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ABSTRACT: Cloud points of the compressed CO2 + tetrahydrofuran (THF) + polystyrene (PS) system
was studied at temperature range of 298.15-328.15 K and at different pressures. The expansion of the
solution caused by dissolved CO2 was also studied. Synchrotron radiation small-angle X-ray scattering
(SAXS) was used to investigate the dissolved CO2 on the conformation of PS. The second virial coefficient
A2 and the apparent mean-square radius of gyration 〈Rg

2〉1/2 at different pressures were obtained. It was
found that the PS chain shrinks with increasing the concentration of CO2.

Introduction

Supercritical fluids (SCFs) are becoming an increas-
ingly important solvent system for use in polymer
science and engineering.1 Supercritical CO2, in particu-
lar, is a widely used solvent due to its low cost, moderate
critical conditions, and environmentally benign nature.
However, only amorphous fluoropolymers and silicones
are found to be soluble in supercritical CO2 at relatively
mild conditions,2-5 while most polymers and many other
solutes are not soluble in it.

High-pressure gases, especially CO2, are quite soluble
in a number of organic solvents and expand them
largely at pressures ranging from 1.0 to 10.0 MPa,6
which can reduce the solvent strength to such an extent
that a solid dissolved in the solvent is precipitated out.
This process is called the gas antisolvent process (GAS),
which exhibits some interesting technical and economic
advantages. To date, the GAS process has been suc-
cessfully used in recrystallization of organic solids,7
fractionation of natural products,8 and preparation of
ultrafine particles,9-20 including polymer micro-
particles.12-20

So far, many GAS processes have been investigated,
but the focus is mainly on the process parameters effects
on the properties of the products, and it has been known
that particle shape, size distribution, and the morphol-
ogy can be tuned by pressure, temperature, concentra-
tion of the solutes, etc. We are very interested in the
effects of gas antisolvent on the polymer conformation,
which are important to both pure and applied sciences.

Up to now, different researchers have studied the
conformation of polymers in liquid solvents in the
absence of gas antisolvent, and some interesting results
have been obtained. For example, it has been found by
light scattering and neutron scattering that the config-
uration of polymer chain depends on solvent quality; i.e.,
they are random coil in good solvent and rodlike
aggregates in poor solvent.21 Small-angle X-ray scat-
tering (SAXS) method allows the elucidation of the size

and the shape of polymer chain in liquid solutions.22-27

Previous SAXS studies of supercritical fluids have also
demonstrated that it is a powerful technique to describe
structural information for the determination of the
molecular structure of pure and modified supercritical
systems.28-31 In this work, we report the first applica-
tion of SAXS technique to the study of the conformation
of polymer chain in the solution in the presence of a
gas antisolvent. The corresponding phase behavior of
CO2 + THF + PS ternary system was also studied.

Experimental Section
Materials. CO2 (>99.995% purity) was provided by Analysis

Instrument Factory of Beijing. Polystyrene (PS) (Mw ) 7.8 ×
104, Mw/Mn ) 1.10) was supplied by Polymer Laboratory,
Institute of Chemistry, Chinese Academy of Sciences. THF (A.
R. grade) was produced by Beijing Chemical Factory. The PS
solutions with concentrations of 6.74 × 10-4-8.36 × 10-3 g/cm3

were made by the gravimetric method.
Apparatus and Procedures for Phase Behavior. The

apparatus for measuring volume expansion and cloud points
of CO2 + THF + PS system consisted mainly of a 30 mL optical
stainless steel cell, a magnetic stirrer, a constant temperature
water bath, a pressure gauge, a gas cylinder, and a high-
pressure pump. The accuracy of the pressure gauge, which was
composed of a transducer (FOXBORO/ICT) and an indicator,
was (0.02 MPa in the pressure range 0-20 MPa. The
temperature of the water bath was controlled by a HAAKE
F3 controller. The temperature was determined using a
platinum resistance thermometer (Beijing Chaoyang Auto-
matic Instrument Factory, XMT) with an accuracy of (0.1 K.

In a typical experiment, a suitable amount of PS/THF
solution was loaded into the optical cell, and the cell was
stabilized at the desired temperature. CO2 was charged into
the cell using the high-pressure pump until suitable pressure
was reached. The stirrer was started. At the beginning, the
pressure decreased and the volume of the liquid increased with
time because of the dissolution of CO2. The pressure remained
constant with time when equilibrium was reached. The volume
at equilibrium condition was known by reading the gradua-
tions on the cell. Some polymer molecules precipitated when
the equilibrium pressure was high enough, which could be seen
clearly through the windows of the optical cell. The cloud
pressure, which was defined as the pressure at which the
polymer begins to precipitate, was determined.

