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ABSTRACT: The swelling equilibrium of an ionic polymer gel soaked in a solution of two components 
has been investigated in terms of a modified Flory-Huggins model. A variety of phase diagrams are 
calculated for gel systems of liquid Miquid Ypolymer network for different values of the model parameters. 
It can be anticipated that gels can change their volume discontinuously even in a mixture of partially 
miscible liquids. In some systems, there is no critical point though a discontinuous change does take 
place. For gel systems of solvent/electrolyte/polymer network, calculation shows that  the concentration 
of electrolyte inside the gel will change discontinuously at a point of discontinuous volume change. 
Calculation of transition points under a uniaxial swelling condition successfully explains the composition 
hysteresis between swelling and shrinking transitions. 

1. Introduction 
Swelling phenomena of polymers in a liquid mixture 

are closely related to  the separation performance of 
polymeric membranes.l The composition of a liquid 
mixture inside the membrane is different from that on 
the outside, and this difference is one of the key factors 
determining separation performance of membranes. On 
the other hand, volume transitions of gels in binary 
liquid mixtures have often been explained by a single- 
liquid approximation, where the composition of the 
liquid mixture is assumed to be identical inside and 
outside of the gel. We expect that such phase transi- 
tions can be described more accurately by taking the 
difference of liquid compositions into account. Such a 
treatment will also be of use to  an actual application of 
the phase transition of gels for controlled drug delivery 
systems.2 

The authors have previously introduced a Flory- 
Huggins mean-field equation of the free energy in order 
to represent the swelling of an ionic gel in a liquid 
m i ~ t u r e . ~  The derived equations are simpler than the 
ones found by other researchers4 and are based on the 
equality of the chemical potentials of each liquid com- 
ponent inside and outside of the gel. Numerical analysis 
of the equations enables one to  estimate absorption 
quantities of the liquids into the gel. This method gives 
more detailed information than the single liquid ap- 
pr~ximation;~ not only the volume but also the internal 
liquid composition can be calculated as a function of the 
external liquid ~omposition.~2~ It was shown that the 
internal liquid composition changes discontinuously at  
the point of discontinuous volume change. This conclu- 
sion provides a qualitative explanation for the experi- 
mental results reported by several  researcher^.^,^ 

In the present paper, on the basis of our previous 
model free energy, we develop a general treatment for 
the conditions of equilibrium, bulk instability, and 
critical points; then numerical calculations are carried 
out for several varieties of gel systems individually. We 
display in this way the characteristic features of phase 
diagrams of polymeric gels soaked in a solution of two 
components. 
2. Equations 

Free Energy. We first consider a gel system which 
comprises three components i (i = 1-3): two liquid 
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components (i = 1, 2) and a polymer segment (i = 3). 
Let the molar volume of component i be Vi. The affinity 
of component i for component j (i t j )  is represented by 
the interaction parameter7 xij in the Flory-Huggins 
model. For the structure of the polymer network, we 
employ the following conditions: (1) A unit volume of 
the polymer network consists of Y moles of polymer 
chains a t  the reference state in which the network was 
f ~ r m e d . ~ ~ ~  (2) Each polymer chain has f moles of 
substituentss which are assumed to dissociate com- 
pletely in any composition of the mixture of three 
components to yield f moles of mobile counterion X+. 
(3) The solution of dissociated counterions is dilute so 
that the electrostatic interaction between the charged 
ions is neglected. On those assumptions, we consider 
a thermodynamic process in which the network is 
immersed into an infinite amount of liquid mixture and 
isotropically swells, absorbing 11.1 moles of liquid 1 and 
n2 moles of liquid 2 from the external solution. Because 
of the infinite amount of external solution, its composi- 
tion can be considered fxed. The free energy change G 
in this process is expressed as f01lows:~ 

(1) 

where GM is the free energy change of mixing three pure 
 component^.^ GE and GI originate from the entropy 
change of the polymer configuration and mobile ions, 
respe~tively.~-~ Gs is the free energy change upon 
separating nl moles of liquid 1 and 11.2 moles of liquid 2 
from the external solution into their pure  state^.^,^ The 
terms in eq 1 are given by eqs 2-5. 

