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We present direct evidence for the existence of the critical point in an acrylamide gel,
the gel consisting of a covalently cross-linked polymer network immersed in an acetone-
water mixture. We determined the spinodal line for the gel from the measurements of
the scattered light intensity. The spinodal line has a maximum at T =(10+1)'C and a net-
work volume concentration of (18+3)%. This corresponds to the critical point.

In 1977, Tanaka, Ishiwata, and Ishimoto re-
ported measurements of the temperature de-
pendence of the intensity and the correlation time
of laser light scattered by the concentration fluc-
tuations in an acrylamide gel." As the tempera-
ture of the gel was lowered, both the intensity
and the correlation time of the scattered light in-
creased by a factor of more than 200 and both
appeared to diverge at a certain temperature.
Based on Flory's formula for the osmotic pres-
sure of a cross-linked gel, they concluded that
the temperature of the divergence corresponded
to the metastable spinodal temperature, and that
the gel would have no critical point. Recently,
Tanaka' and Fillmore and Tanaka4 reported the
swelling equilibria of a gel which was immersed
in acetone-water mixtures. They observed a
reversible collapse of the gel network upon chang-
ing the acetone concentration or temperature of
the system. It was demonstrated that these
phenomena could be understood in terms of a
mean-field theory based on an extension of Flory's
theory. With this theory, Tanaka predicted the
existence of the critical point in the gel associat-
ed with a phase separation of the covalently cross-
linked polymer network and solvent.

In this Letter, we present direct evidence for
the existence of the critical point in an acrylamide
gel, the gel consisting of a covalently cross-linked
polymer network immersed in an acetone-water
mixture. Using measurements of the seattered-
light intensity, we determined the spinodal tem-
perature at which the network concentrations
diverge for various network concentrations of the
gel. The network concentrations were varied by
adjusting the degree of swelling of the gel. The
highly swollen gel corresponds to a low concen-
tration of the network, and the shrunken gel cor-
responds to a high network concentration. We
observed a maximum temperature in the spinodal
line which corresponds to the critical point. We
also determined the equilibrium concentration of
the gel when it is immersed in a large volume of
an acetone-water mixture at different tempera-
tures. The combination of both the spinodal line
and the swelling equilibrium line gives us the en-
tire phase diagram of the gel. These data are
analyzed by the mean-field theory presented pre-
viously. '

Acrylamide gels were prepared by dissolving
5 g acrylamide, 0.133 g N, N'-methylene-bisacry-
lamide, 40 mg ammonium persulfate, and 400 pl
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FIG. 1. The temperature dependence of the inverse
intensity of light scattered from an 8% acrylamide gel
having a 44% acetone-water mixture as the gel fluid.
T~ denotes the spinodal temperature at which the con-
centration fluctuations of the network diverge.

tetramethylethylene-diamine in 100 ml water.
This solution was then poured into glass tubes.
It took approximately 30 min for gelation at room
temperature. The gels were left in the tubes for
twelve days. They were then removed, cut into
1-cm-long pieces, and dried at 30 C. Each dried
gel was then put into an acetone-water mixture
having a composition ratio of 44:56 by volume.
After a certain amount of the mixture had soaked
into the network, the gel was taken out of the
mixture and put into an ampoule. The ampoule
was immediately sealed to prevent any loss of
the solvent. In this way gels of different concen-
trations were prepared. The network concentra-
tion of each gel was determined by measuring the
weights 'of the dry and the swollen gel.

For each sample, the scattered light intensity
at a 90' angle was determined as a function of
temperature. Figure 1 shows the inverse of the
intensity of light scattered from an 8/p (by volume)
gel (1/I) as a function of. :the inverse absolute
temperature (1/T). It has been shown that, in
the mean-field approximation, 1/I vs 1/T is lin-
ear and this relation was proven experimental-
ly."W'e fit the experimental points with a
straight line and obtained the spinodal tempera-
ture from the intercept of the straignt line with
the 1/T axis which corresponds to infinite scat-
tered light intensity. The deviation of the data
points from the straight line as the spindol tem-
perature is approached probably results from

multiple scattering of the light. The spinodal
temperature is plotted as a function of gel con-
centration in Fig. 2(a) (open circles).

We also determined the equilibrium concentra-
tion of the gel which was immersed in a large
volume of the acetone-water mixture at various
temperatures. The volume concentrations were
determined by weighing the dry and then swollen
gel (the specific density of the network was 1.8).
They are plotted in Fig. 2(a) (solid circles).

Let us now calculate theoretically the spinodal
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FIG. 2. (a) The spjnodal line (open circles) deter-
mined by light-scattering measurements. The solid
circles denote the equilibrium concentrations of the
acrylamide gel with is immersed in a 44% acetone-wa-
ter mixture at different temperatures. (b) The spinodal
line (solid curve) and the zero-osmotic-pressure line
(dotted curve) calculated from Rqs. (2) and (3) in the
text. The latter represents the equilibrium concentra-
tion of a gel which is immersed in a large amount of
Quid. The parameters used are shown in the text.
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line and the equilibrium concentration for a gel immersed in fluid. The latter is given by the condi-
tion of zero osmotic pressure since the osmotic pressure of a fluid is zero. The mean-field expres-
sion of the osmotic pressure is given by"
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where NA is Avogadro's number, k is the Boltzmann constant, T is the absolute temperature, y is the
network concentration, hH and AS are the differences in the enthalphy and entropy of a polymer seg-
ment when it is in contact with other segments from when it is in contact with solvent molecules, v, is
the specific volume of the solvent molecule, v is that of a polymer segment, W is the number of seg-
ments in one polymer chain whose both ends terminate at the neighboring crosslinks, and y, is the net-
work concentration at which the polymer chain has a random-walk configuration. The zero-osmotic-
pressure line is thus given by

aS Vo
' + Q

' 1= —-2 ln(1 —y)+ y+ (2)OT 0'o 2' )$ 0
The spinodal line is given by, the condition of

infinite compressibility of the network that is, Btr/ We have a qualitative agreement between the theo-
ry= 0. Thus the spinodal line is expressed as ry and the experimental results.

Figure 3 shows the phase diagram of the gel
calculated with use of the equation of state, Eq.
(1). The way of construction of the phase diagram
has been shown in Ref. 3 in detail. If a gel state
is represented by a point in region A, the gel is

The n =0 curve and the spinodal curve calculated stable; in region B, the gel separates into two
from Eqs. (2) and (3) are plotted in Fig. 2(b). gel phases having concentrations represented by
The parameters used are AS= 5.5 x10 " erg/deg, two equal-temperature points on the coexistence
~=2.1x10 "erg, go=0.0045, vo/Nv=0. 0026. curve; in region C, in which the osmotic pres-

sure is negative, the gel shrinks, separating
from its fluid, until it reaches the zero-osmotic-
pressure line.

I I I I

Now that the existence of the critical point has
been demonstrated, it would be very important
to study in detail the critical behavior of the gel
in its vicinity.
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FIG. 3. The phase diagram of a gel (from Ref. 3).
a gel state is represented by a point in region A, the
gel is stable; in region B, the gel separates into two

gel phases having concentrations represented by two
equal-temperature points on the coexistence curve;
and in region C, in which the osmotic pressure is nega-
tive, the gel shrinks, separating from its Quid, until
it reaches the zero-osmotic-pressure line.
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