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The conformation of polystyrene in the anti-solvent process of supercritical fluids (compressed CO2 + polystyrene

+ toluene) has been studied by small angle x-ray scattering with synchrotron radiation as an x-ray source. Coil-

to-globule transformation of the polystyrene chain was observed with the increase of the anti-solvent CO2 pressure;

i.e. polystyrene coiled at a pressure lower than the cloud point pressure (P.) and turned into a globule with a uniform

density at pressures higher than P.. Fractal behaviour was also found in the chain contraction, and the mass fractal

dimension increased with increasing COs pressure.
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1. Introduction

The anti-solvent process of supercritical fluids has
been becoming more and more attractive in the fields
of chemical industry and materials science.l' =6 The
basis of the gaseous anti-solvent (GAS) techniquel”
is that the supercritical fluids in a dense gas state
are generally soluble in organic solvents and in the
solution of these solvents with crystallizable solutes.
The dissolution of the GAS causes a volumetric ex-
pansion of the solvent and lowers its solvent power,
thus forcing the solutes to precipitate. In the process,
the properties of the products, such as particle shape,
size distribution and morphology, etc, can be tuned
by pressure, temperature and concentration of the so-
lutes, and the solvent-free products can be obtained
by extracting all of the solvent in the gas phase. To
date, the GAS technique has been successfully used
in recrystallization of organic solids,!®! fractionation
of natural products,l® and preparation of ultra-fine
particles,!' =4 including polymer microparticles.>—4
It is obvious that the investigation of the effect of the
GAS on polymer conformation is of both theoretical
and practical importance.

Small angle x-ray scattering (SAXS), which is
caused by a spatial fluctuation of the electronic den-

sity within a material, is a powerful tool for studying
nanoscale materials,® so it is an ideal method for the
study of the conformation of polymer chains.l”) By us-
ing synchrotron radiation as the x-ray source, which
has the advantages of high intensity and narrow an-
gular divergence over conventional x-ray generators,
one can increase the resolving power and decrease the
experiment time, thus enhancing the efficiency of the
experiment and expanding the range of application
of SAXS to a great extent. In this paper, we report
on the SAXS study of the conformation of a polymer
chain in the solution (polystyrene + toluene) during
the addition of anti-solvent CO5. The study of the
phase change of the polymer chain in the anti-solvent
process of supercritical fluids by SAXS has not yet
been reported, as far as we know.

2. Theory

In the SAXS theory, the structural information of
the scatterer is contained in the scattering curve. Sup-
posing the scattering intensity is I(h), h is the scatter-
ing vector, h = 4wsinf/\, 20 is the scattering angle,
A is the incident x-ray wavelength, some structure pa-
rameters can be obtained after the data treatment and
analysis of the I(h)-h curve.

http://www.iop.org/journals/cp
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2.1. Particle size and radius of gyration

The particle size distribution in a polydisperse
system can be determined through the following equa-
tion

I(h) :A/N(R)RGIO(hR)dR, (1)
0

where A is a constant, N(R) is the distribution func-
tion, R is the radius of a particle, and Io(hR) is the
normalized scattering intensity of a single particle.
The distribution function N(R) can be obtained by
the fit of scattering intensity in Eq.(1) with the data
from experiments. After discretization of Eq.(1), the
least-squares method is carried out by step-wise re-
gression analysis. By minimizing the sum of squared
differences of the residuals, the discrete value of N(R)
and the average value of particle radius are deter-
mined.

The average size of particles can also be character-
ized by the radius of gyration. This is obtained from
Guinier’s law that the state scattering intensity I(h)
should comply with the following equation at small
values of h

I(h) = Ioexp< — %R§h2> , (2)

where Iy is a constant, and R, is the radius of gyra-
tion. By taking a natural logarithm of Eq.(2), the av-
erage value of Ré (polydisperse system) can be deter-
mined from the slope of the linear part of the InI(h)-
h? curve.

As for spherical particles, the following relation

holds —
Ry = \/3/5R, (3)

where Eg and R are the average values of R, and R,
respectively.

2.2. Porod’s law and its deviation

Porod’s law means that for an ideal two-phase
structure with sharp and smooth phase boundaries,
the asymptotic behaviour of the scattering intensity
at large values of h, as shown by curve 1 in Fig.1, is
found to be ) A

hlgr;o[h -I(h)] = K, (4)
where K is a constant.