SAXS Experiments. The apparatus for the SAXS study
was similar to the apparatus of on-line FT-IR measurement
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which was described in detail previously.32 Briefly, the ap-
paratus was consisted mainly of a gas cylinder, a high-pressure
pump, a digital pressure gauge, a high-pressure SAXS cell, a
thermometer temperature controller, and valves and fittings
of different kinds. The pressure gauge as described above
consisted of a transducer (FOXBORO/ICT) and an indicator.
The temperature-controlled SAXS cell was composed mainly
of a stainless steel body and two diamond windows of 8 mm
in diameter and 0.4 mm in thickness. Diamond is an excellent
window material for SAXS studies because it has low absor-
bance and low scattering power. The cell body was coiled with
an electric heater and a heat-insulated ribbon outside. The
insulated cell was electrically heated to (0.2 K of the desired
temperature by using a temperature controller with a plati-
num resistance temperature probe (model XMT, produced by
Beijing Chaoyang Automatic Instrument Factory). The X-ray
path length of the cell was 1.5 mm, and the internal volume
of the cell was 2.7 cm3. There was a small magnetic stirrer in
the cell to stir the fluids before the SAXS measurements, so
that the equilibrium could be reached in a shorter period of
time.

SAXS experiments were carried out at Beamline 4B9A at
the Beijing Synchrotron Radiation Facility, using a SAXS
apparatus constructed at the station. A detailed description
of the spectrometer is given elsewhere.33 The detector can be
translated along the vertical and horizontal axes in a range
of 30 mm with a precision of 10 µm. The experiments had an
angular resolution of better than 0.5 mrad with this setting.
The data accumulation time was 3 min. The angular range
was chosen so as to provide data from h ) 0.005 A-1 to h )
0.15 A-1, where the magnitude of scattering vector h ) 2π sin
θ/λ, θ and λ being respectively the scattering angle and incident
X-ray wavelength of 1.54 Å. The distance between the sample
chamber and the detector was 1.52 m. Background scattering
from the slit collimator, the solvent, and the residual air path
between the vacuum chamber and the detector was measured.
Excess SAXS scattering from PS solute was corrected for
incident beam decay sample thickness and transmission. The
background scattering was also subtracted.

Before the experiment, the SAXS cell was flushed with CO2,
and then a suitable amount of PS/THF solution was filled into
the cell. CO2 was charged into the cell with stirring at the
temperature of interesting. The cell was connected to the
apparatus after the equilibrium was reached, and the X-ray
scattering was recorded.

Results and Discussion
Phase behavior. The volume expansion of the solu-

tion was determined at 298.15, 308.15, 318.15, and
328.15 K and at different pressures.

The cloud pressure at different temperature was also
determined. As an example, Figure 1 shows the volume
expansion (Ve) plots of the CO2 + THF + PS system at
308.15 K and at different solution concentrations. The
volume expansion is defined by the following equation:

where Vo and V stand for the volume of the CO2-free
liquid solution and CO2-saturated liquid solution. The
volume expansion (Ve) experiments were repeated at
least three times for each equilibrium condition, and the
reproducibility was better than (1%. It was estimated
that the accuracy of the measurements was better than
(2%.

Figure 2 shows cloud pressure (Pc) at different tem-
peratures and various PS concentrations. As expected,
the volume expansion and cloud pressure decrease with
the original concentration of PS. The data of volume
expansion and cloud point allowed us to determine how
much solution should be charged into the SAXS cell at
different temperatures and pressures and what condi-

tions we need to choose to investigate the conformation
of PS chain.

SAXS Study. Data Processing. We are interested
in the conformation of PS chain in solution in the course
of adding antisolvent CO2. Its scattering curve was
obtained by subtracting the scattering of the solvent +
antisolvent from the scattering of the solution.

The scattering intensities Iexp(h,C) measured as a
function of momentum transfer h and polymer concen-
tration C of the polymer, usually expressed in g/cm3,
may be treated according to Zimm, Flory, and Bouche:
34

where K is the optical constant, A2 is the second virial
coefficient, Mw is molecular weight of the dissolved
polymer, and In(h) is the single particle scattering
function. Q(h) and In(h) are normalized in such a way
that In(0) ) 1 and Q(0) ) 1. The first term on the right
side of eq 2 is merely due to intramolecular interference,
whereas the higher term reflects the influence of the
intermolecular interference.

From eq 2, if h f 0, we can also obtain the equation34

from which the thermodynamic analysis of the dilute
system can be performed. If C f 0, we can obtain the
equation34

volume expansion (Ve) ) (V - Vo)/Vo (1)

Figure 1. Volume expansion (Ve) of PS/THF solutions at
308.15 K.

Figure 2. Cloud point pressure (Pc) of PS/THF solutions at
different temperatures.

KC
Iexp(h,C)

) 1
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which contains all information on the shape and the
conformation of the isolated macromolecules in solution.
The initial slopes of eq 3 vs C and eq 4 vs h2 yield the
second virial constant A2 and mean-square radius of
gyration 〈Rg

2〉1/2, respectively.34 To a first approximation,
we only consider the first two terms on the right side
in eq 2. At the angle of h ) 0, from eq 2, we have

or

Thus, K and A2 can be obtained from the slope and
intercept of 1/MC vs 1/Iexp(0,C) plot, as can be known
from eq 6.

