-PHA and their fractions.

Fraction no. Ethanol conc. (%) Subtraction (wt.-%) Mn (10�4)a

A-original – – 5.85
A-1 66 17.2 8.59
A-2 70 16.8 7.66
A-3 73 14.1 6.06
A-4 75 15.1 3.79
A-5 78 15.2 3.33
A-6 81 4.7 3.14
A-7c – 16.9 1.65

B-original – – 4.15
B-1 67 27.1 4.45
B-2 74 22.5 6.7
B-3 78 21.5 4.67
B-4 81 15.1 3.73
B-5c – 13.8 2.4

C-original – – 3.38
C-1 68 37.5 3.39
C-2 72 36 3.89
C-3 78 10.8 2.41
C-4c – 15.7 2.07

a Determined by GPC.
b Determined by GC.
c A-7, B-5 and C-4 fractions were obtained by evaporating the solvent from the soluti
3.2. Thermal properties of mcl-PHA

To investigate the effects of composition distribution on the
physical properties of mcl-PHA, DSC thermograms were measured.
Samples were dissolved first in chloroform as a solvent and then
recovered from the solution by casting. These samples were
annealed for one week at 28 �C prior to DSC and WAXD studies.
Fig. 2 presents the first DSC heating scans of the cast mcl-PHA
samples. Fusion enthalpy (DHm) of A-original sample was 32.6 J/g,
with a degree of crystallinity of 43.9% measured by WAXD
(diffraction data not shown here). For the fractions, the value of
DHm calculated from the total area of all endothermic peaks
increased from 30.2 to 35.5 J/g, and the degree of crystallinity
slightly increased from 43.2% to 45.2% with the increasing of HTD
composition. The B- and C-original samples and their fractions
revealed similar trends. It was reported by Liu et al. [8] and Ouyang
et al. [9] that mcl-PHA with a high long side-chain comonomer
composition behaved differently in their thermal properties
compared with the mcl-PHA containing less than 10% HDD or HTD.
The latter normally have decreased crystallinity and increased
elasticity due to the presence of long alkyl side-chains [27,28]. In
the present study, results were further classified by the fractionated
samples. It was interesting to note that mcl-PHA with higher HTD
composition showed a similar (or even a higher) degree of crys-
tallinity by WAXD and DSC compared with those with lower HTD
composition. Normally, for the random copolymer, incorporation of
a foreign comonomer disturbs the order of a polymer, leading to
a sharp decrease in the degree of crystallinity. The dependence of
the degree of crystallinity of mcl-PHA on its HTD comonomer
composition implies that the long side chain will also be involved in
the crystallization process in the mcl-PHA consisting of high
content of long chain comonomer such as HTD.

On the other hand, it is of note that dual melting behavior was
observed in this study, which is different from the previous results
[8,9]. As shown in Fig. 2, the A-original sample showed a broad
endothermic peak with its top at about 57.1 �C. In comparison with
the A-original sample, its fractions showed two melting peaks (Tm1

and Tm2). The position and the area of the two melting peaks were
significantly influenced by the HTD composition. Samples with
Mn/Mw
a PHA polymer monomer composition (mol%)b

HHx HO HD HDD HTD

1.9 1.7 14.7 27.3 32.8 23.6
1.4 0.9 10.5 26.3 34.7 27.6
1.5 0.9 12.9 30.1 33.8 22.2
1.6 1.7 16.6 30.7 30.5 20.5
1.5 2.1 15.7 28.0 34.0 20.2
1.4 2.0 18.0 29.7 33.7 16.6
1.4 2.7 22.1 32.8 33.1 9.3
1.4 2.1 17.9 32.6 31.0 16.3

1.8 1.3 14.1 29.9 31.9 22.8
2.0 0.4 6.2 22.2 31.0 40.2
1.5 1.2 15.1 34.7 27.0 22.1
1.7 1.6 17.7 36.6 25.0 19.2
1.5 1.2 17.7 36.3 26.2 18.6
1.3 1.7 20.4 38.5 23.9 15.5

1.8 0.3 7.7 30.4 34.8 26.8
2.0 0.2 3.8 21.1 32.0 43.0
1.8 0.9 11.6 35.9 34.5 17.2
1.6 0.3 10.6 36.2 38.6 14.4
1.7 0.5 13.0 42.2 36.1 8.3

on after fractionation of A-6, B-4 and C-3, respectively.



