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It should be noted that the horizontal scale is much more 
compressed than those used in Figures 11 and 12, resulting in 
an enhancement of the waviness of the data. If Figure 13 is 
plotted on the same scale as in Figures 11 and 12, the data fall 

on the straight lines. The criterion for Guinier's law (eq IV-3) 
for a homogeneous sphere was stated as (qR )2 5 l.?? in the 
text. This criterion is fairly strict; within tris criterion the 
error involved by Guinier's approximation should be less than 
4.2% of the rigorous value. If one allows an error of about 15% 
in the intensity data on the logarithmic scale, the critical value 
will be much larger: (qR )2 5 5; viz., R, should be obtained 
from q2  S 0.004. Althougr we do not know the exact criterion 
for the anisotropic system under consideration, we adopted the 
criterion of q2 < 0.004 to determine Rgz. 

(55) Note Added in Proof. In connection with note 49 above, we 
have also found that the deuterated block polymer and the 
protonated block polymer, having different total molecular 
weights but nearly equal molar compositions, can mix molec- 
ularly in a single microdomain morphology. Hasegawa, H.; 
Hashimoto, T. Kobunshi Ronbunshu 1984, 41, 759. 
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ABSTRACT The initial stages of phase separation in low molecular weight mixtures of polystyrene ( M ,  
= 2000) and polybutadiene (M,  = 1000 and 2500) have been examined by using time-resolved small-angle 
X-ray scattering. The high flux from a synchrotron source was utilized due to the rapid kinetics and the weak 
contrast at the early stages of phase separation. Over the scattering vector range studied (from q = 0.07 to 
0.97 nm-') no evidence of a scattering maximum, characteristic of a periodic variation in the concentration, 
was observed. At  the onset of phase separation, the intensity at a constant scattering vector was found to 
depend exponentially on time with an amplification factor R ( q )  that changed from positive values at low q 
to negative values at high q. According to the Cahn-Hilliard theory,'S2 these crossover points were used to 
estimate the spinodal temperatures and Flory-Huggins interaction parameters. Deviations of the scattering 
vector dependence of R ( q )  strongly suggest that thermal density fluctuations not taken into account by the 
Cahn-Hilliard theory contribute significantly to the observed scattering. 

Introduction 
The kinetics of phase separation in polymer mixitures 

is not yet understood quantitatively. In contrast to the 
numerous theoretical and experimental treatments of this 
problem (see, for example: ref 3 and 4) for small molecular 
mixtures, the polymeric analogues have received relatively 
little attention. de Gennes5 and, later, Pincus6 have at- 
tempted to theoretically treat the kinetics of demixing in 
bulk polymer mixtures by modifying the existing Cahn- 
Hilliard theory.',* Experimentally, Bank, Leffingwell, and 
Thies7 first observed the reversible phase separation of 
high molecular weight polymer mixtures in the polystyrene 
(PS)/poly(vinyl methyl ether) (PVME) system using 
differential scanning calorimetry and dielectric relaxation. 
Subsequent to this, Nishi, Wang, and Kwei6 using both 
optical microscopy and NMR5 first examined the kinetics 
of phase separation in this mixture. From their studies, 
they concluded that the phase separation process could 
be adequately described in terms of the Cahn-Hilliard 
model. Gelles and Frank,g utilizing excimer fluorescence 
to probe the changes in local concentration as a function 
of time, confirmed these findings. Recently, Hashimoto 

'Some of the materials incorporated in this work were developed 
at SSRL with the financial support of the National Science Foun- 
dation (Contract DMR77-27489) (in cooperation with the Depart- 
ment of Enerev). * Present axdress: University of Southern California, Marina 
DelRey, CA 90292. 
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and co-workers1° extended studies on this mixture by 
small-angle light scattering (SALS) and quantitatively 
interpreted their results using the de Gennes-Pincus 
modification to the Cahn-Hilliard theory. On this same 
system, Snyder et a1."J2 performed an extensive series of 
measurements using SALS. In contrast with previous 
work, they found that only the very early stages of phase 
separation could be described by the linearized theories. 
Incorporation of nonlinear terms was necessary in order 
to fully describe the process and, it may be argued, that 
the agreement between experiment and linearized theories 
was fortuitous. 

