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Intrinsic viscosities [�] were determined for five polystyrene samples ranging in molecular weight Mw from 9:0� 104 to

1:2� 106 in toluene-supercritical carbon dioxide mixtures with different weight fractions of CO2 (denoted as w(CO2)) at

40 �C in a pressure range P ¼ 7:0{10:0MPa using a rolling-ball viscometer. For every sample [�] was a gradually increasing

function of P, indicating that the polystyrene coil expands with increasing P. At fixed P and w(CO2), the molecular weight

dependence of [�] was expressed in the form ½�� / Mw
a. The exponent a remarkably changed with w(CO2) at constant P; for

example, it decreased from 0.68 (a good solvent value) to 0.42 (a poor solvent value below the theta point where a ¼ 0:5)

with an increase in w(CO2) from 15 to 31% at P ¼ 7:0MPa. The solvent goodness was quantified in terms of the binary-

cluster integral determined by analyzing the [�] data according to the two-parameter theory.
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Supercritical carbon dioxide (critical temperature 31.1 �C

and pressure 7.38MPa) is known to be compatible with many

organic solvents. Such mixtures, in which polymer solubility is

controllable by changing the pressure and the solvent compo-

sition,1–3 have possible applications to separation or blending

of chemically different polymers and molecular weight

fractionation of homopolymers.4,5 For the purpose of industrial

processing, the dependence of viscosity � on temperature,

pressure, and solvent composition was investigated for poly-

mer + organic solvent + supercritical CO2 systems.6,7 Most

of these studies are, however, limited to rather high

polymer concentrations (above 1wt%) and fixed molecular

weights M, and none of them discusses the effect of polymer

chain dimensions or related molecular properties on �; �

of polymer solutions increases with increasing chain dimen-

sions.

The intrinsic viscosity [�] of a polymer coil (i.e., a long

flexible chain) is a basic molecular property related closely to

the chain dimensions. It increases with an increase in M or

solvent power (i.e., the strength of intramolecular excluded

volume in a term of polymer statistical mechanics), but such

dependence of [�] in an organic solvent containing super-

critical CO2 has not been explored despite the importance to

our understanding of the effect of supercritical CO2 on polymer

solution properties.

In the present work, we determine [�] for polystyrene

(PS) samples in toluene-supercritical CO2 mixtures as

functions of molecular weight, solvent composition, and

pressure higher than the boundary between one liquid

phase and liquid-gas two phase regions.4 The relation

between the extent of chain expansion and the solvent

condition is discussed on the basis of excluded-volume

theories.8

EXPERIMENTAL

Samples

Tosoh’s standard PS samples F-10, F-20, F-40, F-80, F-120,

and F-128 were once solved in benzene and freeze-dried before

use. Weight-average molecular weights Mw for these samples

in toluene at 15 �C were determined by light scattering on a

Fica-50 light scattering photometer. The results are summariz-

ed in Table I, along with the z-average radii of gyration hS2i1=2,
second virial coefficients A2, and weight to number-average

molecular weight ratios Mw=Mn.

Apparatus

Rolling-ball viscometers are often used for viscosity

measurements of liquids under high pressure.9–13 Our apparatus

including this type of viscometer is schematically shown in

Figure 1. Liquid CO2 from the tank (a) is compressed by the

pump (c) (JASCO Co. Ltd. PU-980), which has a jacket cooled

by circulated water from the cooling bath (b). The pressure

inside the rolling-ball viscometer (f) placed in a temperature

Table I. Results from light scattering measurements
on polystyrene samples in toluene at 15 �C

Sample Mw � 10�4 Mw=Mn
a hS2i1=2/nm

A2 � 104

/cm3 mol g�2

F-10 8.96 1.04 11.6 4.8

F-20 18.6 1.04 16.8 4.5

F-40 41.3 1.04 26.4 3.7

F-80 66.1 1.05 34.5 3.2

F-120 114 1.08 48.1 2.9

F-128 119 1.05 50.1 2.8

aManufacturer’s values
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controlled water bath (k) is monitored by the pressure gauge

(d). Beams from the lasers (e) are incident to the viscometer

through the optical fibers (i) and reach the photo diodes (g)

after passing through the viscometer. The detected signal is

processed by the computer (h).

