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The temperature dependence of the intensity and of the correlation time of laser light
scattered by the network density fluctuations in polyacrylamide gels is reported. The
density fluctuations show critical behavior at —17 C. This behavior is quantitatively ex-
plained as a phase transition of a binary mixture of the covalently cross-linked polymer
network and the fluid medium.

In this Letter, we report measurements of the
temperature dependence of the intensity and the
correlation time of laser light scattered by the
polymer network density fluctuations in polyacryl-
amide gels. Both the intensity and the correla-
tion time of the scattered light increase by a fac-
tor more than 200 as temperature decreases and
appear to diverge at a certain temperature. This
behavior has not previously been theoretically
predicted or observed in gels. We give a quanti-
tative interpretation of our measurements using
a theory analogous to the mean-field theory of
phase separation in binary fluid mixtures; and
we show that light scat(ering experiments may
provide information fundamentally important to
understanding of the physics of gels.

Tanaka, Hocker, and Benedek' and de Gennes'
presented a theory which describes the density
fluctuations in a gel polymer network and showed
that the longitudinal elastic modulus of the net-

work can be determined from the intensity of
light scattered from the fluctuations. They also
showed that the ratio of the elastic modulus and
the frictional coefficient of the network in the
fluid medium can be determined from the corre-
lation time of the scattered light. " The theory
has been confirmed experimentally by Tanaka,
Hocker, and Benedek, ' Ware, ' and Munch et al. '
According to the theory, we take as a model for
a gel an infinite cross-linked polymer network
immersed in a fluid medium. The normal modes
of the density fluctuations in the gel network can
be described as overdamped phonons with wave
vectors, q. ' The phonons in the network are
overdamped because of the large frictional drag
by the fluid medium proportional to the velocity
of the network relative to the fluid medium. The
incident light in the gel is scattered by such over-
damped phonons and the correlation function of
the scattered-light field is expressed in the fol-
lowing way'.

(E(q, t)Z(q, 0)) = C(y &n'/&(p)' ~ exp[-(K+~ i )q't/f J.K++s P

Here E is the amplitude of the scattered-light
field, q is the scattering vector, n is the refrac-
tive index of the whole gel, y is the volume con-
centration of the polymer network, 0 is the Boltz-
mann constant, T is the absolute temperature, E
and p, are the bulk and shear moduli of the net-
work in the fluid medium, and C is a constant
depending only on the optical geometry. The
frictional coefficient, f, multiplied by the veloc-
ity of the network relative to the fluid medium

gives the frictional force per unit volume of the
network. The combination, E ++ p, , corresponds
to the longitudinal modulus of the network. In
our experiments the network concentration,
was 0.025, and we make the approximation,
y(an'/By) -n'-nz', where nz is the refractive

index of the fluid medium. We measured n and n&

independently using an Abbe refractometer and
found that n'-n&' had the value 0.0065*0.0003 and
was constant throughout the temperature region
of our experiments; n& was measured on the su-
pernatant which was left above the gel upon gela-
tion and was in equilibrium with the fluid in the
network. Then Eq. (1) shows that the intensity of
the scattered light, I = (8'(q)), is proportional to
hT/(K+ss p). Also the reciprocal correlation
time, or the decay rate, is given by I'=(K+-', p)q'/
f as shown in Eq. (1).

The bulk modulus, E, is y times the derivative
of the osmotic pressure, 7t, of the gel with re-
spect to y. Using the formula for the osmotic
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pressure of a swollen network, ' we obtain