G=GM + GE + GI + Gs 

where R is the gas constant and T is the absolute 
temperature. Neglecting the change of the total volume 
upon mixing of components, the volume fraction @i of 
component i in the gel is related to ni by @i = ViniN, 
where V = Vlnl+ Vzn2 + V3ns is the volume of the gel. 
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a is the one-dimensional elongation ratio of the gel, 
which is related t o  43 as71*Jo a3 = VNo = 4d43, where 
VO and 40 are the volume of the gel and the volume 
fraction of polymer inside the gel at the reference state, 
respectively. Ap, is the difference of the chemical 
potential of liquid i in the external solution and that of 
pure liquid i a t  the same temperature. Since we need 
the free energy change of mixing polymer network with 
the liquid mixture of fured composition, not with pure 
liquid 1 and pure liquid 2, Gs should be subtracted as 
is written in eq 1. In the free energy change G, we have 
neglected the contributions of both non-Gaussian effects 
of polymer configuration and electrostatic interaction 
between charges,11J2 although more elaborate models 
should contain those contributions. 

Swelling Equilibrium. Bearing in mind that 4, is 
a function of n, (i = 1, 2), we regard G as a function of 
n, (i = 1, 2) under fixed values of T and Ap,. Swelling 
equilibrium is expressed by the simultaneous equations: 

aGlan, = 0 (i = 1,2)  (6) 

ApL is equivalent to the change in chemical potential of 
liquid i upon mixing the liquids t o  form the external 
solution and is given by the following equations on the 
basis of mean-field appro~imation:'~ 

(7) 

A&RT = In u2 + (1 - s-'>v, + s-1x12u12 (8) 

where u, is the volume fraction of liquid i in the external 
liquid mixture (u1 + u2 = 11, and s = VlN2. From eqs 
1-8, we obtain the following equations which express 
the equality of chemical potential of each liquid inside 
and outside of the gel. 

In u1 + (1 - s)u2 + x12u22 = In '$1 + (1 - SI'$, + 

A,u,/RT = In u1 + (1 - s)u2 + x12u,2 

'$3 + %12422 + %13@: + (212 + %13 - s%23)'$2'$3 + 
v~Y[( '$~I '$~)~ '~ - V+ 'I,)('$~I'$~)I (9) 

In u2 + (1 - s-l)u1 + s-1x12u12 = In 4, + 
(1 - S-')'$l + '$3 + s-1x12'$12 + x23'$: + 

(s-'X12 + x23 - s-'x,3)'$1'$3 + v2Y[('$&+))1'3 - 
( f  + 1/2)('$3/'$o>l (10) 

The equilibrium point can be obtained by solving eqs 
9 and 10 for a given composition u1 of the external liquid 
mixture. In the next section we shall regard the 
solution that gives the minimum value of G in eq 1 as 
a stable point, when multiple sets of solutions are 
obtained for a given value of u1. If two sets of solutions 
give the same value of G, the stable equilibrium curve 
changes discontinuously, implying that the gel will 
undergo a phase transition. This discontinuous point, 
however, is not exactly the point at which the gel 
undergoes a phase transition between a shrunken and 
a swollen phase in an experimental condition. Transi- 
tion conditions have been discussed by several 
researchers. 14-17 Sekimoto indicated that the one- 
dimensional elongation ratio in a normal axis on the 
surface of the gel is different from that in horizontal 
axes at a transition point.14 He determined such 
transition points considering the free energy for aniso- 
tropic swelling and gave a clear explanation for the 
temperature hysteresis observed in swelling and shrink- 
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ing transitions of gels. In the present paper, a hyster- 
esis curve caused by the change of the external liquid 
composition will be calculated on the basis of Sekimoto's 
formulation in section 4. 

