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Abstract. The melting temperature depression, crystallization, and morphological
modifications have been investigated for a biodegradable polyester poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) in the presence of CO,. Experiments have
been carried out in a special variable-volume view cell that permits investigations using
thin polymer films. Melting temperature depressions were determined at pressures up to 35
MPa by monitoring the changes in the transmitted light intensities. Morphological
modifications that develop were explored at pressures up to 24MPa. These evaluations
were carried out by investigations of the changes in the thin films that were melt-
crystallized in the view cell using a polarized optical microscope. These films display
banded spherulitic morphologies. These banded spherulites are found to display radially
oriented pores in the bands which themselves consist of the radially oriented lamellae. The
formation of these oriented pores may be the result of the exclusion of CO, from the
crystal growth front to the amorphous region in between the bundles of the lamellar stacks.

Keywords: Melting temperature depression, Poly(3-hydroxybutyrate-co-3-hydroxyvalerate), Carbon dioxide,
Crystalline morphology

1. Introduction

The use of dense or supercritical fluids, especially CO, at high pressures as a process or processing fluid
for polymers is of continuing interest for applications pertaining to formation of particles [1, 2], foams [2-4],
fibers [5, 6], or porous structures [7-9]. Especially important in many of these applications is the reduction of
the melting or the glass transition temperature [10-24] offering opportunities for processing at lower
temperatures which is of great value for processing of polymers that may have a tendency to undergo thermal
degradation. One such polymer is poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) that is known to
undergo significant reduction in molecular weight and thus deterioration of its physical properties if processed
at temperatures above its ambient melting temperature [25]. We have recently shown that this problem can be
potentially alleviated if the polymer were processed in dense CO, media which significantly lowers the
melting temperature [21].

When exposed to CO,, in addition to depression of the transition temperatures, semicrystalline polymers
undergo also morphological modifications. Dissolving CO, enhances the chain mobility which leads to the
decreases in the melting temperature and the glass transition temperature of polymers. The enhanced chain
mobility also leads to changes of the crystallization kinetics and thus changes in the resultant crystalline
morphology. Mechanistically, an important factor to recognize is the faith of CO, as the polymer crystallizes.
Once the crystallization of the polymer containing CO, starts at a given crystallization temperature, the CO, is
excluded from the growth front of the crystals, and directed to the amorphous regions [26, 27]. This kind of
exclusion of impurities during crystallization can be and is observed in other systems, such as the binary
systems of crystalline polymer / diluent [28-31] as well as crystalline polymer / amorphous polymer systems
[32-37]. This exclusion phenomenon leads to a concentration gradient [38] at the growth front in the “polymer
/ non-crystalline component” systems undergoing crystallization which is different from that observed in neat
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polymer systems. The end result is the observation of altered crystalline morphologies. Indeed, unique
crystallization behavior and morphology development in CO, has been reported for example in connection
with the transition of crystalline forms in syndiotactic-polystyrene [39], thickening of crystalline lamellae in
poly(e-caprolactone) (PCL) [40, 41], the development of nano-rod crystals at the temperatures below the
original T, of poly(L-lactide) [42] or formation of the unique crystalline morphology in isotactic-
polypropylene [43].

PHBV is a biodegradable semicrystalline polyester. It is naturally synthesized by microorganisms and
accumulated as intracellular materials [44-46]. The exceptional stereoregularity and the high purity due to its
natural origin make this polyester an ideal system for the study of hierarchical crystalline morphology, i.e.
spherulites. Low nucleation density due to the absence of the impurities allows uncommonly large spherulites
to grow during crystallization from the melt [47-49]. At a certain temperature range, the spherulites exhibit
the concentric alternating extinction banded pattern observed under a cross-polarized optical microscope.
Generally, the band spacing increases with increasing crystallization temperature. This banded pattern is
attributed to the helicoidal twisting of the radial lamellar crystals [50, 51]. With respect to the surface
topology, a study conducted by atomic force microscopy (AFM) shows that the banded spherulites consist of
concentric ridges and valleys having around 100 nm vertical distances [52]. Moreover, it is also found that the
ridge area is constituted of edge-on lamellae aligned to the radial direction of the spherulites while the valley
area is formed by flat-on lamellae.

