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Abstract The multiple melting behavior of isothermally

melt-crystallized poly(3-hydroxybutyrate-co-3-hydroxy-

hexanoate) (PHBHHx) from its melt was investigated using

differential scanning calorimetry (DSC). PHBHHx exhibits

a fourfold endothermic melting phenomenon, which were

expressed as A, I, II, and III from low to high temperature,

and attributed to the melting of secondary lamellae formed

at room temperature, the melting of secondary lamellae at

crystallization temperature, the melting of primary lamel-

lae, and the melting of the recrystallized lamellae of dif-

ferent stabilities, respectively. Secondary crystallization is

much slower than the primary crystallization and needs a

relatively long period of time to occur. Furthermore, sec-

ondary crystallization at room temperature is heteroge-

neous, which depends on the presence of the primary

lamellae and the secondary lamellae formation.
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Introduction

Polyhydroxyalkanoates (PHA) are intracellular biopoly-

esters which are accumulated by a number of bacteria as

carbon and energy storage materials. These microbial PHA

polymers have received a lot of attention as environmen-

tally friendly thermoplastics for environmental, agricul-

tural, medical, and tissue engineering applications [1–3].

Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx),

a new member of PHA family has been biologically syn-

thesized [4–7] and produced on a large scale [8]. The

mechanical and process properties of PHBHHx are better

than those of poly(3-hydroxybutyrate) (PHB) and poly

(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) [4].

Compared with poly(L-lactide) (PLLA) and PHB, PHBH

Hx also has a better biocompatibility with chondrocyte

[9–12], fibroblast [13–15], osteoblast [15, 16], smooth

muscle cells [17–19], and nerve cells [20].

Thermal analysis is a powerful tool for characterizing

the physical–chemical properties of biodegradable poly-

mers [21–24]. Isothermally crystallized semicrystalline

polymers often exhibit a multiple melting behavior, which

is a key subject for investigating the structure evolution of

polymers during the heating process. In recent years, a

large amount of studies have been performed on the mul-

tiple melting behavior of some polymers, e.g., poly(butyl-

ene succinate) (PBS) [25–28], PLLA [29, 30], PHB [31],

and PHBV [32, 33]. Attempts were made to explore the

origin of the multiple melting behavior in some semicrys-

talline polymers. The behavior may result from [34]: (a)

the presence of more than one crystal modification, (b)

variation in morphology (such as lamellar thickness, dis-

tribution, perfection or stability), (c) melting–recrystalli-

zation–remelting mechanism during the DSC heating

process, (d) physical aging or/and relaxation of the rigid
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amorphous fraction, (e) different molecular weight species,

and (f) orientation effects and so forth.

However, in terms of the multiple melting behavior of

PHBHHx, only few work have been reported [5, 35–43]. In

this work, the multiple melting behavior of isothermally

melt-crystallized PHBHHx films was studied using the

conventional differential scanning calorimetry (DSC)

technique. Unusual fourfold melting endotherms were

observed. A new and comprehensive explanation on the

origin of the complex multiple melting behavior particu-

larly the origin of the secondary crystallization, which is

different from previous work, will be given in detail.

Experimental

Materials

PHBHHx was biosynthesized at Tsinghua University in Bei-

jing, China, with the bacterial strain Aeromonas hydrophila

4AK4 in a glucose mineral-salt medium [7]. The weight-

average molecular weight (Mw), number-average molecular

weight (Mn), and Mw/Mn (PDI) for PHBHHx sample were

determined by gel permeation chromatography (Shimadzu,

Lc-20A) to be 2.59 9 105, 1.19 9 105, and 2.18, respec-

tively. The molar ratio of 3HB/3HHx was determined to be 85/

15 by 1H-NMR (Bruker, Avance Av). Before use, PHBHHx

was purified by dissolving it in chloroform, precipitating in

ethanol, and then vacuum dried at 60 �C for 48 h. Chloroform

and ethanol were purchased from Kermel Chemical Reagent

Development Center, Tianjin, China.