Boundary of Bulk Instability. The curvature of 
the free energy surface is proportional to D defined as 
follows:'~J9 

1 (11) 
a2Glanl an, a2Glan, an, 
a2Glan, an, a2Glan, an, 

D = l  

The condition D = 0 can be rewritten in the form 

The bulk modulusz0 K of the polymer network is defined 
by K-' = -V-l(aVIaP), where P is the hydrostatic 
pressure imposed on the polymer network under an 
osmotic equilibrium condition. A straightforward cal- 
culation shows that the left-hand side of eq 12 is equal 
to (Vd& + VI142 - 2V2~12)KlRT. Thus, the curve where 
K is equal to zero under an equilibrium condition 
(boundary of bulk instability) can be calculated from eq 
12 in addition to eqs 9 and 10. 

Critical Point. The following e q ~ a t i o n l ~ J ~ 3 ~ ~  is 
necessary to hold at a critical point where a shrunken 
phase and a swollen phase coincide under an equilib- 
rium condition. 

aDlan aDlan, 
a2Glan, an, a2Glan, an, / = o  

where stands for V&/(l - 2Vyi4ii) and 2x1 = x1fl1 
+ x13N1 - x 2 3 N 2  and 2x2 = x l f l l  + X 2 3 N 2  - x13N1. At 
a critical point, eq 13 must be satisfied besides eqs 9, 
10, and 12. Note that eqs 12 and 13 can be reduced to 
the expressions for the solution system of liquid Miquid 
2Ipolyme1-l~ if v equals zero (there is no cross-linking). 

3. Calculation of Equilibrium Curves 

Discontinuity of Gels in a Liquid Mixture. Equi- 
librium curves can be calculated taking the volume 
fraction of liquid 1 in the external solution, U I ,  as a 
variable. The values of parameters are fxed as Vlvl 
403 = 10 and V I  = 20 (cm3/mol) throughout this paper; 
the value of 40 is equal to 0.1 in this section. At first, 
interaction parameters between each liquid i to the 
polymer are chosen to  be identical as x 1 3  = x23 = 0.5, VZ 
= 20, and ~ 1 2  = -2. It is not necessarily evident 
whether systems having those parameters are com- 
monly encountered, because the negative sign of x12 is 
not usual. We expect, however, that the following 
results of our model calculation will demonstrate some 
of characteristics of gels in a binary liquid mixture, 
especially concerning the number of critical points and 
the shape of the unstable region in the phase diagram. 

The loci of the solution of eqs 9 and 10 are drawn in 
light dotted curves or solid curves in Figure la;  solid 
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Figure 1. (a) Composition of the gel, &, in a binary liquid 
mixture. The equilibrium curve (-) and boundary of bulk 
instability (- - -1 are shown. VI = VZ = 20, x l z  = -2, x13 = 0.5, 
and x 2 3  = 0.5. (b) Volume of the gel, VNo, as a function of the 
composition of the external liquid mixture, u1. VI = VZ = 20, 
~ I Z  = -2, x13 = 0.5, and X23  = 0.5. 

ones are the stable equilibrium curves determined from 
the minimum value of G. Each apex of the triangle 
corresponds to the pure component i. The $Z2-#J3 side 
of the triangle corresponds to mixtures of liquid 2 and 
the polymer network; that is, the external composition 
V I  equals zero on this side. The stable equilibrium curve 
for f = 0.9 changes discontinuously twice when V I  varies 
from 0 to 1. The portion surrounded by the broken 
curve is the region of bulk instability, where the bulk 
modulus K has a negative value. It has been indicated 
that light scattering intensity does not diverge at K = 
0 because shear modulus M suppresses fluctuation of 
the polymer-network density.17 The boundary of micro- 
scopic instability is defined by K + (4/3)M = 0.17822 Thus, 
a divergence does not occur at a critical point that is 
located on the boundary of bulk instability. Two critical 
points (0) are obtained in this system. They are 

q51 = 0.160 ... 
q52 = 0.621 ... 
v1 = 0.231 ... 

q51 = 0.621 ... 
$z = 0.160 ... 
v1 = 0.768 ... I f = 0.767 ... I f = 0.767 ... 