In the present paper, we report on the crystallization and morphological modifications of PHBV in CO,.
The melt-crystallization of PHBV was conducted in CO, up to 24 MPa at 90 °C and 100 °C. The crystalline
morphologies obtained were characterized by a cross-polarized microscope. A mechanism for the formation
of the observed morphologies is proposed which is based on the concept of exclusion of CO, from the crystals
during crystallization.

2. Experimental Methods and Procedures

2.1 Material characterization

CO, (Airgas) with a purity of 99.9995% was used in this study. PHBV (HV content = 12 wt%) was
purchased from Sigma-Aldrich Co. Because as-received PHBV contained some impurities which could not be
dissolved in chloroform, the polymer was purified by first dissolving in chloroform (to remove the
undissolved impurities) and then reprecipitation in methanol. The molecular weights of the purified PHBV
were M,, = 250,000 and M,, = 100,000 g/mol.

2.2 Experimental system

Figure 1 shows a schematic diagram of the experimental system. The details have been provided in a
recent publication [21]. Briefly, it is a variable volume view-cell equipped with sapphire windows and a
movable piston. Two sapphire windows are set 25.4 mm apart in the opposite side of the view-cell and
provide a 25.4 mm diameter full view of the cell interior for visual observation and/or optical recording of the
transmitted light intensities. The position of the piston is monitored with a position sensing liner variable
differential transformer (LVDT). Pressures and temperatures inside the view-cell are measured with a
Dynisco flush-mount sensor with an accuracy of + 0.5 °C, and + 0.1 MPa, respectively.

The inside cavity of cell is especially designed with a 25.4 x 25.4 mm square-shaped cross section which
facilities the easy positioning of the sample holders that are used in the present study. Figure 2 shows
photographs of the sample holders for the melting and the crystallization studies. The sample holder for the
melting study is made of an aluminum block with a slit in which the polymer film in between two microscope
slides is vertically inserted. The assembly is then put inside the cell with a full view of the film across the
sapphire windows. The sample holder for the investigation of morphological changes after melt-
crystallization is also an aluminum block, but now with a flat, depressed rectangular cavity region on the top
surface that permits placement of a thin film with a cover glass in a horizontal geometry.

2.3 Experimental procedures for crystallization and morphological characterization

Sample preparation. Thin film samples of PHBV with 20 um of thickness were prepared by solution
casting of 1 wt % solutions in chloroform on a glass dish. The solvent was then allowed to evaporate at room
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temperature in atmosphere for 24 h. The film was further dried at 50 °C for 48 h in the vacuum oven.

Procedure for the crystallization of PHBV in air at ambient pressure. The thin PHBV film on a cover
glass was placed on a hot stage at 192 °C for 1 min. Subsequently, the sample was transferred onto another
hot stage set at target crystallization temperatures in the range from 70 to 120 °C.

Procedure for the crystallization of PHBV in CO,. The thin film was placed horizontally using the
special sample holder (see Figure 1b) in the view cell. The cell was then charged with CO,. The temperature
and the pressure of the cell were increased to 142 °C and 28 MPa, and held there for 30 min for the initial
absorption of CO, in the film. Then, the cell was further heated up to 162 °C, which was 20 °C higher than
the melting temperature at the pressure, and held for an additional 30 min for complete melting. Subsequently,
the cell was cooled to a desired temperature (in the range 90 - 100 °C) and pressure (5 - 24 MPa) for the
crystallization of the film to take place. After the crystallization, the cell was depressurized and the film was
taken out from the cell. The crystallized film was kept at -5 °C, which is 10 °C lower than the glass transition
temperature of PHBV until morphological characterizations were carried out.

Polarized optical microscopy. A polarized optical microscope (OMAX M837PL) equipped with a digital
camera was used to analyze the crystalline morphology of the crystallized samples. In order to obtain the
information of birefringence, a sensitive tint plate having an optical path difference of 530 nm was inserted
between the samples and analyzer.
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Figure 1. Schematic diagram of the view-cell. HPLC: HPLC pump; PG: pressure gauge; P/T: pressure and temperature
sensor; FTV: fluid transfer vessel; VVVP: variable volume part housing the movable piston; LVDT: linear variable
differential transformer; PGN: pressure generator.

Figure 2. Pictures of the sample holders for (a) in-situ determination of the melting temperature from changes in
transmitted light intensity, and (b) for crystallization and post assessment of the morphology under a polarized microscope.

