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Abstract

Melting behaviour and crystal morphology of poly(3-hydroxybutyrate) (PHB) and its copolymer of poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) with various hydroxyvalerate (HV) contents [5wt.% (PHB5HV), 8 wt.% (PHB8HV) and 12 wt.% (PHB12HV)] have been
investigated by conventional DSC, step-scan differential scanning calorimetry (SDSC) and hot-stage polarised optical microscopy (HSPOM).
Crystallisation behaviour of PHB and its copolymers were investigated by SDSC. Thermal properties were investigated after different crys-
tallisation treatments, fast, medium and slow cooling. Multiple melting peak behaviour was observed for all polymers. SDSC data revealed
that PHB and its copolymers undergo melting—recrystallisation—-remelting during heating, as evidenced by exothermic peaks in the IsoK
baseline (non-reversing signal). An increase in degree of crystallinity due to significant melt—recrystallisation was observed for slow-cooled
copolymers. PHB5HV showed different crystal morphologies for various crystallisation conditions. SDSC proved a convenient and precise
method for measurement of the apparent thermodynamic specific heat (reversing signal) HSPOM results showed that the crystallisation rates
and sizes of spherulites were significantly reduced as crystallisation rate increased.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and their slow crystallisation equilibration have made them
the subject of many crystallisation stud[&%.
Poly(3-hydroxybutyrate) (PHB) and its copolymers Differential scanning calorimetry (DSC) is a valuable
with 3-hydroxyvalerate (HV) having chemical struc- technique to study melting and crystallisation behaviour of
tures of FOCH(CHz)CH2(C=0)-],, and FOCH(CHg)CH polymers. The interpretation of DSC results is difficult due
(C=0)-]x[-OCH(GHs)CH,(C=0)-]y respectively are syn-  to various transformations occurring simultaneously dur-
thesised by bacteria. In addition to biosynthesis, they haveing heating. Temperature modulated differential scanning
attracted much interest because of their biocompatibility and calorimetry (TMDSC) has attracted much interest since its
biodegradability. They have relatively high melting temper- development in 1992, because of its ability to distinguish
atures (), up to 170°C for the homopolymefl1,2]. Their apparent thermodynamic (reversing signal) and kinetic (non-
relatively high glass transition temperatureg)(@nd crys- reversing signal) events under the prevailing DSC modulation
tallinity have made them too brittle for many applications. conditions[4—6]. The theory and operating principles have
The copolymers have more suitaflg but they are slowto  been thoroughly describgd—9].
reach crystallisation equilibrium. They crystallise slowly to Three types of curves can be derived from the experiments:
form large crystals. Their continuing interest as biopolymers total heat flow or heat capacity curve (to@, the same as
a conventional DSC curve), the in-phase curve (reversing or
storage) and out-of-phase curve (Ig4$)]. In addition a non-
* Corresponding author. Tel.: +61 3 9925 2122; fax: +61 39639 1321.  reversing heat capacity (kinetic) curve can be obtained from
E-mail addressrobert.shanks@rmit.edu.au (R.A. Shanks). the difference between the total and reveriag
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Another TMDSC method, called step-scan DSC (SDSC) stored in desiccator under nitrogen atmosphere prior to

has recently become availablgl]. SDSC utilises a  use.

heat—isothermal (or cool-isothermal) program, where the

isothermal segment continues for a set time and heat flow2.2. SDSC method and data analysis

is decreased to within a predetermined set-value (criteria).

The apparent thermodynamic response only occurs during Allmeasurements and thermal treatments were performed

the heating (or cooling) segment and reflects the reversingusing a Perkin-Elmer series Pyris 1 DSC (Pyris software

changes within the sample. The time-dependent response re3.81) operated in subambient temperature mode with an In-

flects the kinetic processes and is extracted from the isother-tracooler 2P. About 2—3 mg of polymer was sealed in 10

mal baseline segment. The equation that describes the heaaluminium pan, and all scans were carried out under inert ni-

flow response is given by trogen (20 mL mir1). High purity indium and octadecane
were used for temperature calibration and indium standard

dQ/dr= C,(dT/d) + (1. T) was used for calibration of heat flow. The furnace was cali-

where dQ/dis the heat flowC, the heat capacity, dT/dte brated according to the manufacture recommendation. Spe-

heating rate and(t,T) the kinetic response. The interpreta- cific heat capacity results were calibrated using a sapphire

tion of results is similar to other forms of TMDSC. Anal- standard.