In this system multiple solutions cannot be obtained 
unless the value of f exceeds the critical value 
fc(=0.767 ... ). It should be noted, however, that there are 
gel systems3 in which multiple solutions are obtained 
in the case of not only f > fc but also f < fc. 

Figure l b  shows the dependence of volume of the gel 
on the external composition VI. Dry states ( 4 3  = 1) are 
to be located along the vertical line corresponding to 
VNo = 10-l. The discontinuous volume change has a 
shape of reentrant type. It can be pointed out that the 
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Figure 2. Volume of the gel, VIVO, as a function of the 
composition of the external liquid mixture, u1. VI = VZ = 20, 
X ~ Z  = -2, x13 = 0.5, and x 2 3  = 1. 

boundary of bulk instability is constituted of points a t  
which dVldv1 = 00 holds on every locus of the solution 
calculated from eqs 9 and 10. Moreover, critical points 
are the points a t  which the condition dVIdv1 = 00 holds 
on the boundary of bulk instability. Since we can find 
out the points of dVIdv1 = 00 easily, it is not necessary 
to calculate eqs 12 and 13 for the schematic drawing of 
the boundary of bulk instability and critical points in 
the (VI, VIVO) plane. Figure l b  seems to be similar to 
the phase diagram obtained from a single liquid ap- 
proximation5 (SLA) in which liquid compositions inside 
and outside of the gel are supposed to be identical. On 
the other hand, in our treatment it is possible to  
estimate the difference in those liquid compositions as 
shown in the next sub~ection.~ Thus we can expect that 
the present model is a more accurate approximation 
than the SLA to the volume as well as the internal 
liquid composition observed in real gel systems. 

The next two figures illustrate ternary systems hav- 
ing different values of xi3 (i = 1, 2) from those of the 
system shown in Figure 1. As noted above concerning 
Figure lb, the boundary of bulk instability and critical 
points is easily inspected in the (VI, VIVO) plane once 
the loci of solutions of eqs 9 and 10 for various values 
o f f  are obtained. Consequently, they are not drawn 
from now on in this section aside from a special case. 

Figure 2 shows the volume of the gel of which the 
parameters are 213 = 0.5 and X23 = 1. Volume curves 
that correspond to stable equilibrium for f = 1.1 and 
1.4 change discontinuously twice. The region of bulk 
instability extends more than that of Figure l b  and 
reaches the axis of V I  = 0. Thus, there is only one 
critical point in the region of lower V I .  The volume of 
the gel which has the interaction parameters 213 = 1 
and 223 = 1 is shown in Figure 3. Since the boundary 
of bulk instability comes up to both axes of u1 = 0 and 
u1 = 1, there is no critical point in this system, while a 
discontinuous volume change takes place for gels with 
f = 1.1, 1.4, and 1.7. 