Viscosity Measurement

The rolling-ball viscometer (i.e., the cylindrical cell) is

magnified in Figure 2. A glass ball (diameter 5.8mm, TSC Co.

Ltd., Kanagawa, Japan) is inserted in a Pyrex glass tube (inner

diameter 6mm, outer diameter 16mm, and length 195mm,

Taiatsu Glass Co. Ltd., Tokyo, Japan). The cylinder is inclined

at about 7� and the time required for the ball to move the

distance between the two holes (separated by 99mm in the

middle of the cylindrical stainless jacket) is measured. The

passage of the ball is optically detected at each hole where two

glass fibers are inserted at the front and rear sides: one is for

insertion of laser light and the other is for detection of the light

by a photo diode at the other end of the fiber. The signals from

the two photo diodes connected in series are processed by a

computer to obtain the light intensity V (arbitrary units).

Since V abruptly decreases when the ball edge crosses the

light path, two minimums appear for one hole as is shown in

Figure 3. We take the time from the first to the third drop of V

as the rolling time t. The specific viscosity �sp and the relative

viscosity �r were determined from ðt � t0Þ=t0 and t=t0,

respectively, where t0 denotes the rolling time for the solvent

at the same P and temperature. The Huggins (�sp=c vs. c) and

Fuoss-Mead (ln �r=c vs. c) plots were used to extrapolate the

measured viscosities to c ¼ 0 (c is the polymer mass concen-

tration).

Before high pressure experiments, measurements were made

on toluene solutions of a PS sample (M � 2� 105) under

atmospheric pressure. The [�] value obtained agreed well with

that determined by a conventional Ubbelohde-type capillary

viscometer.

The procedure for the viscosity measurements on PS in

toluene-supercritical CO2 mixtures was as follows. A toluene

solution of PS with a known amount and concentration was

introduced into the cylindrical cell. After the apparatus had

been set up, the viscometer was placed in the water bath

controlled at 40 �C. Carbon dioxide was then introduced

through the stainless tube until the inside pressure P reached a

desired value (7.0, 8.5, or 10.0MPa). The solution was stirred

by tilting the cylinder to obtain a homogenous phase. This is

consistent with the observation of Kim et al.4 on the same

system (Mw ¼ 6:66� 105, w(CO2) = 15.0–16.6%) that the

solution becomes one liquid phase above ca. 4.5MPa at 300K.

After the attainment of the temperature and pressure equilib-

rium, measurements were made. The weight fraction w(CO2)

of CO2 was calculated from the measured solution weight and

P with the aid of the relation between the weight of CO2 and P

at 40 �C determined in advance for weighed pure toluene. The

cylinder volume was found to be 7.4 cm3 from the known

pressure-volume-temperature relation with the weight of pure

CO2 contained at 10.0MPa and 25 �C. Figure 4 illustrates the

Huggins and Fuoss-Mead plots for five PS samples at

w(CO2) = 17% and P ¼ 10:0MPa. The common intercept at

c ¼ 0 to the both plots gives [�] for each sample.

RESULTS AND DISCUSSION

Pressure Dependence

Figure 5 shows [�] data plotted against P for five PS

samples in toluene-supercritical CO2 mixtures with w(CO2) =

15, 16, and 17wt% (at P ¼ 7:0, 8.5, and 10.0MPa, respec-

Figure 1. Schematic diagram of the apparatus constructed for viscosity
measurements on polymer + organic solvent + supercritical CO2

systems. a, CO2 tank; b, water circulating bath; c, pump; d,
pressure gauge; e, diode laser; f, rolling-ball viscometer; g, photo
diode box; h, computer; i, optical fiber; j, safety valve; k, water
bath; l–o, valves.

Figure 2. Schematic representation of rolling ball viscometer. a, glass ball;
b, glass tube; c, Teflon stopper; d, gasket; e, stainless cylinder; f,
stainless plug; g, CO2 inlet; h, Teflon ring; i, laser light path.