While other polymer mixtures are known to possess 
lower critical solution temperatures (LCST) the LCST of 
PS/PVME conveniently occurs at temperatures well above 
the glass transition temperature and much lower than the 
decomposition temperature of either component. Conse- 
quently, there is little information available on the kinetics 
of phase separation for other high molecular weight 
polymer mixtures. 

Phase separation in lower molecular weight polymer 
mixtures has been studied by Nojima and co-worker~'~-l~ 
using SALS. Mixtures of PS with poly(methylpheny1- 
siloxane) (PMPS) were found to exhibit upper critical 
solution temperature (UCST) behavior. As expected, the 
rates of the phase separation were more rapid than with 
the higher molecular weight mixtures. However, they did 
not find agreement with the Cahn-Hilliard theory and 
required the nonlinear treatments17-19 in order to quan- 
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by an asymmetrically cut silicon crystal to a point several cen- 
timeters before the beamstop. At the detector, the measured 
half-widths of the beam were 0.15 and 0.44 mm in the vertical 
and horizontal directions, respectively. The wavelength of the 
X-ray was determined to be 0.1412 nm with an energy resolution, 
AEIE, of 7 x The total intensity of the focused beam has 
been measured at 2.6 X lo9 cps at the detector with the storage 
ring operating at 85 ma and 3.0 GeV. Due to the gradual reduction 
of current in the storage ring after beam injection, the incident 
intensity was constantly monitored with a detector immediately 
before the specimen. In addition, a monitor positioned directly 
after the specimens provided the attenuation factor of the 
specimen. SAXS profiles from 0.07 to 0.97 nm-' were collected 
with a detector system consisting of a 1024 pixel self-scanning 
photodiode array. The minimum time required to acquire and 
store the data was approximately 0.5 s. The effective dimensions 
of each photodiode were 2.0 and 0.025 mm in the horizontal and 
vertical directions, respectively. All scattering profiles were 
corrected for detector homogeneity, electronic noise, and parasitic 
scattering in the standard fashion. 

Since the detector elements were wider than the beam in the 
horizontal direction, a smearing of the experimentally obtained 
data from the detector resulted. Convolution of the horizontal 
beam profile with the shape function of a detector element yielded 
the slit length weighting function?1 To within experimental errors, 
this could be approximated by a trapezoid. Consequently, a 
modified version of the deamearing routine developed by Strobla 
was used to correct each scattering curve. 

Theoretical Background 

stage of phase separation can be written as 
The free energy, f ,  for an unstable mixture at the initial 

(1) 

where fo  is the free energy density of the homogeneous 
mixture and K(VC)~ is an  additional contribution to the free 
energy density arising from concentration gradients. 
Solving a modified diffusion equation, Cahn' has shown 
that the rate at which the concentration at a position r will 
change from ita initial value, co, is given by 

(2) 

where q is the wave number of the fluctuations in Fourier 
space. A(q,t) is the amplitude of the fluctuation and is 
related to  the initial amplitude at time t = 0 by 

f = SV, + K(VC)~ + ...I du 

c(r,t) - co = (1/2~)~JA(q,t)e'q~ dq 

A(q,t) = A(q,O)eR(q)f (3) 

(4) 
where M is the mobility. R(q)  has a maximum value at 
q = qm where 

where R(q)  is the amplification factor defined by 
R(q)  = -M(a2f/aC2)q2 - 2 M ~ q ~  

qm2 = -(a2f/ac2)pK (5) 
and R ( q )  is zero at q = qc where 

Q: = -(a2f/ac2)pK (6) 
For values of q < qc, i.e., for fluctuation larger than the 
critical value, R ( q )  is positive and the fluctuations grow 
in time, while for q > qc, R(q) < 0 and the fluctuations will 
decay with time. 