Sample preparation

All PHBHHx films of 50 lm thickness were initially pre-

pared by conventional solvent-cast techniques from chlo-

roform solutions of PHBHHx using Teflon sheets as

casting surfaces. The resulting films were further dried in

vacuum at 60 �C for 24 h to remove any residual solvent

and moisture. Films were stored in desiccator under

nitrogen atmosphere prior to use. Then, these PHBHHx

films were melted at 150 �C for 3 min and rapidly trans-

ferred onto a hot-stage (JYL/KWL 300, Beijing Jieyali

Electronics and Technology Co. Ltd, China) preset at a

given crystallization temperature (Tc) and isothermally

crystallized at Tc for 2 days. The melt-crystallized samples

were stored at room temperature for at least 2 weeks before

further analytical measurements.

Differential scanning calorimetry measurements

DSC data of melt-crystallized PHBHHx samples were

measured between 20 and 150 �C with a NETZSCH DSC

200 F3 (NETZSCH Co., Germany) under nitrogen

(30 mL min-1) and using a heat rate of 10 �C min-1 for

most tests. Other heating rates used will be discussed in the

specific section. A fresh sample was used in each run.

Results and discussion

Multiple melting behavior of isothermally melt-

crystallized PHBHHx films

Figure 1 shows subsequent melting endotherms (10 �C min-1)

of PHBHHx solvent-cast films, which were isothermally

melt-crystallized for 2 days at various Tc (40–90 �C) and

stored at room temperature for at least 2 weeks. As shown in

Fig. 1, fourfold melting endotherms (A, I, II, and III) were

observed with peak melting temperatures Tm(A), Tm(I),

Tm(II), and Tm(III) according to the order of their positions,

respectively.

From Fig. 1, the multiple melting behavior of PHBHHx is

obviously dependent on Tc. Both Tm(I) and Tm(II) shifted

toward higher temperature with increasing Tc. The magni-

tudes of endotherm II increased and the shape became

sharper and narrower as Tc increased, while those of endo-

therm I increased slightly with increasing Tc. In addition,

endotherm III decreased gradually and disappeared when Tc

is up to 90 �C. At high temperature (90 �C), endotherms I

and II merged and appeared as a weak shoulder. These results

suggested that endotherm II probably corresponds to the

melting of primary lamellae and endotherm I is associated

with the melting of secondary lamellae, while endotherm III

is related to the melting of lamellae, which formed through

reorganization or thickening of primary and/or secondary

lamellae upon heating.
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Fig. 1 Subsequent melting curves of PHBHHx samples isothermally

melt-crystallized at different Tc for 2 days and stored at room

temperature for at least 2 weeks (heating rate 10 �C min-1)
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It is well known that the perfection of the crystals is

determined by the Tc under isothermal conditions. As

expected, crystallization at low Tc occurred under large

supercooling at fast rates and led to the formation of

defective crystalline structures. The latter undergoes

extensive recrystallization upon subsequent heating above

the Tc. In contrast, crystallization at high Tc proceeded at a

slower rate accompanied by a simultaneous annealing. It

resulted in more uniform thickness distribution and perfect

crystals, which was confirmed by the occurrence of sharper

and higher melting peaks II in Fig. 1. As Tc increased, more

fraction of the sample crystallized perfectly, while the

fraction which would undergo recrystallization upon heat-

ing decreased. This resulted in a decrease of endotherm III

(Fig. 1), indicating that the recrystallization process started

right after the melting of primary and/or secondary crystals

and stopped before final melting. Nevertheless, the recrys-

tallization rate of the molten materials may be too fast to be

detected by the experimental procedure used here.

The Tm of all subsequent melting PHBHHx are shown in

Fig. 2. The solid lines show the results of linear fitting

curves. In Fig. 2, Tm(I) shifts to high temperature with

increasing Tc and occurs at ca. 10–20 �C above the crys-

tallization or annealing temperature, and the fitting curve is

almost parallel to the line Tm = Tc, suggesting a typical

annealing peak [3, 6]. Meanwhile, Tm(II) and Tm(III)

steadily increase with the increase of Tc. If endotherm II

reflects the thickness of original crystalline lamellae, the

equilibrium melting temperature (Tm
0 ) of PHBHHx is

119.7 �C determined by the Hoffman–Weeks extrapolation

[44]. This is consistent with Chen’s results [38] that the Tm
0

of PHBHHx (3HHx = 12 mol%) was 121.8 �C, which is

lower than those of PHBHHx with 12 and 14.6% of 3HHx

(140.4 and 194 �C, respectively [41, 42]).