ysis of the heat flow signal provides two curves: the ap-  The SDSC melting scans of samples with controlled ther-

parent thermodynamiCy, (Cp atp) signal (reversible under  mal history were obtained with an average heating rate of

the experimental conditions or reversing) and the IsoK base-2°C min~! and a period of 60 s (a temperature increment of

line Cp (Cp,is0k) (kinetic or non-reversing) curves. We have 2°C with each 30 s scanning segments) fre20 to 190°C.

chosen to define these terms in this way since the Perkin-Each polymer was heated to the melt at 180for 3 min to

Elmer definition of ‘thermodynamic specific heat’ creates remove any prior thermal history. The PHB5HV were treated

some controversy in that it is not a true thermodynamic pa- by cooling at 200, 20 andZ min~? rates. Specific heat cal-

rameter, yet it is obtained differently from the other revers- culation from heat flow response of the SDSC scans was car-

ing heat flow or capacity obtained from TMDSC methods. ried out using the area method. The data for each isothermal

A Fourier transformation is not involved for the heat capac- segmentwas collected to within a 0.005 mW baseline cri-

ity calculation from SDSC heat flow as for other TMDSC teria. The heat flow data from the SDSC scans were used to

methods and the method is free of experimental problems calculate the apparent thermodynamic heat capacity{6)

such as thermal gradients, sine wave distortions or phase lagand IsoK baseline heat capacityy(ok). All SDSC curves

[12]. were corrected using an appropriate baseline recorded un-

The aim of this work is to study the influence of thermal deridentical conditions with matched empty aluminium pans

history of PHB copolymers with HV (PHBHV) usingarange when converting to specific heat capacity curves. From the

of non-isothermal crystallisation conditions. The melting of SDSC heating scans, glass transition temperatuy)e ¢®ld

PHB and its copolymersis studied using the SDSC technique.crystallisation temperature £JJ, melting temperature ¢f)

SDSC has recently been used to characterise polyanhydridesind enthalpy of fusion (AF) were determined.

[13] pigmentgd11] and poly(ethylene oxidg)2]. A morpho- The crystallinity was calculated using the equation:

logical study of PHBHYV is carried out using HSPOM with

crystallisation conditions related to the DSC cooling treat-

ments. whereA Hg, g is the enthalpy of melting of pure PHB crystals
146J g1 [15] and AHp, the measured enthalpy of melting
for each polymer.

XC == AHm/AngHB

2. Experimental
2.3. Optical microscopy
2.1. Sample preparation
The crystal morphologies of PHB5HV copolymer were

Bacterial PHB and poly(3-hydroxybutyrate-co-3-hydro- observed using a Nikon Labophot 2 polarising optical
xyvalerate) with various HV contents [5wt.% (PHB5HVA), microscope with a Mettler FP90 hot stage and images
8wt.% (PHB8HV) and 12wt.% (PHB12HV)] were ob- were captured using a Nikon digital camera. Each film was
tained from Sigma-Aldrich Chemicals as white powders mounted on a glass slide under a cover slip. The specimens
(My =2.3x 10°gmol~t andM,=8.7x 10* g mol~1 [14] of were first heated on a hot-stage from room temperature
PHB). Polymer (1g) was dissolved in 100mL of chlo- to 190°C at a rate of 5Cmin~! and maintained at this
roform and filtered under vacuum to remove any insolu- temperature for 3 min before cooling. The morphological
ble fraction or impurities. Semi-crystalline films were ob- study of PHB5HV was carried out using three different
tained by solvent casting at room temperature. The result- crystallisation conditions: isothermal crystallisation, con-
ing films were further dried in vacuum at 3G for 3h to tinuous slow and fast cooling rates from 14D to room
remove any a residual solvent and moisture. Films were temperature after cooling to 14@ at 5°Cmin~! under
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nitrogen atmosphere. Isothermal crystallisation behaviour = °1* a a_
was observed by maintaining the sample for one hour at € oo //'“\\ /‘/ \\
80°C after cooling at 3Cmin~! from 190°C. Cooling z ' / | // \\
rates of 20 and 2C min~! were used to provide analogous i oos / \ / | ,
behaviour to the DSC treatment of the polymers. T / ‘ / N
:<'1:> 000 b Kf / wrfans/étlon(}?)
. . o ° z
3. Results and discussion ° T -
o v
: 2 Isothermal(<)
3.1. Evaluation of SDSC results ® ¢ SOTETERAY
Fig. 1 shows SDSC curves obtained for PHB, with § "¢ _
2°Cmin~! average heating rate after treatment by cooling ~ S5 ——— "
at 2°Cmin~!. SDSC results of the raw heat flow, apparent Time / min