Since the electron density is proportional to the con- 
centration, the amplitude of scattering, B(q,t) will be re- 
lated to the Fourier transform of the concentration fluc- 
tuation 

(7) 

I (q , t )  = I(q,O)e*(q)t (8) 

B(q,t) 0: l ( c , ( r , t )  - co)e-iqr dr 

Consequently, the intensity of scattering is given by 

Figure 1. Perspective drawing of the double-furnace sample 
holder (left) with a vertical crow section of fumace shown in detail 
(right). An explanation of the important features is given in the 
text. 

titatively interpret their results. 
Optical techniques have been the dominant means of 

probing the development and growth of periodic concen- 
tration fluctuations in polymer mixtures undergoing phase 
separation. Due to the wavelength of light (>400 nm), 
SALS is restricted to dimensions on the order of microns 
which is many times larger than the individual molecules 
in the mixture. Clearly, substantial changes have occurred 
in the mixture on a size scale where SALS is not sensitive. 
In this paper, the kinetics at the early stages of phase 
separation are investigated by using time-resolved 
small-angle X-ray scattering (SAXS) which probes con- 
centration or electron density correlations up to several 
tens of nanometers. It is the intent of this study to  ex- 
amine the applicability of the linearized theory of spinodal 
phase separation to polymer mixtures on this small size 
scale. This study addresses low molecular weight mixtures, 
which avoids the question of entanglements and enhances 
the possibility at examining the linear approximations over 
a larger time scale. 

Experimental Section 
The desired weight of PS (M, = 2000, M,/M, = 1.3) was added 

directly to a preweighed quantity of PBD (M,  = 1O00, M,/M, 
= 1.2, and M ,  = 2500, M,/M,, = 1.15). Stirring these bulk 
mixtures at 130 "C for 5 min under nitrogen produced a homo- 
geneous fluid that was transferred to the scattering cells with a 
preheated Pasteur pipette. The scattering cells consisted of two 
interconnecting stainless steel rings (1 mm in thickneas with inner 
and outer diameters of 4.7 and 6.4 mm, respectively) with 13-pm 
Kapton windows. A chromen-alumel thermocouple was placed 
directly within the mixtures via 0.025-mm diameter holes in the 
rings. 

The heating chamber used in the SAXS measurements is shown 
in Figure 1. The sample cell, supported in carriage A, was held 
by spring loaded pins within the upper oven. Preheated helium 
passed over both surfaces of the specimen via small conduits 
within the heating block B in order to improve heat transfer to 
the specimen. The sample was quenched by releasing the lower 
pin, allowing it to fall within track D onto a locating pin that 
centered the sample in the window of the lower oven. The lower 
oven was centered about the incident X-ray beam via micrometers 
on a support stage. Thermal equilibration of the specimen was 
attained within 5-10 s. 

During the initial stages of phase separation, the contrast or 
electron density difference is small. Coupling this with the rapid 
rate of phase separation mandated the use of a high-flux source 
and a high-speed detector. Consequently, the SAXS facility on 
BL 1-4 at the Stanford Synchrotron Radiation Laboratory (SSRL) 
was utilized in this study. 

A detailed description of the SAXS facility at SSRL has been 
reported elsewhere.20 Briefly, the beam from the storage ring is 
focused vertically by a 1.25-m float glass mirror and horizontally 
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+PS 

Fisure 2. Cloud point cuN€a for " of PS(M, = zooo) with 
PBD(M, = 2500 (upper) and M, = loo0 (lower)) as determined 
from optical density measurements. 

Using a modiied Flory-Huggins free energy of m i x i i ,  
de Gennesl determined the free energy of a polymeric 
mixture undergoing spinodal phase separation to  be 

where +A is the volume fraction of component A with 
degree of polymerization NA, x is the Flory-Huggins in- 
teraction parameter and a is the Kuhn segment length 
assumed to be same for both components. Using the 
continuity equation and relating the local current of one 
component to the chemical potential, via the Onsager 
coefficient, A(q), the amplification factor was shown to be 
given by 

where NA = Ns = N. Subsequently, Pineuse evaluated 
A(q) for high molecular weight polymer mixtures by using 
reptation arguments and found that A(q) - q2. However, 
due to the molecular weights used in this study, reptation 
should not be applicable and A(q)  should be a constant 
independent of q as in small molecule systems. 

