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ABSTRACT: We investigated the liquid-liquid phase separation behavior of polycarbonate (PC)/carbon
dioxide (CO2) systems by high fidelity digital microscope and light scattering apparatus equipped with a
high-pressure visualized cell. When the PC/CO2 system was annealed at a temperature above 200 °C,
the spherical domain grew and the growth rate decreased with time, suggesting that the liquid-liquid
phase separation via nucleation-growth was governed by a diffusion-controlled process under a
concentration gradient. In contrast, when the system was annealed at a temperature below 120 °C, a
co-continuous two-phase structure with a unique periodicity was detected, and the contrast of the structure
became greater with time, suggesting liquid-liquid phase separation via spinodal decomposition. The
spinodal decomposition was confirmed by analyzing the time evolution of the Vv light scattering intensity
based on the linear theory of Cahn. A spherical porous structure was obtained by quenching and
depressurization after the liquid-liquid phase separation via nucleation-growth, while an interconnected,
continuously extending porous structure was obtained after the spinodal decomposition.

Introduction

Porous materials made of polymers are used in a wide
range of commercial applications because of their prop-
erties of low density, high impact resistance, low
dielectric constant, and good thermal insulation. A well-
known method of producing porous materials is called
foaming.1-3 This method involves saturating the poly-
mer with a pressurized nonreacting gas. When the
polymer/gas mixture is quenched into a supersaturated
state by depressurization or heating, a large number of
gas bubbles nucleate spontaneously and grow with
spherical symmetry, resulting in a porous material.1-9

These nucleation-growth processes are theoretically
described by the diffusion-induced growth of a spherical
gas bubble surrounded by a thin shell of viscoelastic
fluid containing dissolved gas.10-17 Because of the
growth of bubbles with spherical symmetry, closed-cell
foams are formed in which spherical air bubbles are
entrapped within a continuous polymer phase.1-9

Other applications, such as materials for bone sub-
stitutes and membranes for filtration or liquid separa-
tions, require open cellular materials having a highly
interconnected porous structure.1-3 These materials are
usually obtained by methods of phase inversion or
thermally induced phase separation.18 In the former
method, a polymer/organic solvent mixture is immersed
in a nonsolvent, and the interconnected structure with
a polymer-rich phase and a solvent-rich phase is ob-
tained by liquid-liquid phase separation via spinodal
decomposition. In the latter method, a single-phase
polymer blend is induced to phase separate via spinodal
decomposition by a temperature drop, and the partner
polymer is extracted by an organic solvent. A disadvan-
tage of both of these methods is the presence of organic
solvents during the preparation procedure. Thus, an
organic solvent-free process to obtain interconnected
porous materials is desirable. Recently, Krause19,20 and
the authors21 independently found that interconnected

porous materials were obtained in polymer/CO2 systems
by annealing under high pressure without the use of
an organic solvent. The structure development of poly-
mers under high-pressure CO2 is helpful in understand-
ing the origin of such interconnected porous structures.

In this paper, we perform in-situ observations of the
structure development of a polycarbonate (PC)/CO2
system at various CO2 pressures during isothermal
annealing after a temperature jump by using a high
fidelity digital microscope and light scattering ap-
paratus equipped with a high-pressure visualized cell.
The results are discussed in terms of liquid-liquid
phase separation via nucleation-growth and spinodal
decomposition.

Experimental Section

The polycarbonate (PC) used in this study was supplied by
Teijin Limited (Mw ) 1.5 × 104). To obtain a film specimen
with a thickness of ca. 30 µm, the PC pellets were compression-
molded between two cover glasses at 210 °C for 3 min and
then quickly quenched in a water bath.

In-situ observation of the structure development of PC
under high-pressure CO2 was performed by using a specially
designed, custom-made high-pressure visualized cell equipped
with two sapphire windows (Taiatsu Techno Co. Ltd.), as
described in our previous papers.22,23 The film specimen (15
mm × 15 mm) was placed on the sapphire window, which is
located in the lower part of the cell. After the cell was sealed,
high-pressure CO2 was injected into the cell with a syringe
pump (NS-KX-500J, Nihon Seimitsu Kagaku) at room tem-
perature and was held there for 2 h so that the CO2 would
dissolve into the specimen. Then, the temperature was raised
to a desired temperature Ta at a rate of 40 °C/min. The
pressure of the CO2 within the cell was monitored with an
output pressure transducer and was kept constant during the
heating by using a backpressure regulator (SCF-Bpg, Jasco
Co., Ltd.). Development of the PC/CO2 system during the
isothermal annealing at Ta was observed under a high fidelity
digital microscope (HIROX, MX-5030SZII) equipped above a
high-pressure visualized cell. This microscopic system enables
real-time observation of the structure with a high resolution
of several micrometers. After depressurization and cooling, the* Corresponding author. E-mail: hsaitou@cc.tuat.ac.jp.
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specimen was removed from the cell for observation with a
scanning electron microscope (SEM).