Discontinuity in a Mixture of Partially Miscible 
Liquids. It is quite natural to anticipate a discontinu- 
ous volume change of the gel immersed in a mixture of 
partially miscible liquids. Let us examine a gel system 
characterized by the parameters of VI = 20, Vz = 40, 
x12 = 1.5, xi3 = 0, and xz3 = 1.5. The following equations 
express the equality of the chemical potential of each 
liquid component between the two liquid phases a and 
b: 
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where uai and Ubi are the volume fraction of liquid i (i = 
1, 2) in phases a and b, respectively. Calculation of 
these equations gives values as Val = 0.438 ... and ubl  = 
0.724 .... When u1 lies in the range between u a l  and Ubl, 
the external liquid mixture is immiscible and separates 
into two phases of which compositions are given by Val 
and Ubl. In Figure 4a compositions of the gels with f = 
0, 1, and 2 are drawn in light dotted lines; each of them 
has a very small loop with two cusps. We denote the 
composition at the intersection point of a loop by #is (i 
= 1-3). This intersection point corresponds to the 
composition of a gel equilibrated in the liquid mixture 
of which composition is either u1 = Val or u1 = ubl, 
because the chemical potential of each liquid has an 
identical value in both phases a and b to yield an 
identical composition of the gel. In contrast to the gel 
systems shown in previous figures, the boundary of bulk 
instability seems to reach the bottom line of the triangle; 
this implies that there is no critical point in this system. 
Figure 4b shows volume of the gel versus the external 
liquid composition. The curves of K = 0 apparently 
cross each other in the (u1, VIVO) plane. In the miscible 
region, u1 < ua1, there is a discontinuous volume change 
for the gel with f = 2. In the immiscible range of u1, 
the volume of the gel is given by Vo4d43s, whichever 
phase a or b the gel exists in upon the supposition of 
the constant value off. Actually the value off depends 
on the corn position^^^^^ of liquids and polymer, so that 
different swelling volumes may be observed experimen- 
tally in each phase. 

For a measure of selective dissolution of liquid 1 into 
the gel, a selectivity S is defined a d 3  S = (&/&)/(u1/uz). 
In this definition, the gel dissolves liquid 2 selectively 
when 0 S < 1. The selectivity of liquid 1, S, is shown 
in Figure 4c. In the immiscible range of u1, S has an 
alternative value of either 

according to which phase a or b the gel exists in. 
Discontinuity of Gels in an Electrolyte Solution. 

Let us now consider a gel system of solvent/electrolytel 

lo" loo 10' 
VNO 

1 .o 

I 1'1 f=2 1 
0 

t r  
1.0- 
0 5 10 

S 
Figure 4. (a) Composition of the gel, &, in a binary liquid 
mixture. The solution of eqs 7 and 8 (**.) and boundary of 
bulk instability (- - -1 are shown, Vl = 20, Vz = 40, x12 = 1.5, 
x13 = 0, and x ~ . =  1.5. (b) Volume of the gel, VIVO, as a function 
of the composition of the external liquid mixture, u1. The 
boundary of bulk instability (- - -1 is shown. VI = 20, VZ = 40, 
x12 = 1.5, x13 = 0, and x23 = 1.5. (c) Dependence of the 
selectivity 5' on the composition of the external liquid mixture, 
VI. VI = 20, VZ = 40, xlz = 1.5, x13 = 0, and x23 = 1.5. 

polymer network. A polymer network is soaked in a 
solvent in which a strong electrolyte XA is dissolved 
which dissociates completely as XA - X+ + A-. The 
cation X+ is taken to be identical with the one that is 
yielded by dissociation of the p01ymer.~ Let the con- 
centration of the electrolyte in the external solution be 
co in molarity (mole/volume of the solution). The 
electrolyte solution is assumed to be dilute. Moreover, 
as supposed in the case of liquid mixture, we assume 
that the electrolyte concentration of the external solu- 
tion does not change through the swelling process. The 
osmotic equilibrium for the solvent is expressed as 
follows:' 
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where c1 is the molarity of the electrolyte inside the gel. 
In this subsection, we shall denote by 1, 2, and E the 
solvent, polymer, and electrolyte, respectively. The leR- 
hand side of eq 14 is osmotic pressure (divided by RT) 
exerted by the difference in the concentration of the 
electrolyte between the inside and outside of the gel.7 
On the other hand, the thermodynamic distribution of 
electrolyte is expressed by the Donnan equilibrium, 
which equates the product of activities of each mobile 
ion inside the gel to the product of activities outside the 
gel. Neglecting the electrostatic interactions between 
the dilute ions both in the solvent and in the gel, the 
Donnan equation is written as follows: 