Results and Discussion 
The cloud point curven (CPC) for the PS/PBD "a 

determined from o p t i d  density measurements at several 
heating and cooling rates and extrapolated to an infinitely 
slow rate of temperature change are shown in Figure 2. Aa 
expected, the CPC d at higher temperatures as the 
molecular weight was increased. The CPC's represent the 
binodal line for the mixtures where, at  equilibrium, phase 
separation would occur. Since the location of the spmodal 
line was unknown, the timeresolved SAXS was examined 
at several different temperatures at each concentration 
studied. Prior to each measurements, the mixtures were 
homogenized by heating to at least 25 "C above the bi- 
nodal. 

Two different examples of timeresolved SAXS profiies 
obtained every 1.25 s are shown in Figure 3a for a 60% 
PS(2K)/40% PBD(1K) mixture quenched to 42 'C and 
Figure 3b for an 80% PS(2K)/20% PBD(2.5K) mixture 
quenched to 105 OC. The first profile in each series cor- 

9 (nm.'l 

Figure 3. (a) Time-resolved SAXS far a 60% PS(2K) with 40% 
PBD(1K) quenched to 42 "C at 1.25-s time intervals. (h) 
Time-resolved SAXS for an 80% PS(2K) with 20% PBD(2.5K) 
quenched to 105 O C  at 1.25-s time intervals. 

Figure 4. Small-angle light scattering pattern far a 50% PS- 
(2K)/50% PBD(2.5K) quenched to room temperature far several 
minutes. The maximum corresponds to ca. 1.5 wm. 

responds to  the time when thermal equilibrium was ob- 
tained. This required discarding the first 5-8 profiles 
recorded during the quench. A time o f t  = 0 was set when 
the mixtures had attained thermal equilibrium. Absolute 
determination o f t  = 0 was not necessary for the analysis. 

A dramatic increase in the SAXS at low q was observed 
during the first minute of phase separation. In addition, 
from q = 0.07 to 0.97 nm-', no evidence of a scattering 
maximum was found. This was found to be the case for 
all the mixtures investigated regardless of the quench 
depth. It is apparent that, if the mixtures are undergoing 
spinodal phase separation, the characteristic wavelength 
describing a periodic concentration modulation is much 
larger than 80 nm. This result contrasts the typical results 
found by SALS where a scattering maximum is clearly 
evident. An example of such a pattern is shown in Figure 
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Figure 5. Ln (4 vs. t for a 60% PS(2K)/40% PBD(1K) quenched 
to 42 OC. The values of q shown are samples from the q range 
studied. 

q (nm-') 

Figure 6. Amplification factor, R(q),  as a function of q for a 50% 
PS(2K)/40% PBD(1K) quenched to 42 OC. The errors of each 
R(q)  are well within the size of points. 

4 which clearly shows a maximum occurring at  a Bragg 
spacing corresponding to 1.5 pm. The diffuse appearance 
of the pattern is due to the sample thickness and the late 
stages, i.e., long time (ca. 3 min), a t  which the photograph 
was taken. In comparison to the radii of gyration of the 
individual components (ca. 3 nm) it is clear that the 
morphological changes occur on a size scale many times 
the molecular dimensions. Consequently, the formation 
of a periodic concentration fluctuation involves a long 
range cooperativity of the individual molecules. 