thermodynamicCp and IsoK baseline curves (curves a, b

and c respectively) are shown in this figure. The thermody- Fig. 2. SDSC method and resulting: (a) heat flow, (b) IsoK baseline and (c)
namic C, curve, which is similar to a reversing, shows  temperature profiles.

the temperature dependence of specific heat and reversinc}; . o . .
latent heat changes during heating. The IsoK baseline, simi- ributed Fo secondary crystalhsatlon_, which can occur during
lar to non-reversin@,, represents the kinetic changes of the the melting process as well as during storage at room tem-
PHB [12]. Both IsoK baselines [heat capacity (curve d) and Peratureg2,17]. The SDSC data provided clear evidence of
heat flow (curve c)] reveal that PHB undergoes some recrys- the presence of melting—recrystallisation-remelting.
tallisation during melting, as evidenced by small exothermic _ 1he baseline subtracted heat flow, IsoK baseline and sam-
peaks (indicated by an arrow). As in other TMDSC meth- Pl€ temperature versus time plots (curves &, b and c respec-
ods, the endothermic melting is also evident in boghsox ~ tVely) are shown for PHB irig. 2. In the SDSC method,
andCy aTp curves[12,16]. The double or multiple melting each linear heating segment is immediately followed by an

behaviour of PHB has been known and suggested to be at/Sothermal temperature segment (signal X). The DSC in-
creased the temperature to new value at a selected heating

rate (signal Y, at 4C min—1), after which it was again held
isothermally at a higher temperature (signal Z). The sample
{\ 1 heat flow response approached equilibrium until the prede-
termined criteria (0.005mW$) was satisfied during each
isothermal segment (segment P). The sample absorbed heat
\ 1 from its surroundings during the heating segments and the
. \ . heat flow increased (segment Q). The method then repeated
i { \] ] the previous two method segments, and each time the temper-

ature progressively increasdelg. 2 shows the linearisation
region that was used to calculate the 1soK baseline (curve b)
during isothermal segments. The thermodyna@yo/alues
were calculated from the area between the heat flow and the
IsoK baseline during each heating segment.

N
T
1
N

3.2. Effect of hydroxyvalerate content

Specific Heat / J g °C”
Heat Flow / mW

PHB, PHB5HV, PHB8HV and PHB12HV crystallised at
g a 2°Cmin~! rate from 190 to—20°C were analysed by
0 nwnwmmrrrrrrrmwrrmmrrrrmmrﬂﬂmmmmﬁ 0 C(znventl_olnal DSC (Flg..3) and .SDSC? melting scans with
P } 2°C min~* average heapng rat_EJg. 4 displays theCPND
d _ and Cp jsok curves obtained with an average heating rate
4 of 2°C min~1. Corresponding thermal data, glass transition,
‘1_20' ('J ' 2'0 ' 4'0 ' elo ' slo '160'1;0'1;0'1é0'1é0 cold crystallisation, melting temperatures and enthalpies ob-
o tained fromCp atp andCp,jsok curves are listed iffable 1.
Temperature / °C Melting temperatures and enthalpies were obtained from con-
Fig. 1. (a) Raw heat flow, (b) apparent thermodyna@yc(c) IsoK baseline Ventlona.l DSC scans ata heatlng rateCamin 1’ and these. .
heat flow (thick line) and (d) IsoK baselir&, of 2°C min-* cooled PHB conventional DSC curves were used to calculate crystallinity
from SDSC. of the polymers (Table 1).
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Fig. 3. Conventional DSC curves of PHB and its copolymers after cooling

at 2°Cmin™*, for separation 10 units were added to each curve. Fig. 4. SDSC curves of PHB and its copolymers after cooling’at éhin~.
Cp,arp curves (full) and IsoK baseline (dashed), for separation 10 units were