Figure 3. Example of photodiode signals.
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tively). The line drawn for each sample rises very gradually

with increasing P. Although this rise involves the effect of a

small increase in w(CO2), the increase in CO2 content lowers

[�] (see Figure 6). Thus, [�] in toluene-supercritical CO2

mixtures is an increasing function of P. In other words, the

solvent power (or goodness) increases with increasing P.

Similar pressure dependence of [�] was observed for such

polymer + pure solvent systems as poly(dimethylsiloxane) in

cyclohexyl bromide11 and PS in tert-butyl acetate.12 Positive

pressure dependence of solvent goodness was also observed by

light scattering measurements of A2 for PS in toluene14,15 and

PS in 2-butanone.16 On the other hand, for PS in trans-decalin,

[�]17 and A2
14,15 decreased with increasing P, exemplifying a

lowering of solvent power with an increase in P.

It is known that the dielectric constant " of most organic

solvents increases with increasing P.18 Such an increase in " of

a solvent leads to either increase or decrease in solvent power

depending on whether the difference in polarity between the

solvent and the polymer diminishes or increases, as was

observed for polymer + pure solvent systems. In our system,

the increase in solvent power with increasing P may be

interpreted as the result of the enhancing effect of increasing "

that surpasses the lowering effect of increasing CO2 in toluene.

Li et al.19 found the opposite tendency, i.e., a decrease in [�]

with increasing P for PS (Mw ¼ 7:8� 104) in toluene at 35 �C

under CO2 atmosphere of P < 4:2MPa. In their system, in

which the polymer solution and the CO2 gas phase coexist

differing from our systems, " may not significantly change with

P, because the pressure is not very high. As is mentioned in

their paper, the decrease in [�] can be attributed primarily to

the increase in CO2 content in toluene with increasing P.

Molecular Weight Dependence

Figure 6 shows double-logarithmical plots of [�] againstMw

Figure 4. Huggins and Fuoss-Mead plots for the indicated PS samples at
w (CO2) = 17%, P ¼ 10:0MPa, and 40 �C.

Figure 5. Plots of [�] against P for PS samples in toluene-supercritical CO2

with w (CO2) = 15 (P ¼ 7:0MPa), 16 (P ¼ 8:5MPa), and 17wt%
(P ¼ 10:0MPa) at 40 �C: triangles up, F-10; squares, F-20;
triangles down, F-40; diamonds, F-80; circles, F-128.

Figure 6. Molecular weight dependence of [�] for PS in toluene-supercritical
CO2 mixtures with the indicated compositions at (a) P ¼ 7:0,
(b) 8.5, and (c) 10.0MPa, all at 40 �C. Solid lines represent eqs
1–6. Dashed and dotted lines show the literature data for PS in
toluene at 15 �C21 and in cyclohexane at 34.5 �C,20 respectively.
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for PS in toluene-supercritical CO2 mixtures at different sets of

w(CO2) and P. The indicated straight lines fitting the data

points for the respective sets can be expressed by the following

equations (all in units of cm3 g�1):

At P ¼ 7:0MPa,

½�� ¼ 0:014 Mw
0:68 for w(CO2) = 15% ð1Þ

½�� ¼ 0:084 Mw
0:50 for w(CO2) = 29% ð2Þ

½�� ¼ 0:19 Mw
0:42 for w(CO2) = 31% ð3Þ

At P ¼ 8:5MPa,

½�� ¼ 0:0145 Mw
0:68 for w(CO2) = 16% ð4Þ

At P ¼ 10:0MPa,

½�� ¼ 0:015 Mw
0:68 for w(CO2) = 17% ð5Þ

½�� ¼ 0:083 Mw
0:50 for w(CO2) = 32% ð6Þ

The viscosity exponent decreases with increasing w(CO2),

revealing that the solvent goodness remarkably lowers as the

CO2 content increases.