The weakest melting endotherm A is similar to an

annealing peak, and its position is almost unaffected by Tc.

It appears at around 40–50 �C. This peak possibly associ-

ates with the melting of defective crystals formed during

secondary crystallization at room temperature and it will be

discussed later in detail.

Sequence of crystallization

In order to investigate the sequence of crystal formation

during isothermal melt-crystallization process, the samples

were isothermally crystallized at a given Tc for different

periods of time followed by cooling to 20 �C and rapidly

heating to complete melting (150 �C) at 10 �C min-1. The

DSC data of those samples which were melt-crystallized at

70 �C for different durations are shown in Fig. 3. As seen

in Fig. 3, almost no melting endotherm was present in

traces after crystallization for 1 min, demonstrating that a

time interval of at least 1 min is required for the melting

peak to be observed in the subsequent melting endotherm

at 70 �C. With increasing crystallization time from 2.5 to

5 min, endotherm II appeared firstly indicating that an

apparent induction time is necessary for the formation of

stable crystallites at the respective Tcs. After crystallization

for 10 min, a broad melting endotherm, endotherm II, was

found easily. Since endotherm II was observed at the onset

of crystallization, it was attributed to the melting of these

primary lamellae. Furthermore, it should be noted that a

broad exothermic peak was also observed at low temper-

ature region in this trace probably due to the occurrence of

supplementary cold-crystallization during heating process.

As demostrated in Fig. 3, endotherm I can be seen with a

careful inspection when time interval tc = 40 min (indi-

cated by an arrow). It suggested that the minor endotherm
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Fig. 2 Melting temperatures of isothermally melt-crystallized

PHBHHx as a function of Tc
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Fig. 3 Subsequent melting curves of PHBHHx samples after partial

isothermal melt-crystallization at 70 �C for different time intervals as

indicated
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associating with a rather slow crystallization process at Tc

perhaps resulted from the secondary crystallization. After

crystallization for 40 min, all the other three endotherms (I,

II, and III) appeared. It is somewhat different from obser-

vations reported by Hu et al. [41] that endotherms II and III

appeared simultaneously when tc = 10 min, and endotherm

I had not been observed until tc = 40 min. Based on the

observation above, we can conclude that an unstable lamella

was unlikely produced at the beginning of the crystallization,

but started to form before primary crystallization stopped.

Clearly, they are related to the onset of the secondary process

and the secondary nucleation occurred even at relatively low

crystallinity.

There are many different explanations for the origin of

endotherm I. Chen et al. [38] suggested that the annealing

peak originated from the pre-melting behavior of PHBHHx

in their isothermal crystallization experiment, which

corresponded to an intermediate state between ordered

crystalline and amorphous states [43]. However, the pre-

melting behavior was not observed in the DSC curves of

non-isothermal crystallization [38, 39]. In our view, this

can be explained by the fact that the secondary crystalli-

zation cannot happen at all during the non-isothermal

crystallization at the cooling rates used in the literature.

This process is much slower than the primary crystalliza-

tion and needs a relatively long period of time, that is, at

least 40 min in this study.

Effect of heating rate

Heating rate effect is a common measurement to test

whether the melting–recrystallization–remelting phenom-

ena exists in semicrystalline polymers [29, 34, 35, 41]

during heating. Based on the melting–recrystallization–

remelting mechanism, the magnitudes of endotherm A, I,

and II were expected to increase and their melting peaks

shifted to higher temperatures, while the magnitude of

endotherm III decreased and Tm(III) shifted to a lower

temperature with the increase of heating rate.

DSC measurements (Fig. 4) at different heating rates

were performed on PHBHHx sample which was isother-

mally crystallized at 70 �C for 24 h. The results clearly

indicated that endotherms A and I increase in magnitude

and shift to higher temperature with increasing heating

rate. Endotherm II shifted slightly to higher temperature

too. The increase in three endotherms is probably a result

of superheating effect. In comparison, endotherm III

gradually decreased and disappeared at a heating rate of

20 �C min-1 and above. Furthermore, consistent with what

has been reported in literatures [29, 34, 41], endotherm I

merged with endotherm II at high heating rates, indicating

the existence of a recrystallization process at high tem-

perature during heating.