In some cases, negative and positive deviations
from Porod’s law occur (shown by curves 2 and 3 in
Fig.1). The negative deviation is attributed to the ex-
istence of a diffuse boundary between two phases, and
the positive deviation to the fluctuation of the electron
density of any phase.
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Fig.1. Porod’s curve: 1, no deviation; 2, negative
deviation; 3, positive deviation.

2.3. Fractal analysis

The concept of fractal geometry is a useful tool
to describe a random or disordered system. Qualita-
tively, fractal objects show dilation symmetry, mean-
ing that the essential geometric features are invariant
to scale changes. In the behaviours of SAXS, frac-
tals show a power-law dependence of the scattering
intensity10—11]

I(h) = Ioh™*, (5)

where « is a constant with its value lying between 04,
with 3 < a < 4 for surface fractals, the fractal dimen-
sion D = 6 — «, and with 0 < & < 3 for mass fractals,
D = «. Thus, by plotting InI(h) versus Inh, one may
determine either the surface fractal or mass fractal, if
there is a linear region on the scattering curve, and
further obtain the fractal dimension.

3. Experiments

3.1. Materials

CO2 (>99.995% purity) was provided by the
Analysis Instrument Factory of Beijing. Polystyrene
(PS) (My=T7.8x10% My/M,=1.1) was supplied by
the State Key Laboratory of Polymer Science, In-
stitute of Chemistry, Chinese Academy of Sciences.
Toluene (A. R. grade) was produced by the Beijing
Chemical Factory. The PS/toluene solution with a
concentration of 4.6 x10~*g-cm ™3 was prepared by the
gravimetric method.

3.2. SAXS experiments

The high-pressure SAXS cell was made of stain-
less steel with two diamond windows of 8mm diameter
and 0.4mm thickness so as to allow the x-ray to come
through. The cell body was coiled with an electric
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heater and heat-insulated ribbon. 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 short time. The cell could be electri-
cally heated to a certain temperature using a tempera-
ture controller with a platinum resistance temperature
probe (model XMT, produced by Beijing Chaoyang
Automatic Instrument Factory).

Before the experiment, the SAXS cell was filled
with a suitable amount of PS/toluene solution at
308.15K, then CO5, was charged into the cell by a
high-pressure pump at a desired pressure while stir-
ring. The cell was connected to the SAXS apparatus
after the equilibrium was reached.

The SAXS experiment was performed using syn-
chrotron radiation as the x-ray source with the point-
like collimation system at the Beijing Synchrotron Ra-
diation Laboratory.'? The incident x-ray wavelength
A was 0.154nm, and the scattering angle 26 was ap-
proximately 0° — 3°. The scattered x-ray intensities
were recorded by using image plate technology. The
experimental data were treated by a program written
in FORTRAN language after subtracting the scatter-
ing of solvent and background.

4. Results and discussion

4.1. Size

In the experiment, CO5 was charged into the cell
at pressures of 1.5, 2.4, 3.3, 4.2 and 4.9MPa. Guinier’s
curves of PS at different pressures are shown in Fig.2.
It is seen that the slope of the curve in the region of
small values of h decreases as the pressure increases.

6 -
] n
54 n
— - .
= ® n
S 4 * .
~, a . . w
H ] V\v\v\'\ ‘ A L, . ®
34 v o5 A 4
Y v v
2 - * o

T T
2.0x1073 2.4x10~% 2.8x1073

h? /nm—2

3.2x10-3

Fig.2. Guinier’s curves of PS at different pres-

sures: M, 1.5MPa; @, 2.4MPa; o, 3.3MPa;

V¥, 4.2MPa; ¢, 4.9MPa.
This indicates that the radius of gyration of PS de-
creases with increasing CO» pressure, and that there

is an apparent linear part on the curve at a pressure
of 4.9MPa, showing that the particles in the liquid are
in a narrow size distribution. The average radii of gy-
ration, R, of PS determined from the curves through
Eq.(2) are listed in Table 1. The average radii, R,
determined from Eq.(1) and the average radii of gyra-
tion, Ry, determined from Eq.(3) by using the known
value of R are also listed in the table.

Table 1. Average radii of PS at different pressures.