Unresolved double melting peaks were observed in the @ddedto each curve.

range of 144.2-177°C for each polymer scanned by the

conventional DSC program. PHB displayed a lower temper- PHB (Table 1). In contrast to PHB the smaller areas of the

ature melting peak at 1722€ due to melting of primary crys-  lower melting peaks were attributed to the amount of primary

talsand a higher shoulder at 177®@that was attributedtothe  crystals, which was smaller than the recrystallised crystals in

melting of recrystallised crystals. Furthermore, the smaller the copolymers. The highest crystallinity was 0.62 for PHB,

area of the second melting peak indicated that the amount oflower crystallinities of 0.58, 0.51, and 0.47 were obtained

recrystallised crystals was smaller compared with the primary for PHB5HYV, PHB8HV and PHB12HV copolymers respec-

crystals. The copolymers showed double melting peaks with tively. In the case of bacterial PHBHY, it is well known that

lower melting temperatures than the melting temperatures ofthe minor comonomer unit is excluded in the crystal lattice

Table 1

Thermal data for PHB and its copolymers with various hydroxyvalerate contents

Polymer Tm AHm Ty Tm AHm Tec AHcc Tm AHm X2
(total) (total) (Cp.atD) (Cp,atD) (Cp.atD) (CpIs0K) (Cp,Is0K) (CpisoK) (CpIs0K)
(°C) Jdgh (°C) (°C) Qgh (°C) Qg™ (°C) Qgh

SC2-PHB 172.4 90.1 - 169.6 116.0 - - 173.8 213 0.62
177.9 172.8

SC2-PHB5VA 152.9 84.7 — 150.5 121.2 - - 166.5 101 0.58
165.5 158.6

SC2-PHB8VA 147.6 74.6 — 143.4 103.8 - - 163.5 40 0.51
160.2 155.6

SC2-PHB12VA 144.2 69.0 -3.9 140.2 126.6 41.0 36 166.2 3.9 0.47
163.3 157.2

SC2-PHB: 2Cmin~! cool PHB, SC2-PHB5VA: 2C min~! cool PHB5VA, SC2-PHB8VA: 2C min~! cool PHB8VA, SC2-PHB12VA: 2C min~?! cool
PHB12VA.
2 Crystallinity was calculated usingHp, (total) curve.
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of the major comonomer unit. The minor comonomer unit curves obtained from SDSC scans of PHB and its copoly-
would interrupt the crystallisation behaviour of the major mers.
comonomer component and the former is excluded from the  Under aniso-scan SDSC heating program, which contains
crystalline region, resulting in a decreased degree of crys-a sequence of heating and isothermal steps, the polymer has
tallinity [18]. the opportunity to melt and recrystallise during the isother-
PHB and its copolymers crystallised at a rate of mal conditions at a series of increasing isothermal temper-
2°Cmin~! were studied using SDSEig. 4 displays the atures. Thus, the polymers heated by the iso-scan program
Cp,atD @andCy 1sok Specific heat capacity curves derived from had greater equilibration time than the polymers analysed
the SDSC iso-scan heating scans. The melting transitions carby conventional DSC (continuous heating) method, since the
be seen in each curve. Tl atp curve of PHB shows one  iso-scan method allowed more time for the rearrangement of
melting peak with shoulder that emerged from the higher unstable crystals. Therefore, the increased enthalpy observed
temperature side, while th@y sox Shows a broad exother- by SDSC scans of PHB and its copolymers was attributed to
mic peak before melting (at about 185, indicated by anar-  crystal perfection during the isothermal steps.
row) and a sharp melting endotherm at 1738 Analogous Cp,atD curves of all polymers showed unresolved double
melting behaviour was observed in g arp curves of both melting peaks, wheredS, sox data demonstrated exother-
PHB5HV and PHB8HV showing one melting peak with a mic peaks in the melting region suggesting the presence of a
shoulder on the lower temperature side of the peak, whereasmelting—recrystallisation—remelting (mrr) process. As men-
the Cp,1sok Showed a broad exothermic peak before melting tioned before, endothermic melting was also observed in the
followed by an endothermic peak. In contrast, thearp Cp,isok- As the HV content increasediy, of copolymers was
curve of PHB12HYV showed a glass transition temperature of shifted towards a lower temperature (Table 1). The shift of
—3.9°C and broad melting peak with a shoulder on the lower Ty, to a lower temperature and lower crystallinity suggest
temperature side. Thgp,isok Showed a cold crystallisation  that the copolymers contain thinner lamellar crystals due to
peak at42C, a broad exothermic peak (marked on the curve) the higher comonomer content. The slight shift in the shape
and one melting endotherm. This sample with the highest HV of the melting peak to lower temperatures suggests crystal-
content showed increasing amorphous behaviour, due to thdites (lamella) with reduced thermal stability had been formed