It is known that some semicrystalline polymers crys-

tallized as metastable lamellae, and which is also the rea-

son why recrystallization or reorganization is possible

during a DSC heating scan. The metastable lamellae have

lowered their melting temperatures owing to their large

surface/volume ratios and the high surface-free energies of

their fold surfaces. At low heating rates, the time is enough

for the initially existing crystals to melt and form thicker

and more stable lamellae during the heating scan. How-

ever, at higher heating rates, initially existing crystals melt

but recrystallization cannot occur due to the limited resi-

dence time at Tc. Moreover, the extent of recrystallization

process depends on the scanning rate used. The higher the

heating rate used, the shorter the time being available for

the diffusion of the molecular segments onto growth front

of the recrystallizing lamellae. Therefore, in terms of

melting–recrystallization–remelting processes during

heating, an increase in heating rate leads to a shift of the

high endotherm to a lower temperature as well as a

decrease in its magnitude.

Secondary crystallization at room temperature

The appearance of the endotherm A is an interesting phe-

nomenon. As illustrated in Fig. 1, minor endothermic

peaks were observed at 40–50 �C in the low temperature

region. To probe the origin of these minor melting peaks, it

is necessary to investigate how the minor endotherms

change as the annealing time increased. The secondary

crystallization is known to be a very slow process and often

lags behind the primary crystallization. From the results

mentioned above, we have learned that the endotherm I

(secondary crystallization at Tc = 70 �C) did not appear

until tc = 40 min. Figure 5 shows the subsequent melting

curves of PHBHHx samples which were isothermally
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Fig. 4 Subsequent melting curves of PHBHHx samples at different

heating rates after isothermal melt-crystallization at 70 �C for 24 h
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crystallized from the melt at 70 �C for 1 day and stored at

room temperature for different times. Clearly, after melt-

crystallization at 70 �C for 1 day without storage at room

temperature, no endotherm A was found. Therefore, it is

reasonable to postulate that this minor endotherm may arise

from the storage at room temperature (*20 �C).

However, the viscosity of crystallized material is higher

at low Tc than that at high Tc, which makes the structural

adjustment and diffusion of polymer chains more difficult

to some extent. This also means that the secondary crys-

tallization at room temperature (*20 �C) may require

longer time to occur. As shown in Fig. 5, when the time

interval at room temperature was 0.5–12 h, no endotherm

was observed at 40–50 �C. Until the time interval reached

24 h, a minor endotherm (indicated by an arrow) emerged

at the same position. Combining with previous DSC

results, it is reasonable to conclude that this endotherm was

possibly because of the melting of some crystals formed

during the long-time annealing at room temperature.

Moreover, as shown in Fig. 1, the endotherm A was very

weak at Tc = 40 �C, and became an apparent peak

(44–47 �C) at Tc = 50, 60, and 70 �C, but the peak melting

temperature of endotherm A shifted toward higher tem-

perature slightly (47–52 �C) at Tc = 80 and 90 �C, espe-

cially at 80 �C. Therefore, it is important to point out that

the process of secondary crystallization at room tempera-

ture is heterogeneous, which depends not only on the

presence of primary lamellae, but also the existence of

earlier formed secondary lamellae.

Conclusions

The multiple melting behavior of isothermally melt-crys-

tallized PHBHHx was studied by DSC analysis. Fourfold

endothermic peaks were observed during the subsequent

heating scan, which were named as A, I, II, and III from

low to high temperature, respectively. The origin of the

multiple melting temperatures phenomenon was discussed.

Endotherm A was associated with the melting of secondary

lamellae formed at room temperature, endotherm I corre-

sponded to the melting of secondary crystallization at

crystallization temperature, endotherm II was a result of

the melting of primary lamellae, and endotherm III was

related to the melting of the lamellae, which have been

formed through reorganization or thickening upon heating.

Furthermore, the crystallizability of copolymer depends

strongly on the sequence length of the crystallizable

comonomer units. Therefore, the sequence structure (con-

figuration), sequence length, and sequence-length distri-

bution should be characterized by, for examples, NMR,

MS, and SAXS. More work should be conducted in the

future to verify this proposal.
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