The PS concentration changed with antisolvent pres-
sure because the volume expansion is a function of
pressure as shown in Figure 1. The concentration after
expansion should be used, which could be easily ob-
tained from original (CO2-free) PS concentration and the
volume expansion determined in this work as shown in
Figure 1.

Scattering Curve. In this work, we determined
scattering intensity at PS concentrations of 6.74 × 10-4,
8.14 × 10-4, 1.07 × 10-3, 4.36 × 10-3, and 8.36 × 10-3

g/cm3 at different pressures. As an example, Figure 3
shows the log-log plot of I vs h at C ) 6.74 × 10-4 g/cm3

and at different pressures. I is the excess scattering
intensity due to the PS solute.

The scattering intensity increases with pressure at
pressures lower than the cloud pressure. We have
known that the X-ray scattering is due to the contrast
provided by the difference in electron densities in the
solute and solvent. The presence of CO2 in the system
creates more and more large difference in electron
between the solute on one hand and solvent on the
other. Another feature of SAXS profiles is that the
scattering intensity at the pressure higher than cloud
pressure decreases considerably. It may result from the
precipitation of some PS in the solution because the
pressure is higher than the cloud pressure. The pre-
cipitated PS dropped below the irradiated volume.

Figure 4 shows log-log plot of I vs h for different PS
concentration at 1.5 MPa. The magnitude of the con-
centration effect depends on the shape and charge of
the particle and the solvent. No general function exists
which would allow prediction of the magnitude of the
concentration effect. From Figure 4, we can say that
concentration has large effect on the scattering of
polymer solution.

Second Virial Constant A2. To use eq 6 to get A2
and K, the scattering intensity plots of Iexp(h,C) vs h at
different concentrations were obtained using the ex-
perimental data. The data were extrapolated to h ) 0,
and the values of Iexp(0,C) were obtained. Figure 5 shows
the 1/MwC vs Iexp(0,C) curves, which are linear in the
concentration range studied in this work. This verifies
that we can get reliable results although we only
considered the first two terms on the right side of eq 2.
Thus, K and A2 at different concentrations were easily

obtained from slope and intercept of 1/MwC vs Iexp(0,C)
curves, and the results are listed in Table 1.

The second virial constant A2 is related with the
solvent power of the solvent for the polymer. As ex-
pected, A2 depends on the pressure or the volume

lim
cf0

KC
Iexp(h,C)

) 1
MIn(h)

) 1
M(1 +

〈R2〉
3

h2 + ...) (4)

KC
Iexp(0,C)

) 1
M

+ 2A2C (5)

1
MC

) -2A2 + K
Iexp(0,C)
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Figure 3. SAXS profiles of PS in THF at 308.15 K and
different pressures with PS/THF concentration of 6.74 × 10-4

g/cm3.

Figure 4. SAXS profiles of PS in THF at 308.15 K and 1.5
MPa with different PS concentrations.

Figure 5. 1/MwC vs 1/Iexp(0,C) plots at different pressures to
obtain K and A2.

Table 1. Values of K, A2, and Radius of Gyration of PS at
Different Pressures

press.
(MPa)

K
(cm3 mol/g2)

A2
(cm3 mol/g2) × 103

〈Rg
2〉1/2

(Å)

0 52.05 0.13 140.1
0.8 44.44 0.065 127.0
1.5 40.36 0.030 117.4
2.7 35.59 -0.0025 105.3
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expansion. A2 changes from positive to negative with
increasing pressure. This means that the soluble ability
of THF to PS is decreasing with adding of antisolvent
CO2.

Mean-Square Radius of Gyration. To calculate the
mean-square radius of gyration 〈Rg

2〉1/2 using eq 4, the
data for KC/Iexp(h,C)C)0 are required. To do this, KC/
Iexp(h,C) is plotted against C. The values of K in Table
1 were used in the calculation. KC/Iexp(h,C) vs C curves
were extrapolated to zero concentration, and KC/Iexp-
(h,C)C)0 was obtained.

KC/Iexp(h,C)C)0 vs h2 curves are linear in Figure 6.
Thus, 〈Rg

2〉1/2 can be evaluated from their slopes, and
the values of 〈Rg

2〉1/2 are also shown in Table 1.
Figure 7 shows the dependence of 〈Rg

2〉1/2 on pressure.
It is well-known that 〈Rg

2〉1/2 is related to the conforma-
tion of the polymer molecules. The value becomes larger
when the molecules is expanded. It can be seen from
Figure 7 that 〈Rg

2〉1/2 decreases with increasing pressure.
It indicates that the PS chain experiences shrinking in
the course of adding antisolvent CO2. THF is a good
solvent for PS and the coil expanded due to prevailing
intersegmental repulsion; after adding CO2, the solvent

power of THF is reduced, and PS chain shrunk due to
prevailing intersegmental attraction.
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Figure 6. Plots of KC/Iexp(h,C)C)0 against of h2 for the PS in
THF at 308.15 K and different pressures.

Figure 7. Effect of pressure on the 〈Rg
2〉1/2 for the PS in THF

at 308.15 K.
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