greater comonomer exclusion from crystals. [23].
As mentioned previously, th€, atp provides the revers- The double or multiple melting behaviours are common
ing component of the total heat capacity, whereasdigok for PHB and its copolymers depending on the crystallisation

represents the non-reversing component of the total heat ca€onditions[24]. Multiple melting behaviour of a polymer is
pacity, similar to reversing and non-reversing signals of the usually proposed to link either to the process of mrr or to
Fourier transformation-based TMDSC iso-scan mefti&il melting of crystals with different lamellar thickness and/or
The exothermic only or both endothermic and exothermic different crystal morphology25]. It has been shown that
behaviour of the non-reversinG, curve of TMDSC has  the mrr process operated for melt crystallised PHB and its
been observed for other polymers such as poly(ethylene-2,6-copolymers with various hydroxyvalerate content. The data
napthalene dicarboxylatf)0,21]and polyethylene22] de- suggested that the extent of recrystallisation during heating
pending on crystal stability. was less for slow-cooled polymers. At a slow cooling rate, all
The exothermic peak of non-reversing curvesFig. 4 these polymers except PHB12HV may form relatively well-
suggested that PHB and its copolymers with HV provided organised lamellae, which undergo less rearrangement.
significant recrystallisation and/or annealing throughout the
SDSC heating process. Due to the overlay of the recrys-3.3. Influence of crystallisation conditions
tallisation exotherm and the melting endotherm, the recrys-
tallisation exotherm is not observed in a conventional DSC  Fig. 5displaysCp arp andCp sok curves calculated from
scan. The reversing contribution was considerably decreasedSDSC heating scans of PHB5HV obtained at an average heat-
with increased of HV content, which formed thinner lamella, ing rate of 2C min—! after cooling at rates of 200, 20 and
though at a slower rate as indicated by the crystallisation 2°C min~1. The corresponding thermal data, glass transi-
exotherm of PHB12HV. Wunderlich et al. have reported that tion, cold crystallisation and melting temperatures, enthalpies
poorly crystallised polymers have a larger reversing melting and crystallinity, are listed iTable 2. As expected, the re-
contribution and smaller non-reversing contribution, while versible event oTg (as indicated by an arrow) is shown in the
perfect crystals exhibit only a small reversing and a larger C, atp curves as a step change although irreversible effects,
non-reversing contributiof6]. Endothermic melting can be  cold crystallisation exothermic peaks and the recrystallisation
observed in both reversing and non-reversiagurves, but peaks, are presentin tlig |sok curves. A single melting peak
exothermic behaviour was detected only in the non-reversingwas observed for all crystallisation conditions, except for
C, curve because the slow crystallisation kinetics caused athe sample cooled at’Z min—L. The slow-cooled PHB5HV
heat flow response, which is not in-phase with the temper- showed a melting peak with a shoulder that emerged from the
ature oscillation of the TMDSC scdf]. Similar behaviour lower temperature side of the melting peak (as indicated by an
can be detected i@y arp andCy,1sok specific heat capacity — arrow). The sample cooled at 4@ min—! had the lowesT,
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Table 2

SDSC thermal data for PHB5HYV treated by different cooling treatments

Polymer Ty (CpatD) Tm (Cp.aTD) AHm Tee (Cpiisok) AHcc Tm (Cpiisok) AHp

(OC) (OC) (Cp,ATD) (OC) (prlsoK) (OC) (prlsok)
Ggh (gt Gg™h
FC200-PHB5VA —2.6 159.9 110.4 31.8 17.4 167.0 8.4
MC20-PHB5VA -2.3 159.8 114.4 315 17.5 167.1 8.2
SC2-PHB5VA 158.6 121.2 - - 166.5 10.1
150.5