In order to define the phase separation in terms of a 
nucleation and growth or a spinodal mechanism, the rate 
of change for the intensity a t  individual values of q was 
examined. The log of the intensity as a function of time 
is shown in Figure 5 for a 60% PS(2K)/40% PBD(1K) 
mixture. Approximate linear behavior was found at  early 
times. This is consistent with the predictions of the 
Cahn-Hilliard theory where the intensity is predicted to 
change exponentially with time. The slopes of the lines 
in Figure 5 yield the amplification factors, R(q) ,  defined 
in eq 4 and 8. A systematic change in the sign and mag- 
nitude of R(q)  are evident. Plotting R(q)  as a function of 
q in Figure 6 show a distinct crossover point, qc, where R(q)  
= 0. Values of qc determined for the various mixtures 
investigated are given in Table I along with the corre- 
sponding quench temperature. In addition to qc, a min- 

Table I 
Results for PBD Mixtures with PS(2K) 

MJPBD) @pS T: O C  qe, nm-' x T,, OC 
1000 0.4 35 0.210 0.110 

0.4 40 0.169 0.111 
0.4 42 0.153 0.111 
0.4 45 0.145 0.110 
0.6 40 0.180 0.110 

2500 0.2 82 0.334 0.073 
0.2 a4 0.295 0.073 
0.2 85 0.294 0.073 
0.2 85 0.251 0.073 
0.4 110 0.163 0.059 
0.6 112 0.195 0.069 
0.8 104 0.316 0.126 
0.8 105 0.288 0.127 
0.8 105 0.283 0.127 
0.8 105 0.279 0.128 

a Quench temperature. 
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Figure 7. R ( q ) / q 2  vs. q2 for an 80% PS(2K)/20% PBD(2.5K) 
quenched to 104 "C (0) and 105 O C  (0). 

imum in R(q)  was observed. 
From eq 5 and 6, qc is related to the qm, the value of q 

where R(q)  is a maximum, by a factor of 2.1/2 Calculated 
values of qm are all greater than 0.115 nm-'. Therefore, 
according to eq 8, a maximum in the scattering profiles 
should be observed a t  Bragg spacings less than 63 nm 
which was well within the resolution of the instrument. As 
mentioned previously, this was not observed and demon- 
strates an inadequacy of eq 4. I t  should be noted that 
qm2/q,2 in higher molecular weight mixtures,23 as well as 
in metallic a l l o y ~ ~ ~ ! ~ ~  has been found to be significantly 
smaller than the predicted 1 /2  which is consistent with 
the results obtained in this study. 

The discrepancy between qc and qm is most likely due 
to shortcomings in the classical definition of R(q) .  This 
is magnified when the q dependence of R(q)  is examined. 
R(q) /q2  according to eq 4 should depend linearly upon q2. 
As shown in Figure 7 ,  for two different quenches of an 80% 
PS(2K)/20% PBD(2.5K) mixture, significant curvature 
was found. Determination of an apparent diffusion 
coefficient, D, p, from R(q)/q21q=o was ambiguous. When 

increased 
with lower quenching temperatures, as would Le expected; 
only the low q 5 part of Figure 7 was used, D, 
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vs. t should not be linear but exhibit curvature. This is 
evident in Figure 5 as well as in other published data.l0J2 
Second, values of qc are identical in both theories since this 
is independent of the manner in which R ( q )  was deter- 
mined. Third, the minimum in R(q)  observed at  high 
values of q would be attributable to the contributions to 
I ( q , t )  from L(q) .  Since L(q)  is independent of time, it 
would tend to reduce variations in the observed intensity 
in a region where the scattering is inherently weak. In 
addition, the ratio of (q,/qc)z is not predicted to be 'Iz but 
is given by30 

Figure 8. R ( q )  vs. q2 for an 80% PS(2K)/20% PBD(2.5K) 
quenched to 105 OC. 

however, unrealistically low values were found. 
One possible origin for the disagreement between the 

experiments and the classical linearized theories is the 
neglect of higher order terms in the Taylor expansion of 
the concentration gradient. In a mean field pair interaction 
analysis, Uhlmann and Hopperz6 circumvented this prob- 
lem by using a Fourier expansion to describe the concen- 
tration gradient, thereby, including all higher order terms. 
Equation 4, according to their analysis, becomes 

(11) 

The dependence of K(q) on q,  as discussed by these authors, 
depends strongly upon the intermolecular potentials used. 
In the limit of small q, K(q)q2 approaches ~ q ~ ,  the classical 
result. At  large, q, K ( q )  was independent of q, suggesting 
that R(q)  should depend upon q2. While the curvature 
exhibited in Figure 8 is less marked than that in Figure 
7 deviations from linearity are clearly evident at  higher 
9. 