O
C
H

H2
C

C

OCH2

CH2

CH3

1
2

3

4

5

6

O
C
H

H2
C

C

OCH2

CH2

CH2

a

CH2

CH3

1
2

3

4

5

6

7

8

C
H

H2
C

C

OCH2

CH2

CH2

CH2

CH2

1
2

3

4

5

6

7

8

O
b

CH2

CH3

9

10

C
H

H2
C

C

OCH2

CH2

CH2

CH2

CH2

1
2

3

4

5

6

7

8

O

CH2

CH2

9

10

c

CH2

CH3

11

12

C
H

H2
C

C

OCH2

CH2

CH2

CH2

CH2

1
2

3

4

5

6

7

8

O

CH2

CH2

9

10

CH2

CH2

11

12

d

CH2

CH3

13

14

e

3HHx 3HO 3HD 3HDD 3HTD

3HD(10)

3HO(8)

3HO(5)

3HD(8)

3HDD(11)
3HTD(13)

3HD(9)

3HO(7)

3HA-3HA

3HO(3)
3HD(3)
3HDD(3)
3HTD(3)

3HHx(2)
3HO(2)
3HD(2)
3HDD(2)
3HTD(2)

3HD(4)
3HDD(4)
3HTD(4)

3HO(4)

3HDD(8)(10)
3HTD(8)(10)(12)

3HO(6)

3HD(6)(7)
3HDD(6)(7)(9)
3HTD(6)(7)(9)(11)

3HD(5)
3HDD(5)
3HTD(5)

3HTD(14)
3HDD(12)

40 35 30 25 20 1571 70169.5 169.0

13.91414.114.213.91414.114.2

3HTD(14)
3HDD(12)

3HD(10)

3HO(8)

13.91414.114.2

13.91414.114.2 13.91414.114.213.91414.114.2

δ(ppm) δ(ppm) δ(ppm)

δ(ppm) δ(ppm) δ(ppm)

B-original B-1 B-2

B-3 B-4 B-5

a

b

c

Fig.1. (a) Molecular structure of mcl-PHA. (b) 13C NMR spectra of the A-1 mcl-PHA sample. (c) 13C NMR resonance of the terminal carbon for the fractions of B-original mcl-PHA sample.
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higher HTD composition showed higher melting temperatures of
these two peaks. Furthermore, the Tm1 peak was found to be higher
in its enthalpy magnitude with respect to the Tm2 one for the
samples with higher HTD composition. The dual melting peaks
were also detected for the B- and C-original samples and their
fractions. Such dual melting behavior will be discussed later.
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Tg was measured by DMTA, which is considered as one of the
most sensitive method for measuring glass transition temperature.
All the original samples and their fractions have an approximately
constant Tg at around �42 �C, similar to the previously reported
values [8], suggesting that the comonomer composition did not
influence the Tg in the case samples of mcl-PHA copolymers.

3.3. Nonisothermal melt-crystallization and melting behavior

The mcl-PHA samples showed two melt-crystallization peaks
(Tc1 and Tc2) during the cooling process (Fig. 3 and Table 2). Samples
with higher HTD composition showed higher crystallization
temperatures of these two peaks. Furthermore, the Tc1 peak was
found to be higher in its enthalpy magnitude with respect to the Tc2