FC200-PHB5VA: 200 C min~t cool PHB5VA, MC20-PHB5VA: 20C min~! cool PHB5VA, SC2-PHB5VA: 2C min~! cool PHB5VA.

value (158.6C) and a shoulder at 150°€, while PHB5HV tallinity of 0.83 and the 200C min~! cooled PHB5HV
crystallised at 20 and 20@ min~* showed a higher melt-  sample had the lowest crystallinity (0.76). Both 20 and
ing peak at 159.9C. As the cooling rate increased, melting 200°C min~! cooled PHB5HV show a glass transition
peaks were shifted towards higher temperatures and peaksis marked on the curves at2.6 and —2.3°C respec-
became broader indicating the melting may be accompa-tively and an exothermic cold crystallisation peakJjT
nied by recrystallisation for the PHB5HV crystallised at at ~32°C, confirming more amorphous polymer during
faster rates. The recrystallisation caused the developmenthe fast-cooled treatmentf26]. In contrast, the highly
of a second melting peak during the SDSC heating scan,crystalline PHB5HV that was crystallised at a rate of
while the first melting peak was due to melting of primary 2°Cmin~ showed noTy or cold crystallisation peaks in
crystals. the Cp atp Or Cp,1sok CuUrves under non-isothermal cooling

According to the thermal data ifable 2, the PHBSHV  conditions, the fraction and perfection of crystals was con-
sample crystallised at°Z min—! rate had the highest crys-  trolled by the cooling rate. The increased crystallinity of
2°Cmin~1 cooled polymer may be due to the recrystallised
and/or annealed PHB5HYV crystals during the SDSC melting
scan.

30— 11—

3.4. Morphological studies

The crystal morphology of PHB5HV was observed by po-
larised optical microscopy after isothermally, slow and fast
B L SN cooling crystallisation conditions. As illustrated Fig. 6,

"""" different crystal morphologies were obtained under various
crystallisation conditions. Allimages showed the characteris-
tic larger spherulites that contain a Maltese cross-birefringent
pattern and concentric extinction bari@3]. A sharp fibril
structure growing radially with a large radius was seen for
isothermally crystallised PHB5HV at 8C (Fig. 6a).Fig. 6b
and c shows the polarised optical microscopy images of PHB
cooled at 2 and 26C min~! from 140°C and 5C min—? to
140°C from the melt respectively. These cooling treatments
were performed analogous to the DSC cooling treatments of
this polymer (curves for 2 and 2@ min~1).

Slow cooling initiated crystallisation at a higher tem-
perature with low nucleation density permitting large
crystals to grow, whereas faster cooling resulted in smaller
crystal size induced by increased nucleation density. Thus,
the slow-cooled polymers have larger spherulites than
I T R R A R S R fast-cooled polymers. Bgnded spherulites were obseryed for

50 0 20 40 60 80 100 120 140 160 180 all copolymers and the sizes of the spherulites qf continuous
cooled polymers were smaller than when isothermally
crystallised. The improved mechanical properties and
Fig. 5. SDSC curves of PHB5HYV after different cooling treatments; cooling thermal_ behaviour of PHB copply_mers are attrlt_)uted to.the
rates are shown on the curv&@, arp curves (full) andCy isok (dashed), for spherulite growtl{28]. These findings are consistent with
separation 10 units were added to each curve. the large individual spherulites of PHB and its copolymers

= N
[&)] o
[
1

Specific Heat / J g °C”
)

Temperature / °C
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4. Conclusion

The SDSC approach has proved valuable in the interpreta-
tion of melting of PHB and PHBHYV copolymers. The results
have interpreted multiple melting peak behaviour and the in-
creased degree of crystallinity of melt—slow-cooled polymers
as due to the melt—recrystallisation process occurring dur-
ing subsequent heating. This phenomenon was evidenced
by the irreversible effects shown by exothermic peaks in
Cp,1sok @and reversing events in tii arp signals, which can-
not be obtained by standard DSC analysis. The influence of
HV content in the copolymers of PHB was revealed by the
SDSC method. The SDSC method separated reversing and
non-reversing contribution without Fourier transformation,
by step-wise measurement of specific heat.

(a) =
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