For the qualitative information about the structure develop-
ment, light scattering apparatus was installed above the high-
pressure visualized cell, as shown in Figure 1. A He-Ne laser
with a wavelength of 632.8 nm was applied vertically to the
film specimen in the cell. The scattered light was passed
through an analyzer and then onto a highly sensitive charge-
coupled device (CCD) camera with a 512 × 512 pixel sensor
having dimensions of 13.3 mm × 8.8 mm (Princeton Instru-
ments, Inc., TE/CDD-512-TKM-1).24 This sensor provides time-
resolved measurements of a two-dimensional angular distri-
bution of scattered light with 512 one-dimensional data points
in a time scale of 0.2 s. We employed two optical geometries.
One was the Vv geometry in which the optical axis of the
analyzer was set parallel to that of the polarizer. The other
was the Hv geometry with a perpendicular set of two axes.25-27

The input data from the CCD camera was digitized by the ST-
13X controller and then stored in a personal computer for
further analysis.

The structure of the specimen obtained by depressurization
and cooling after the isothermal annealing was observed under
a SEM (Hitachi S2100A). For SEM observation, the specimen
was fractured in liquid nitrogen and sputter-coated with gold.

Results and Discussion
Porous Structure. Figure 2 shows the SEM micro-

graphs of polycarbonate (PC) obtained by cooling and
depressurization after annealing at various tempera-
tures Ta for 1 h under CO2 of 15 MPa. The porous
structure is seen in the micrographs. When Ta was
higher than 190 °C, closed cells having spherical pores
entrapped within a continuous PC phase were obtained
(Figure 2a). The spherical porous structure is familiar
in polymeric foams.1-17 In contrast, a continuously
extending porous structure was obtained by annealing
at low temperature below 190 °C (Figure 2b,c). The
continuously extending structures in Figure 2b,c are
quite different from the spherical structure shown in
Figure 2a. A fibrillar-shaped PC phase and pores having
a size of several micrometers are seen in Figure 2b,
while the interconnected structure of the PC phase and
pores having a size of several tens of micrometers are
seen in Figure 2c. Such an interconnected, continuously
extending porous structure is unique. To understand the
origin of such porous structures, structure development

is discussed the in-situ observation under high-pressure
CO2 in the following paragraphs.

Nucleation-Growth. Figure 3 shows the in-situ
structure observation of the development of PC under
CO2 of 15 MPa during isothermal annealing at 200 °C
after a temperature jump from room temperature. No
structure was seen when the CO2 was dissolved in the
PC at room temperature, suggesting that PC and CO2
are miscible at room temperature in a PC/CO2 system.
After the temperature jump, spherical domains ap-
peared and grew with annealing time (Figure 3a,b).
Since the spherical pores are obtained by cooling and
depressurization after the annealing (see Figure 2a), the
spherical domain in Figure 3 is assigned to the CO2-
rich phase, and the matrix surrounding the domain is
assigned to the PC-rich phase. The contrast between the
PC-rich phase and the CO2-rich phase was high and
almost unchanged with time. Such structure develop-
ment is characteristic of the liquid-liquid phase separa-
tion via nucleation-growth.28-30 The nucleation-growth

Figure 1. Schematic illustration of a high-pressure visualized
cell equipped with a light scattering apparatus.

Figure 2. Cellular structure of PC obtained after annealing
under CO2 of 15 MPa at various temperatures: (a) 200, (b)
130, and (c) 120 °C.
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occurs at the CO2 pressures and temperatures indicated
by the open circles in Figure 4. Since the liquid-liquid
phase separation occurs by raising the temperature, PC
and CO2 are miscible at low temperatures and tend to
phase separate at elevated temperatures, suggesting a
lower critical solution temperature (LCST)-type phase
behavior.

Neighboring CO2-rich domains impinged on each
other after annealing for more than 200 min. The
impinged domains coalesced and the interfaces between
these domains disappeared. Because of the coalescence
of the domains, the spherical domains changed to large
deformed domains having a size of about 100 µm (Figure
3c).

The radius of the spherical domain R was obtained
from Figure 3. The time variation of R in the PC/CO2
system is shown at 15 MPa for various annealing
temperatures in Figure 5. Here, R was obtained at the
time before the impingement of the neighboring do-
mains. R increases as the annealing time increases. The
increase of R becomes larger with a decrease in tem-
perature, suggesting that the growth rate increases as

the temperature decreases. The interesting result here
is the nonlinear growth of the domain; i.e., the increase
of R becomes smaller with time t.