one for the samples with higher HTD composition, indicating that
mcl-PHA with higher HTD composition preferred to crystallize at
Tc1. The subsequent melting traces were also registered for the non-
isothermally crystallized samples. As shown in Fig. 4, their melting
normally presents two melting peaks (Tm1 and Tm2), which are
divided by a cold crystallization (Tcc2). The enthalpy of Tm1 was
found to increase with the HTD composition, while the enthalpy of
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Tm2 decreased obviously. The dependence of the crystallization
enthalpy on the HTD composition was compared to that of the
melting enthalpy. Clearly, the enthalpy of Tm1 accords with that of
Tc1, even without considering the loss from cold crystallization.
Meanwhile, the enthalpy of Tm2 turns out to be the sum of enthalpy
of Tc2 and Tcc2. All the results above implied that the two melting
peaks Tm1 and Tm2 arouse from two crystalline phases which
crystallize at Tc1 and Tc2, respectively (named here as crystalline
phases I and II). These two phases showed different crystallization
kinetics during the cooling process, with the magnitudes of the two
crystalline peaks strongly affected by HTD comonomer
composition.

It is interesting to notice that higher HTD composition favored
the formation of crystalline phase I during the cooling process, and
lower HTD composition favored the other. As shown in Fig. 3c,
fractions with lower HTD composition are able to crystallize mainly
as the crystalline phase II when the cooling rate is 10 �C/min, while
the fractions with higher HTD composition (e.g. C-1 fraction) were
observed to mainly crystallize at peak Tc1 when cooled at 10 �C/min.
However, as the cooling rate decreased to 2 �C/min, the peak Tc1

almost disappeared, while the magnitude of peak Tc2 was greatly
Temperature (°C)

HTD %

c

Tc2

Tc2Tc1

Tc1

C-4

C-3

C-2

C-1

C-ori

-50 -25 0 25 50 75 1000 75 100

b

c2

(°C)

ginal mcl-PHA samples and their fractions after melted at 100 �C.



Table 2
Thermal properties of original and fractionated bacterial mcl-PHA.

Fraction No. HTD fraction (mol %) Tm1
a (�C) Tm2

a (�C) Tg
b (�C) DHm

a (J/g) Tc1
a (�C) Tc2

a (�C) Crystallinityc (%)

A-original 23.6 – 57.1 �42.6 32.6 �8.4 – 43.9
A-1 27.6 39.8 64.1 �42.7 35.5 �1.2 – 45.2
A-2 22.2 38.8 62.8 �42.6 34.7 �5.3 – 44.7
A-3 20.5 38.7 63.3 �43.2 33.2 �11.0 28.6 42.2
A-4 20.2 36.6 61.1 �43.7 32.9 �12.2 26.5 44.1
A-5 16.6 35.7 60.1 �42.5 31.3 �12.1 26.5 43.6
A-6 9.3 35.7 57.1 �41.9 30.2 �17.7 20.9 43.2
A-7 16.3 – 52.8 �40.1 29.5 �23.0 10.3 37.0
B-original 22.8 37.0 64.6 �41.0 38.5 7.8 – 45.0
B-1 40.2 37.8 76.1 �38.8 43.2 13.6 41.9 48.3
B-2 22.1 37.5 68.0 �42.5 39.1 �3.5 32.8 46.5
B-3 19.2 36.9 67.0 �41.9 36.7 – 32.4 46.3
B-4 18.6 35.3 62.1 �40.9 36.5 – 28.0 44.1
B-5 15.5 – 59.6 �42.8 32.6 – 21.3 42.6
C-original 26.8 39.1 69.6 �40.5 35.8 8.3 – 46.5
C-1 43.0 40.2 73.9 �43.7 42.3 13.4 – 50.0
C-2 17.2 37.3 67.1 �42.2 37.8 5.3 37.1 43.7
C-3 14.4 36.5 64.2 �41.1 37.0 �6.6 27.0 –
C-4 8.3 – 63.1 �42.5 33.5 – 27.5 –

a Tm1, the lower-temperature-side melting point; Tm2, the higher-temperature-side melting point; DHm apparent heat of fusion, calculated from the total area of two
endothermic curves; Tc1,the lower crystallization temperature; Tc2,the higher crystallization temperature.

b Tg was determined by DMTA.
c The degree of crystallinity was determined by WAXD.
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enhanced, indicating that the crystalline phase II became dominant
(Fig. 5). Besides, although the fractions with high HTD composition
(e.g. C-1 fraction) hardly showed any cold crystallization peak in the
subsequent heating curves at 10 �C/min after the non-isothermally
crystallization process (Fig. 4c), significant cold crystallization peak
Tcc2 and the following melting peak Tm2 could be observed (Fig. 6)
when the heating rate was decreased to 2 �C/min. This phenom-
enon indicates that the fractions with higher HTD composition
were able to crystallize as the crystalline phase II as well as those
with lower HTD composition but at a lower crystallization rate.