3. Results and discussion
3.1 Melting behavior and melting temperature depression of PHBV in CO, at high pressure
We have recently reported on the melting behavior and the melting temperature depression in PCL,

poly(3-hydroxybutyrate), and PHBV using the present experimental system [21]. Since details have already
been published, below we are providing some salient features for PHBV only. Figure 3 shows the DSC
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thermogram of PHBV at ambient pressure (conducted using a Perkin-Elmer Pyris Diamond DSC), and the
transmitted light intensity scan conducted in the present view cell at ambient pressure. The DSC thermogram
shows a double melting peak, and likewise the transmitted light intensity curve shows a two-step increase in
the transmittance reflecting the two-stage nature of the melting process. Figure 4 shows the transmitted light
intensity scans conducted in CO, by increasing the temperature while holding the cell volume constant, which
shows the pressures at which the melting transitions occur. The complete melting temperatures, T,,, and
pressures were identified as the end point of the change in the transmitted light intensities. These are plotted
in Figure 5, which shows the melting temperature as a function of pressure.

—DSC B
Transmittance iy
£ =
2 2
£ . g
M ey v ;
g
1 L L L L 1 L L L L 1 L L L L F

100 120 140 160 180

Temperature (°C)

Figure 3. DSC thermogram in N, and transmitted light intensity of PHBV at ambient pressure.
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Figure 4. Variation of transmitted light intensities of PHBV with temperature/pressure in CO,,

As shown in the figure, T, shows a linear decrease with increasing pressure up to about 24 MPa. At higher
pressures, rate of reduction in Ty, is not high. This behavior is a consequence of the pressure dependence of
the solubility of CO, in the polymer [21]. At pressures below 24 MPa, CO, rapidly dissolves in the polymer.
The solubility of CO, increases with pressure and leads to the significant reduction (at a rate of about -
1.3 °C/MPa) in the melting temperature. At pressures above 24 MPa, solubility of CO, does not increase
much, while the hydrostatic pressure effect starts to become more prevalent balancing the solubility effect. As
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a result the melting temperature depression tends to level off. As shown in the figure, for PHBV, a melting
temperature reduction as high as 34 °C can be achieved.
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Figure 5. Melting temperature depression of PHBV as a function of CO, pressure.

3.2 Crystalline morphology of PHBV melt-crystallized in CO,
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Figure 6. Cross-polarized micrographs of PHBV crystalized in air at ambient pressure at various temperatures.

Figure 6 shows the cross-polarized optical micrographs of PHBV crystallized in air at ambient pressure.
Double ring-banded spherulites are seen in the polymer crystallized at temperatures below 110 °C. With
increasing crystallization temperature, T, the spherulite radius and the band spacing increase, and the
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regularity of the band pattern becomes coarse. The color variation of the micrographs reveals the information
of lamellae orientation. Because the refractive index in the chain direction of PHBYV is smaller than that in its
vertical direction due to the large polarizability anisotropy of the carbonyl groups which are oriented in the
vertical direction to the main chain direction, the intrinsic birefringence of the PHBV crystal shows a negative
value [53]. This means the refractive index along the width and the length direction of the lamella of PHBV is
larger than that along the thickness direction. If the direction having the largest refractive index in the lamella
is parallel to the slow axis of the tint plate (direction showing the largest refractive index in the tint plate)
which is at 45 ° of the azimuthal angle in this study, the region colors blue. Conversely, if the same direction
is perpendicular to the slow axis of the tint plate, the region becomes yellow. Hence, the blue-colored bands in
the first and the third quadrants and the yellow-colored bands in the second and the forth quadrants are
attributed to the radial orientation of the edge-on lamellae.
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Figure 7. Cross-polarized micrographs with (a) low magnification and (b) high magnification of PHBV crystalized at
90 °C in CO, of various pressure.
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Figure 8. Width of the bands having the mottling in spherulites formed in CO,. For comparison, the bands width
crystallized at 90 °C under ambient pressure is also shown in the figure.

4. Conclusion

The melting temperature of PHBV shows a linear decrease up to 24 MPa, leading to a decrease of about
34 °C in T, Crystallization of PHBV in CO, at high pressures leads to banded spherulites having radially-
oriented pores in the bands which consist of the lamellae aligned to the radial direction of the spherulites. CO,
is excluded from the crystal growth front and moves into the amorphous region in between bundles of the
lamellar stacks leading to the formation of pores.
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