((p --,y)+In(1-y)+@+ +A y
~eUo i]s B 2

v V
(2)

where vo is the partial molar volume of the sol-
vent, A is the entropy gain, and B is the enthalpy
gain upon mixing one segment of a polymer con-
stituting the network into the solvent, v, is the
number of constituent polymers in a unit volume

before mixing, and V is the dry volume of the gel
network of a unit volume. The entropy A and en-
thalpy B may include contributions of van der
%aals forces, hydrophobic interactions, and hy-
drogen bonds. The first term in Eq. (3) is the
bulk modulus arising from the rubber elasticity
of the expanded network. The second term is the
contribution of the entropy of mixing of the net-
work and the fluid; and the third term is the en-
thalpy of mixing. These latter two terms corre-
spond to the derivative of the second virial term
of the osmotic pressure of a solution which uses
the mean-field approximation. The first virial
term, proportional to vkT (whe-re v is the num-

ber of solute molecules) and dominant in a solu-
tion, is not present since it is negligible in a gel
because v is unity. '" In place of this term, how-

ever, there is the term due to the rubber elas-
ticity of the expanded network.

The shear modulus, p, , of a gel can be calcu-
lated using the theory of rubber elasticity':

dent power) scattered at 90' from a 2. 5o/o poly-
acrylamide gel [acrylamide: his-acrylamide:water
= 37.5:1:1500(weight/weight at mixing) j are
shown as a function of temperature in Fig. 1.
The experimental apparatus and procedures are
essentially the same as those reported in Ref. 1.
Both the intensity and the correlation time in-
crease as the temperature decreases, and they
appear to diverge at approximately -17 C. This
behavior is completely reversible in the tempera-
ture range shown. The possibility that its origin
is the formation of ice can be excluded for the
following reasons: (1) The freezing temperature
of the gel was below -17 C. (2) In either the gel
or the separated fluid medium, formation of lo-
cal domains of ice would increase the intensity of
scattered light and decrease the refractive index,
since the refractive index of ice (1.309) is much
less than the refractive index of water (1.335 at
O'C). It was already stated that n'-n&' is con-
stant with respect to changes in temperature.
The fact that it is constant indicates that if ice is
not formed in the separated fluid medium, neither

p =(v, kT/2V)(y+ —,'y"'). (4)
I
0

There is no contribution of a free energy of mix-
ing to p, since there is no volume change in the
network upon shear deformation. From Eqs. (3)
and (4), we see that it is possible to write the
longitudinal modulus as I"/q

(10 cm /sec)

~I(arbitrary unit)

K+-,'p=a(T T, ), — (5)

where

and

T, =- 28y'/(av, ). (7)

2

a—= 0 ~(~6@-3y +3y )+ ———,(6)us & 5]s
V' 1-y 0 U,
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Equation (5) shows that the longitudinal modulus

vanishes at T= T, .
The intensity and the decay rate of the correla-

tion function of laser light (He-Ne, 15-mW inci-

FIG. 1. Intensity, I, and the reciprocal correlation
time (decay rate), 1 = (K++3p.)g 2//f, of laser light scat-
tered by a 2.5' polyacrylamide gel. I is divided by
the square of the scattering vector, lql .
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FIG. 2. Inverse of the laser-light intensity scattered
by a 2.5% polyacrylamide gel as a function of recipro-
cal absolute temperature.

is it formed in the gel. In order to detect any
formation of ice in the separated fluid medium,
the intensity of light scattered by the separated
fluid medium was measured and found to be con-
stant in the temperature range -17'C to 80 C.
Therefore, ice is not formed in the gel in this
temperature range. Tke critical behavior of the
gel is- thus due to a divergent increase of concen-
tration fluctuations of the polymer network and
not due to the formation of local domains of ice.

In Fig. 2 the inverse of the measured intensity,
1/I, is plotted against 1/T. Over a wide tempera-
ture range, 1/I varies in proportion to (T -T, )/
T = T, (1/T, 1/T) as pred—icted in Eqs. (1) and (5).