It turns out that the crystallization kinetic of the crystalline
phase II is strongly affected by the comonomer composition. The
mcl-PHA with high HTD composition normally crystallize at much
depressed rate at Tc2. Such phenomenon reveals the reason why
mcl-PHA with higher HTD composition mainly crystallized in phase
I during the cooling process. It also indicates that, by controlling the
thermal procedures, we were able to prepare the mcl-PHA samples
with one crystalline phase only (phase I or II).
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Fig. 4. The subsequent DSC heating scans at a heating rate of 10 �C/min for
3.4. Polymorphic crystallization of mcl-PHA

A varies of explanations, e.g., multiple nucleation, polymorphic
crystallization, etc., could be available for the dual-mode crystalli-
zation. To further reveal the driving forces for the dual-mode
crystallization of mcl-PHA, the WAXD measurements were
employed to investigate the crystalline structure of the two crys-
talline phases. The mcl-PHA samples crystallized in the two crys-
talline phases were obtained by adjusting the thermal procedure as
described below. The C-1 sample was firstly hot pressed at 100 �C
for 2 min to erase the residual thermal history, and subsequently
quenched to 58 and 28 �C directly to isothermally crystallize into
crystalline phases II and I, respectively, followed by maintaining at
that temperature for 24 h to allow a complete crystallization. The
WAXD spectra of the two samples with different crystalline phases
are compared in Fig. 7. Clearly, the crystalline phase II shows two
major diffractions at 19.3� and 21.5�. In the case of the crystalline
phase I, however, a new diffraction at 19.8�, which contributes most
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the samples crystallized during the cooling procedure showed in Fig. 3.
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Fig. 5. DSC cooling scans varied from 1 �C/min to 40 �C/min for the C-1 fraction
sample after melted at 100 �C.
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of diffraction, was detected instead. The differences in the WAXD
pattern, which could be observed more clearly in the in situ X-ray
registration during melting (shown later), indicate that the two
phases were enrolled into two different crystalline structures.
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Fig. 6. The subsequent DSC heating scans varied from 1 �C/min to 40 �C/min for the C-
1 fraction sample crystallized during the cooling procedure showed in Fig. 4.
IR is very sensitive to the small changes of the conformation and
the packing of polymers [29], and the in situ monitoring of the
selected crystal growth was expected to shed light on the unique
crystallization of mcl-PHA. For IR experiments the C-1 sample was
also melted first at 100 �C to erase the residual thermal history, and
subsequently quenched to 58 and 28 �C directly for crystallization.
Then in situ FTIR measurements were performed to monitor the
isothermal crystallization of crystalline phase II and phase I. Fig. 8a
and b show the time-resolved FTIR spectra in the C]O stretching
region during the crystallization of crystalline phases II and I.
During the crystallization of crystalline phase II, the intensity of the
band at 1725 cm�1 increased gradually over time, while that of the
band at 1744 cm�1 decreased (Fig. 8a). Therefore it is rational to
assign the 1725 cm�1 band to the crystalline phase, while the
1744 cm�1 band to the amorphous phase [30]. It was reported that
many types of PHA, such as PHB and PHBHHx, consisting of random
3-hydroxybutyrate (HB) and 3-hydroxyhexanoate (HHx) possess
a crystalline band at this position [31–33]. Of particular interest is
the fact that the crystallization of crystalline phase I gives rise to
a different spectral evolution. As shown in Fig. 8b, the carbonyl
stretching band of the crystalline phase I shows a 26 cm�1 higher
frequency shift in comparison with that of crystalline phase II. The
carbonyl stretching vibration is well known to be sensitive to the
molecular interaction (consisting of both intra- and inter-molecular
interaction), therefore, the in situ FTIR results further confirmed the
existence of the two different type of crystalline structures. We also
tested a few other fractions (e.g. A-1, A-7, B-1, C-2, C-4) and the
results were all similar (data not shown).