The exponent 0.5 in eqs 2 and 6 corresponds to the theta

state for random coils, i.e., for long flexible chains. The

experimental data under the two solvent conditions (circles)

are close to each other and also to the dotted line in

Figure 6a or 6b, which represents the literature [�] data for

PS in cyclohexane (34.5 �C),20 a theta solvent. Lechner

and Schulz14 showed that the unperturbed dimension of PS

in toluene and trans-decalin decreases when the solution

pressure increased up to 75MPa. In our system, however,

such hydrostatic pressure effect was not observed, prob-

ably because P in our experiments is not as high as

theirs.

Equations 1, 4, and 5 have a lager exponent 0.68, indicating

that the polymer coil is expanded by excluded-volume effect.

The solvent power is, however, lower than pure toluene

because the [�] data (triangles) are considerably below the

dashed lines representing [�] in toluene (15 �C).21 At

P ¼ 7:0MPa and w(CO2) = 31%, the exponent 0.42 is

much smaller than 0.5 (eq 3), implying that the solvent is

very poor.

Binary-Cluster Integral

The binary-cluster integral � representing the strength of the

excluded-volume interaction between a pair of segments (or

repeating units) in a single polymer chain is the most basic

parameter for the solvent power and related to the excluded-

volume parameter z defined by8

z ¼ ð3=2�b2Þ3=2n1=2� ð7Þ

Here, b is the segment length and n the segment number in the

polymer chain. With the intrinsic viscosity ½��0 in the

unperturbed state taken as the reference state, [�] in a perturbed

state can be written as8

½�� ¼ ��
3½��0 ð8Þ

where the intrinsic-viscosity expansion factor ��
3 may be given

by Barrett’s equation22

��
3 ¼ ð1þ 3:8zþ 1:9z2Þ0:3 ð9Þ

for z > 0. For z < 0 (i.e., at P ¼ 7:0MPa and w(CO2) = 31%),

we may use the first-order perturbation equation8,23

��
3 ¼ 1þ 1:14z ð10Þ

Taking experimental [�] for w(CO2) = 29% at P ¼ 7:0MPa

and w(CO2) = 32% at P ¼ 10:0MPa as ½��0, we may evaluate

[�] at these pressures and other w(CO2) from the above

equations. The calculated solid lines in Figure 7a and 7b

closely fit the data points for P ¼ 7:0 and 10.0MPa, respec-

tively.

The � values determined from the fitting are summarized

in Table II, where b in eq 7 was taken to be 0.72 nm (from

the radius of gyration of PS in cyclohexane at 34.5 �C24).

This table includes the � value at P ¼ 8:5MPa and

w(CO2) = 16%, similarly estimated with use of eq 2 for

½��0. At almost the same CO2 contents between 15 and 17%, �

increases with raising P, reflecting the increase in solvent

goodness.

Figure 7. Comparison between observed (symbols) and calculated (solid
lines) [�] for PS samples in toluene-supercritical CO2 mixtures with
the indicated compositions at (a) P ¼ 7:0 and (b) 10.0MPa.

Table II. Binary-cluster integral for PS in toluene-supercritical CO2 mixtures
with different w (CO2) at 40

�C and at the indicated pressures

P/MPa w (CO2)/% �/nm3

15 0.016

7.0 29 0

31 �0:0034

8.5 16 0.017

10.0
17 0.019

32 0
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CONCLUSIONS

We have determined intrinsic viscosities for five polystyrene

samples of molecular weights 9:0� 104–1:2� 106 in toluene-

supercritical CO2 mixutures at 40 �C under high pressure (7–

10MPa). The results show that the increase in CO2 content

remarkably changes the solubility of polystyrene as indicated

by a decrease in viscosity exponent a, for example, from

0.68 to 0.42 at P ¼ 7:0MPa. In case of P ¼ 7:0MPa and

w(CO2) = 29% or P ¼ 10:0MPa and w(CO2) = 32%, a

becomes equal to the value 0.5 for the theta solvent system.

Estimation of the binary-cluster integral from [�] data based

on the two-parameter theory substantiates that the solvent

goodness in the present system is an increasing function

of P.
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