[nE/F/7[(vVof + nE)N] = (Co)' (15) 

where n~ is the number of moles of electrolyte inside 
the gel. Note that n f l  is the molarity of the anion A- 
inside the gel, cl, and (vVof + nE)N is that of the cation 
X+, vf(&d&J + cl, where the term vf(q5dq50) arises from 
the counterions dissociated from the polymer. Equa- 
tions 14 and 15 give24,25 the volume of the gel, V, and 
the molarity of the electrolyte inside the gel, cl, as a 
function of co. 

Experimentally, Ricka et al. have found a volume 
transition of a gel by changing the concentration of the 
electrolyte in the surrounding water.26 In order to  
examine such a transition, it is preferable to  give an 
expression for the free energy from which eqs 14 and 
15 are derived. It can be obtained in a manner similar 
to that for eqs 1-5. For this purpose, it is necessary to 
introduce the change in chemical potential of the solvent 
upon mixing, Ap1, and that of the electrolyte, 413, in 
the external solution. Besides, the entropy term of 
mobile ions inside the gel should be considered. Ac- 
cordingly, the free energy change Gel". for the gel system 
of solvent/electrolyte/polymer network can be given by, 

G ~ ~ ~ ~ Y R T  = n, In #1 + 
(vvof+ nE)[ln{(vV$+ nE)VxJV) - 11 + 

nE[ln(nEVA-N) - 11 + Xlzn14z + 
(vVd2)[3a2 - 3 - hl U3] - (nlMl + nE&E)/RT (16) 

where VX+ and VA- are the molar volumes of the cation 
and the anion, respectively. The second and third terms 
on the right-hand side are the contributions of the 
translational entropy of the cation and the anionz7 inside 
the gel, respectively. In the external solution, co moles 
of dilute electrolyte yields 2co moles of mobile ions so 
that the changes in chemical potentials upon mixing are 
expressed as follows27~28 on the basis of a dilute solution 
approximation: 

M1 = -RT(2V1c0) (17) 

ME = RT ln(Vx+co) + RT ln(VA-co) (18) 

From eqs 16-18 and the expression for the gel volume, 
V = Vlnl + Vznz, the derivative of Gelec. with respect to 
nl becomes 

(IIRT) a~~ '~ ' . / an ,  = In 41 + #z + xlz42 - 
Vl[(vVOf + ~ E ) N  + ~ E N J  + ~ ~ v [ ( + z / 4 ~ > ~ ' ~  - 

(1/z)(42/40)1 + 2v,c0 (19) 

Substitution of (vVof + nE)N = vfl&dq50) + c1 and ndV 
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Figure 6. (a) Volume of the gel, VWo, as a function of the 
electrolyte concentration in the external solution, eo. VI = 20 
and ~ 1 2  = 1. (b) Concentration of the electrolyte inside the 
gel, cI, as a function of eo. 

= CI into eq 19 makes it apparent that the condition 
aGelef./anl = 0 is equivalent to eq 14. The other deriva- 
tive becomes 

This equation is equivalent to eq 15. Thus, we can 
calculate the expression of K for this system, if neces- 
sary. 

For comparison of the magnitude of free energy 
change Gelec., values of Vx+ and VA- are not necessary; 
they are introduced solely to  make the arguments of the 
logarithmic functions dimensionless. By use of eqs 14- 
16, equilibrium diagrams are calculated for the gel 
system having parameters VI = 20, XIZ = 1, 40 = 0.1, 
and V1v/qb3 = 10. The volume Vis shown in Figure 5a, 
and the concentration of the electrolyte inside the gel, 
cl, is shown in Figure 5b. It can be concluded that the 
discontinuous increase of the volume is accompanied by 
the discontinuous increase of c'; this means that the 
number of electrolyte molecules inside the gel, n~ = c'V, 
also increases discontinuously at this point. 