Pressure/MPa R/nm Rg/nm R, /nm
1.5 9.8 9.3 7.6
2.4 9.2 8.7 7.1
3.3 8.8 7.8 6.8
4.2 7.7 6.9 6.0
4.9 4.6 3.9 3.6
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Fig.3. The relation of the average radius of gyra-

tion of PS versus pressure: B, from Eq.(1); e,

from Eq.(2).

Table 1 shows that the average size (whether the
radius, or the radius of gyration) of PS decreases with
the increase of COs pressure, and that the difference
between the values of R, and R’g becomes less and less
as the pressure increases; they are quite close to each
other at a pressure of 4.9 MPa (Fig.3). We know that
CO., as an anti-solvent gas dissolved in PS/toluene
solution, can expand the volume of the solvent and
lower its solvent power, and that the conformation of
the polymer chain depends on solvent quality, i.e. the
coil expands in a good solvent due to its prevailing
intersegmental repulsion and contracts in a poor sol-
vent due to its prevailing intersegmental attraction.
Toluene is a good solvent for PS, so the chains expe-
rience shrinking in the course of adding anti-solvent
COz. The comparatively greater differences between
R, and R’g at pressures lower than the cloud point
pressure ( P.) suggest a deviation of the spherical par-
ticle model from the true PS chain. But PS is quite
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close to a spherical particle at pressure higher than
P., when it is precipitated in particles. P, defined as
the pressure at which the polymer begins to precipi-
tate, was found to be 4.77 MPa from the further phase
equilibrium experiment in which the precipitates in a
solution could be seen when P, was reached. Phase
separation occurs when the anti-solvent CO5 pressure
is higher than P.. It is reasonable that the precipi-
tated particles are in a narrow size distribution if the
high and uniform degree of supersaturation is consid-
ered.

4.2. Porod’s deviation

Figure 4 shows Porod’s curves at different CO,
pressures. It can be found that positive deviations
from Porod’s law occur at pressures lower than P., and
that scattering intensity only conforms to Porod’s law
at pressures higher than P.. The change of Porod’s
curves means that PS is of coiled irregular chains in
solution and has an uneven density at pressures lower
than P.. These coiled irregular chains turn into spher-
ical particles of uniform density with sharp smooth
phase boundaries at pressures higher than P..
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Fig.4. Porod’s curves of PS at different pressures:
M, 1.5MPa; e, 2.4MPa; o, 3.3MPa; ¥, 4.2MPa;
¢, 4.9MPa.

4.3. Fractal behaviour

Figure 5 shows the double-logarithmic curve of
I(h) versus h at a COy pressure of 1.5MPa. There is
an apparent linear part on the scattering curve in the
plot, indicating that PS chains have a fractal struc-
ture. Further analysis verifies that it is mass fractal.
Very similar behaviours are found at other pressures,

but the slope of the linear part depends largely on the
pressure. Fractal dimensions of D are 2.49, 2.61, 2.71,
2.79 and 2.92 for pressures of 1.5, 2.4, 3.3, 4.2 and
4.9MPa, respectively. A fractal dimension between
2.49-2.92 is characteristic of a polymer chain that has
an internal structure between a hard sphere (D=3.0)
and a fully swollen randomly coiled macromolecule in
a thermodynamically good solvent (D=2.0).'"] The
fractal dimension is a measure of the compactness of
a polymer chain. The larger the fractal dimension,
the more compact the structure is, and the lower the
fractal dimension, the more open the structure is. As
can be seen, the fractal dimension increases with in-
creasing CO- pressure, indicating a collapse of poly-
mer chains from a coil to rather dense globule form in
the course of adding anti-solvent COs.
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Fig.5. Double-logarithmic curve of I(h) versus h for
PS at a pressure of 1.5MPa.

5. Conclusion

With synchrotron radiation as an x-ray source,
SAXS was used to study the conformation of PS in the
anti-solvent process of supercritical fluids. The results
have been summarized after the data treatments and
analyses. The solvation power of a solvent decreases
during adding anti-solvent CO» and, accordingly, the
size of PS chains decreases in the process; i.e. they
contract at pressures lower than the cloud point pres-
sure (P.) and turn into particles with uniform density
and sharp smooth boundaries at pressures higher than
P.. Fractal behaviour is found in the contraction, and
the mass fractal dimension increases with increasing
anti-solvent CQOs pressure.
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