3.5. Melting and phase transformation of mcl-PHA

To further confirm the polymorphic crystallization and clarify
the multiply melting behaviors of mcl-PHA, the temperature-
dependent WAXD patterns were registered during the melting of
crystalline phase II and phase I (Figs. 9 and 10). The mcl-PHA
samples crystallized in the two crystalline phases were obtained by
adjusting the thermal procedure as described above. The C-1
sample was melted first at 100 �C to erase the residual thermal
history, and subsequently quenched to and maintained for 24 h at
58 and 28 �C to crystallize into crystalline phases II and I, respec-
tively. Then the samples were re-heated, and the WAXD patterns
10 15 20 25 30

θ

C-1 fraction 
crystallized 
at 28 °C

C-1 fraction 
crystallized 
at 58 °C

b

a

phase II

phase I

19.8

21.5
19.3

i
n

t
e

n
s

i
t
y

 
(
a

.
u

.
)

2    (degree)

Fig. 7. WAXD patterns for the C-1 fraction sample crystallized at (a) 58 �C (phase II)
and (b) 28 �C (phase I).
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were measured over a temperature range from 28 �C to 80 �C, in the
scattering angle range of 2q¼ 12–30�.

Fig. 9 shows the temperature dependence of the WAXD patterns
during the melting process of crystalline phase II. The crystalline
phase II shows two major diffraction peaks at 19.3� and 21.5�,
whose intensities decreased with increasing temperature from 28
to 60 �C. The sample was found to be melted completely at 80 �C,
and the amorphous C-1 sample showed one major diffraction peak
at 18.5�. In the case of the crystalline phase I as shown in Fig. 10,
however, the change was more complex. As temperature increased
from 28 to 48 �C, the diffraction peak at 19.8� contributing most of
diffraction decreased gradually in intensity. When the temperature
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Fig. 9. Temperature-dependent WAXD patterns registered from 28 �C to 80 �C for the
C-1 fraction sample crystallized at 58 �C (phase II).
increased above 48 �C, the dominant diffraction shifted gradually to
19.3�, which was assigned to phase II. Further, the peak at 21.5�,
which also arises from phase II, was significantly enhanced with
increasing temperature. After the temperature reached 60 �C, the
diffraction peaks at 19.3� and 21.5� decreased gradually until the
sample changed to its amorphous state. The distinctive differences
among the WAXD patterns of the amorphous state, the crystalline
phase II and the crystalline phase I, as kinetically revealed here,
further confirm the presence of the two different crystalline
structures. Moreover, it clearly shows that phase transition process
occurred during the melting of the crystalline phase I. That is,
during the heating process, the crystalline phase I melted and was
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Fig. 10. Temperature-dependent WAXD patterns registered from 28 �C to 80 �C for the
C-1 fraction sample crystallized at 28 �C (phase I).
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transformed into the crystalline phase II, and then the re-crystal-
lized crystalline phase II melted at higher temperatures.

Figs. 11 and 12 present the corresponding temperature-depen-
dent FTIR spectra during the melting process of C-1 sample crys-
tallized in crystalline phases II and I at 1 �C/min, respectively. The
C-1 sample was melted first at 100 �C and subsequently quenched
to and maintained at 58 and 28 �C for 30 min to crystallize into
crystalline phases II and I, respectively. Then the sample was re-
heated at 1 �C/min. During the melting process of crystalline phase
II, the intensity of the crystalline band at 1725 cm�1 decreased
gradually, while that of the amorphous band at 1744 cm�1

increased. In the case of crystalline phase I, the crystalline band for
crystalline phase I at 1751 cm�1 decreased gradually as the
temperature increased from 28 to 50 �C, and disappeared at 50 �C.
The crystalline band for crystalline phase II at 1725 cm�1 appeared
at 48 �C and was enhanced from 48 to 60 �C. After that, the crys-
talline band for crystalline phase II at 1725 cm�1 decreased grad-
ually in intensity and finally disappeared as the sample melted
completely. Such results are well in accordance with the temper-
ature-dependent WAXD patterns and the former DSC results
(Fig. 6). Similar phase transformation behaviors were also observed
for other fractions (e.g. A-1, A-7, B-1, C-2, C-4) (data not shown).
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3.6. Discussion of conformations of phase I and phase II