4. Consideration 
We have identified discontinuities by evaluating the 

free energy change G expressed in eqs 1-5 in order to  
survey various phase diagrams of gel systems with their 
bulk instability regions and critical points. In this 
section we further consider rigorous conditions for 
transition points. In general, two phases coexist at a 
phase transition point (coexistence point). Particularly 
for gel systems, the skin layer of a new phase is 
generated on the surface of the original phase at a 
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tion G = GN and is accompanied with formation of the 
skin layer of a new phase. This anisotropic skin layer 
shrinks toward the isotropic state C. As for a swelling 
transition, the uniaxial transition curve does not en- 
counter the light dotted curve in its shrinking portion. 
Therefore, the transition is not dominated by the 
coexistence condition G = GN. Instead, the gel passes 
through phase points in the order C - B - A. The point 
B lies at the boundary of bulk instability. 

We can estimate the shapes of equilibrium curves 
with other values off by either direct calculation or by 
analogy with Figure lb .  These estimates lead to 
another feature of interest. An equilibrium curve does 
not encounter the accessible portion of the uniaxial 
transition curve if the value off is not larger than its 
critical value. Thus, for such values of f ,  swelling 
transitions as well as shrinking transitions take place 
at the boundary of bulk instability. Moreover, if the 
value of f exceeds 1.7 so as not to encounter the 
accessible portion of the uniaxial transition curve, no 
shrinking transitions take place, whereas swelling 
transitions can take place when u1 is changed. In this 
case, the gel remains swollen once a swelling transition 
has taken place. 

The shear modulus7 M (M = RTva-l for an isotropic 
polymer network) also affects the transition character- 
istics through the parameter v. As the value of v 
becomes larger toward the case shown in Figure lb, in 
other words, the value of 4 0  increases from 0.05 to 0.1, 
keeping the value of V1~/403 (=lo) constant, the region 
surrounded by the uniaxial transition curve diminishes, 
so that both transitions of shrinking and swelling tend 
to take place at the boundary of bulk instability. 

5. Conclusion 
A modified Flory-Huggins model is applied to the 

swelling of gels in a solution of two components. Nu- 
merical calculations using this model have shown a 
variety of discontinuities caused by changes in the 
composition of the external liquid phase. Discontinui- 
ties in phase diagrams imply the occurrence of phase 
transitions. In every phase diagram, we determine 
transition points in the manner demonstrated in section 
4 using Sekimoto’s formulation. Therefore, we assert 
that a “discontinuity” in a phase diagram is qualitatively 
called a “transition” as long as we have a prescription 
to determine transition points. Discontinuities in phase 
diagrams show four main characteristics of transitions. 
They are (1) composition of the electrolyte solution as 
well as that of the nonelectrolyte liquid mixture inside 
the gel changes discontinuously at a transition point, 
(2) gels can undergo transitions in a mixture of partially 
miscible liquids, (3) in some systems, there is no critical 
point whereas gels undergo transitions, and (4) in some 
systems, if the gel is initially conditioned in an ap- 
propriate shrunken state, the transition to be brought 
about is irreversible when the composition of external 
liquid is changed. Though a more quantitative model 
would include the effect of the gel composition on the 
value off, conclusions obtained in the present paper will 
be of use both for description and for classification of a 
variety of transitions that have been observed for gels 
in a binary liquid mixture. Furthermore, our simple 
model will predict transitions which have not been found 
experimentally. 
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Figure 6. Hysteresis in volume change of the gel (. * a)  shown 
as a function of the composition of the external liquid mixture, 
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where mi is the number of moles of component i (i = 
1-3, m3 = n3) inside the anisotropic gel phase, and the 
condition of azp = 4d7+!~3 holds. The value of p is smaller 
than a in a shrinking transition and larger than a in a 
swelling transition. Equilibrium of the skin layer is 
defined by 

(22) 
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