As shown in Figure 6, plots of log R vs log t for 200
°C were obtained from Figure 5. The plots yield a
straight line after t ) 6 min (log t ) 0.78). From the
slope of the straight line, R is proportional to the square
root of time, R ∝ t1/2. This suggests that the growth
kinetics of the nucleation-growth are governed by a
diffusion-controlled process under a concentration gra-
dient formed near the growth front of the CO2-rich
domain, as schematically shown in Figure 7.

Figure 3. Structure development of PC/CO2 system at 200
°C and 15 MPa.

Figure 4. Phase diagram of PC/CO2 system: (O) nucleation-
growth shown in Figure 3, (×) crystallization suggested by Hv
light scattering studies,62 (b) spinodal decomposition shown
in Figure 8. The symbols represent temperature and pressure
of the experiments made in this work. Broken line is virtual
LCST line suggested from eq 4 and Figure 10.

Figure 5. Time variation of the radius of the spherical domain
in the PC/CO2 system at 15 MPa.

Figure 6. Plot of log R vs log t to analyze the kinetics of the
nucleation and growth in PC/CO2 system at 15 MPa and 200
°C.
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According to the kinetic theory of Cahn, the growth
rate of the domain governed by a diffusion-controlled
process is described by31

where φ∞ is the volume fraction of the CO2 at a point
far from the growth front, φe is the equilibrium volume
fraction at the growth front of the CO2-rich domain, Φ
is the volume fraction of the CO2 in the CO2-rich
domain, and D is the diffusion coefficient. This may
explain R ∝ t1/2, which is indicated in Figure 6.

As demonstrated in Figure 5, the growth rate in-
creases with decreasing temperature. According to eq
1, the growth rate increases when (φ∞ - φe ) and D
become larger. φ∞ becomes larger with a decreasing
temperature because of the increase in the solubility of
CO2 in PC,32-36 while D becomes larger with increasing
temperature. Thus, the increase of the growth rate with
decreasing temperature may be ascribed to the large
contribution of (φ∞ - φe ) to the growth of the CO2-rich
domain.

Spinodal Decomposition. Figure 8 shows the in-
situ observation of the structure development of the PC/
CO2 system at a CO2 pressure of 15 MPa during
annealing at 120 °C after the temperature jump from
room temperature. A highly interconnected two-phase
structure with a unique periodicity was detected (Figure
8a). The shape of the structure is different from the
spherical domain shown in Figure 3. The contrast of the
two-phase structure is much lower than that observed
in Figure 3. These results suggest that the liquid-liquid
phase separation shown in Figure 8 is different from
the nucleation-growth, and the amplitude of the con-
centration fluctuation is much smaller than that ob-
served in the nucleation-growth. The contrast became
higher with time t as shown by a series of micrographs
in Figure 8. The increase in contrast is attributed to
the growth of the amplitude of the concentration fluc-
tuation. The size of the two-phase structure was initially
constant with time (Figure 8a,b), and then it increased
(Figure 8c). Such structure development is characteristic
of the liquid-liquid phase separation via spinodal
decomposition.28-30 The spinodal decomposition oc-
curred at the CO2 pressure and temperature indicated
by the closed circles in Figure 4.

Details of the liquid-liquid phase separation can be
discussed in terms of the results of the time-resolved
light scattering. According to the linear theory of Cahn,
time evolution of the light scattering intensity associ-
ated with the spinodal decomposition is described
by37-39

where q is the scattering vector q ) (4π/λ) sin(θ/2), θ

and λ being the scattering angle and the wavelength of
light in the specimen, respectively. R(q) is the growth
rate of the amplitude of the concentration fluctuation
given by

where f is the local free energy of the system, φ is the
volume fraction, κ is the concentration-gradient energy
coefficient, and M is the mobility coefficient.

Figure 9 shows the change of the Vv light scattering
intensity I at various scattering vectors q’s with an-
nealing time t during the structure development indi-
cated in Figure 8. As predicted by eq 2, the exponential
increase of I is realized for the liquid-liquid phase
separation in the PC/CO2 system. The exponential
character is one of the hallmarks of spinodal decomposi-
tion.

According to eq 2, R(q) can be obtained from the slope
of ln I vs t plots in Figure 9. The R(q) thus obtained
had a maximum at qm, as shown in Figure 10. Since
the periodic distance Λm is given by Λm ) 2π/qm, the
result suggests that the concentration fluctuation hav-
ing periodic distance Λm grows with time and Λm is

Figure 7. Schematic illustration of concentration profile for
diffusion-controlled process.

R ) [2(φ∞ - φe)D/Φ]t1/2 (1)

IVv(q,t) ∝ exp[2R(q)t] (2)

Figure 8. Structure development of PC/CO2 system at 120
°C and 15 MPa.