We also calculated the frictional coefficient, f,
from the correlation time and the values of K
+ 3 Q obtained fr om the m easur ements of scat-
tered light intensity discussed above. The data
are shown in Fig. 3. Since f does not increase as
temperature decreases near T„ the slowing down
of the network density fluctuations is attributable
to the diminishing longitudinal modulus of the net-
work. The fricitional coefficient represents the
hydrodynamic drag experienced by the network
as it moves through the fluid and is proportional
to the viscosity of the fluid, g, and also depends
on the hydrodynamic structure of the network; q
was measured on the gel supernatant mentioned
above and found to be nearly equal to the viscos-
ity of water. The behavior of f/q shows that as
the temperatur e deer eases, the effective "pore
size" becomes larger and appears to diverge as
T approaches T, (Fig. 3). If f becomes very
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FIG. 3. The friction coefficient, f, of a 2.5' poly-
acrylamide gel obtained from the intensity and the cor-
relation time of scattered laser light. The ratio of f
to the viscosity of the gel fluid, g, is also plotted as a
function of temperature. f is given in units of 10 dyn
sec/cm; and f/q is given in units of 10" dyn sec/cm
poise.

small and only the network were held, the fluid
would flow out of the network because of gravity.
The rate of such flow, however, is estimated to
be 100 A/sec a, t the lowest measured value off
(10' dyn sec/cm'). In our experiments the sam-
ples were contained in cuvettes and there was no
problem of drainage of the fluid.

The agreement between our intensity measure-
ments and the prediction of Eqs. (1) and (5) indi-
cates that the divergence and the slowing down of
the network density fluctuations in the gel may be
considered as a phase separation of a binary mix-
ture of the network and the fluid medium, Equa-
tions for the osmotic bulk modulus of a solution
and that of a gel network are similar except for
the importance of the term proportional to —vkT
for a solution, and for the additional rubber-elas-
ticity term, (-v, /V)kT(sr'"'- —,'y), for a gel.
The shear modulus contributes to the longitudinal
modulus in a gel, whereas it does not in a solu-
tion. In both cases, the divergence of the fluctua-
tions is a result of the equalization of the moduli
due to the mixing enthalpy and the mixing entropy
to the longitudinal modulus. As the temperature
approaches T, , the spatial correlation among the
segments of the network polymers increases and
the movements of the segments become corre-
lated and slow down. The presence of the differ-
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ent terms in the osmotic pressure gives rise to
different features of a gel and a solution. In the
gel, phase separation occurs where r, given
within the curly bracket of Eq. (2), vanishes. '
Simple evaluation of Eqs. (2), (6), and (f) shows
that this always happens at a higher temperature
than where the bulk modulus or the longitudinal
modulus goes to zero. ' Thus there is no true
critical point in a gel and our temperature T,
corresponds to a metastable spinodal tempera-
ture. ' Figure 2 shows a slight, but systematic,
deviation near T, of the intensity of scattered
light from the prediction of Eq. (5). This could
be caused by spinodal decomposition and is the
subject of further investigations. It was possible
for us to study metastable states because the
equilibration time is very long. The time re-
quired by the gel to attain a new equilibrium is
given as the relaxation time in Eq. (1): v =f/[(K
+~3 p)q']. As an example, if a 2.5/0 polyacryla-
mide gel of thickness 1 cm is compressed by ap-
plying pressure on the network alone, then q -2v/
(1 cm) and for (K++p)/f-10 ' cm'/sec, r is ap-
proximately 70 hours. Near T„Tbecomes much
longer. Since in laser-light scattering q-10'
cm'/sec and T-1 msec, fluctuations with these
large wave vectors can be observed even in a
metastable state.

In closing, we wish to point out an additional
advantage of light scattering to study the proper-
ties of gels, Conventional macroscopic measure-
ments of gel elasticity are in fact made under
constant-volume conditions because of the long
time required for the fluid medium to enter or
leave the network on a macroscopic scale. These
measurements determine only the shear modulus,

(which results entirely from the rubber elas-
ticity) and do not show the singularity observed in
light scattering. We conclude that light scatter-
ing is an ideal tool to study the physical proper-
ties of gel, including both potential physiological
problems (such as a possible relationship between
contraction of a vitreous gel and retinal detach-
ment) and problems of fundamental physical sig-
nificance (such as the relation of gelation to the
percolation problems). 9
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