As discussed above, the dual-mode crystallization of mcl-PHA
was due to the presence of the two crystalline phases, which are
enrolled into two difference crystalline structures. In Figs. 13 and 14
are shown the time-resolved FTIR spectra in the range of 1500–
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(a) 28 �C to 60 �C and (b) 61 �C to 80 �C for the C-1 fraction sample crystallized at 28 �C
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900 cm�1 of the crystalline phases II and I, respectively. On the
basis of previous literature [34], the bands in the range of 1500 to
1300 cm�1, 1300 to 1000 cm�1 and 1000–800 cm�1 were attributed
to the CH3, CH2, CH bending, the C–O–C stretching and C–C back-
bone stretching, respectively. These bands are experimentally
proved [34–37] and theoretically calculated [38] to be very sensi-
tive to the conformational changes of backbone, both in the crys-
talline and amorphous phases, and were followed here to
investigate the conformation evolution of mcl-PHA chains during
crystallization.

The IR vibrations in the range of 1300–1000 cm�1, are particu-
larly of our interest, as they arise mainly from C–O–C backbone and
should be highly sensitive to the chain conformation. The spectral
vibration due to the crystallization could be clearly observed in the
difference spectra shown in Figs. 13b and 14b. The band at
1170 cm�1 should be characteristics of the asymmetric stretching of
the C–O–C group [34,39] Its intensity was noted to decrease greatly
with the crystallization time and should be attributed to the
amorphous chain. In contrast, the bands at 1321 and 1101 cm�1

showed positive intensity change with crystallization. Thus, it is
reasonable to attribute the bands at 1321 and 1101 cm�1 to the
crystalline chains. These spectral features of the two crystalline
bands should reflect the conformation of the C–O–C group in the
crystalline phase. As shown in Figs. 13 and 14, in the range of 1300–
1000 cm�1, the spectral variations induced by the crystallization
process were similar between the two crystalline phases. The same
results could also be observed in the whole range of 1500–
900 cm�1.

The high similarity of spectra in the range of 1500–900 cm�1

between the two phases indicates that similar chain conformation
is adopted in both the two crystalline phases. With combining the
observations in the C]O stretching region, it is reasonable to
propose that the difference in the crystalline structure between the
two crystalline phases quite possibly lies in the chain packing
rather than the conformation.

4. Conclusions

Biosynthesized mcl-PHAs were fractionated into several frac-
tions with narrow comonomer compositional distribution and
molecular weight distribution. Thermal properties of mcl-PHA
were analyzed. Regarding the comonomer compositions, the crys-
tallization and melting behaviors of fractionated microbial
medium-chain-length polyhydroxyalkanoates (mcl-PHA) were
studied by DSC, WAXD and FTIR. The following conclusions can be
reached from the present study.

The mcl-PHA samples with higher HTD composition have higher
Tm and DHm, indicating the capability of long side chain comono-
mers to crystallize.

The combination of DSC, WAXD, and IR results revealed that the
mcl-PHA could crystallize into two crystalline structures, namely,
phases I and II, which were temperature-dependent. It was found
that the crystallization kinetic of phase II normally becomes much
slower for the mcl-PHA sample with higher HTD comonomer
composition. The phase transformation from phase I to phase II was
detected during heating processes, and well confirmed by the
in situ IR and X-ray registration.

The high similarity of IR spectra in the range of 1500–900 cm�1

between phases I and II has excluded the possibility of adopting
different conformation. It is suggested that major differences
between the two crystalline phases lie in the molecular packing.
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