R(q) ) -Mq2(∂2f/∂φ2 + 2κq2) (3)
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constant with time. This is another hallmark of spinodal
decomposition.

qm increases with increasing temperature. By the
linear theory, qm is an increasing function of the quench
depth |Ta - Ts|:38,39

where Ts is the spinodal temperature and Ta is the
annealing temperature. As shown in Figure 10, qm
increased with increasing Ta. In eq 4, qm increases with
increasing Ta by assuming that Ta is higher than Ts.
This might support the existing of LCST-type phase
diagram at low temperature.

Figure 11 shows the plots of R(q)/q2 vs q2. As expected
from eq 3, R(q)/q2 decreases linearly with q2. This result
also confirms that the development of the two-phase
structure shown in Figure 8 is caused by liquid-liquid
phase separation via spinodal decomposition. The in-
tercept of R(q)/q2 at q2 ) 0 in Figure 11 gives the
apparent diffusion coefficient Dapp given by39-41

The Dapp thus obtained was 8.6 × 10-4 µm2/s at 110
°C and 9.1 × 10-4 µm2/s at 120 °C. Here, the self-
diffusion coefficient of the PC (DPC) is much smaller
than that of the CO2 (DCO2); DPC is 10-4 µm2/s and DCO2

is 106 µm2/s.36,42-47 Thus, the Dapp is close to DPC,
suggesting that Dapp is governed by the self-diffusion of

the PC. This may imply that the mobility of the spinodal
decomposition is explained by the slow-mode theory in
which the mutual diffusion for the spinodal decomposi-
tion is mostly governed by the slower moiety. According
to the slow-mode theory, the mobility coefficient M in
the PC/CO2 system may be given by48-51

On the other hand, (∂2f/∂φ 2) is described by38-40

From eqs 5-7, Dapp is given by

Since φCO2 decreases,32-36 D increases,52-54 and |Ta -
Ts| increases with increasing temperature, eq 8 can
explain the increase of Dapp with the temperature
demonstrated in Figure 11.

The structure change by liquid-liquid phase separa-
tion was stopped after a long annealing period when
the specimen was annealed at a low temperature. This
might be ascribed to the increase of Tg during spinodal
decomposition. When the CO2 is absorbed into PC, Tg
of the PC decreases by the plasticizing effect55-58 and
liquid-liquid phase separation occurs despite the lower
temperature below Tg of neat PC. As spinodal decom-
position proceeds, the concentration of the PC increases
in the PC-rich region by increasing the amplitude of the
concentration fluctuation and Tg in the PC-rich region
is elevated. When Tg in the PC-rich region reaches a
temperature above the annealing temperature, the PC-
rich phase is vitrified and spinodal decomposition is
stopped. This might freeze the interconnected two-phase
structure shown in Figure 8 and prevent the coarsening
of the structure during depressurization, so that the
interconnected, continuously extending porous structure
shown in Figure 2c is obtained.

Conclusion
The in-situ observation of the structure development

by a high fidelity digital microscope and light scattering
revealed that liquid-liquid phase separation occurred
in a PC/CO2 system. Spherical domains were obtained

Figure 9. Time variation of scattering light intensity at
various q’s in the PC/CO2 system at 15 MPa and 120 °C.

Figure 10. R(q) spectra in the PC/CO2 system at 15 MPa for
various temperatures.

qm
2 ∝ |Ta - Ts| (4)

Dapp ) M(∂2f/∂φ 2) (5)

Figure 11. R(q)/q2 vs q2 plots in the PC/CO2 system at 15
MPa for various temperatures.

M ∝ ( φPC

DCO2

+
φCO2

DPC)-1

(6)

∂
2f/∂φ 2 ∝ |Ta - Ts| (7)

Dapp ∝ ( φPC

DCO2

+
φCO2

DPC)-1

|Ta - Ts| (8)
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at temperatures above 190 °C by nucleation-growth.
Conversely, highly interconnected two-phase structure
was obtained by spinodal decomposition at tempera-
tures below 120 °C. Spinodal decomposition was con-
firmed by analyzing the time-resolved light scattering
results, and the existence of the LCST was suggested.
The conditions of the liquid-liquid phase separation
observed in this work are summarized in Figure 4. At
temperatures between 120 and 190 °C, crystallization
of PC occurs, as demonstrated in refs 59 and 60. The
Hv and Vv light scattering studies revealed that crys-
tallization of PC and the liquid-liquid phase separation
occurred simultaneously at the CO2 pressure and tem-
perature indicated by the crosses in Figure 4.61 The
competitive progress of the crystallization and liquid-
liquid phase separation may cause the fibrillar-shaped
PC phase and continuously extending pore shown in
Figure 2b. Because the various types of liquid-liquid
phase separations occurred at different temperatures
and CO2 pressures, various porous structures were
obtained by depressurization and cooling after the
liquid-liquid phase separation.
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