The failure of the Cahn-Hilliard theory to accurately 
predict the q dependence of R(q)  has also been observed 
in metallic  alloy^.^-^ Cookm and others3I have argued that 
the major inadequacy of the Cahn-Hilliard theory is not 
associated with the linear approximations but rather with 
the omission of a term due to fluctuation scattering of a 
stable solution. According to eq 8 at t = a, the scattered 
intensity would vanish. In order to circumvent this, Cook 
introduced a term, L(q,m) into eq 8 due to the scattering 
arising from pair correlations present in the mixture a t  
equilibrium. At  low q, L ( q , m )  is identical with the Or- 
stein-Zernicke function and is given by 

(12) 

where R is the volume per monomer unit. Incorporation 
of this into the Cahn-Hilliard theory yields a scattered 
intensity that is given by 

R ( q )  = -M(d2f/dC2)qz - Mq2K(q) 

kT 
L(q,m) = 

$ ( I  - $ ) ~ ( ( ~ 2 f / ~ c 2 )  + 2 K q 2 )  

h t )  = (I(q,O) - L(q,m))ezR(q)t  + L(q,m) (13) 
Quantitative use of eq 13 is difficult since L ( q , m )  must be 
approximated from the experimental data. However, there 
are several important ramifications that arise from Cook's 
modification. First, the value of R(q) determined according 
to eq 8 would not be correct. From eq 13 plots of In (I(q,t))  

where T,  and T, are the spinodal and quench tempera- 
tures, respectively. Only when T, = 0 K would a value of 
'Iz be expected. Under normal experimental conditions, 
the ratio would be less than 'I2, which would account for 
the absence of a scattering maximum in this study. Fi- 
nally, quenching to below the spinodal temperature is not 
necessary to observe a crossover point. In fact, quenching 
a homogeneous mixture from one temperature to another 
but remaining in the single phase, miscible region would 
produce a crossover point. This crossover point, not 
predicted by Cahn-Hilliard theory, arises from the in- 
tersection of two different Ornstein-Zernicke functions. 

Since qe is not affected by the manner in which R(q) was 
determined and is only a function of the thermodynamics 
of the phase separating mixture, eq 10 was used to evaluate 
the Flory-Huggins interaction parameter, x. R:, the mean 
square end-to-end distance, is given by Nu2 and X, = 1/ 
(2N$*&J; then a t  q = qc from eq 10 we get 

x = x , ( l  + q;R:/36) (15) 

Values of x calculated from eq 15 using an average value 
of Ro for the two components are given in Table I. x was 
found to be positive in all cases which is reasonable for a 
polymer mixture undergoing phase separation. In all cases, 
however, x was dominated by xe since qc2RO2/36 << 1. 

Equation 10 can also be solved for qc, yielding 

which near the spinodal temperature can be rewritten as 

The temperature dependence of q; is shown in Figure 9. 
The intercept of qc = 0 yielded the spinodal temperature. 
T, for several mixtures is shown in Table I. Unfortunately, 
the precision to which T, could be determined was low due 
to the limited range of quench temperatures near T,. 
According to eq 15, qc should also depend upon N-I. 
However, from the data in Table I and from the results 
of Snyder and Meakin,31 qc is found to increase with in- 
creasing N .  

Recently, Ronca and RusselP2 reexamined the thermo- 
dynamics of phase separating polymer mixtures. Using 
a beadlspring model for a polymer chain within a con- 
centration gradient that is much larger than the size of the 
individual molecules and assuming a temperature de- 
pendent x, they found that the critical fluctuation wave- 
number or crossover point, qc, depended upon x and N .  
This dramatically differs from the previous predictions but 
is consistent with this work and that of Snyder and 
Meakin.31 
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Figure 9. Square of the crossover point, q:, as a function of 
temperature for an 80% and 20% mixture of PS(2K) with 
PBD(2.5K). 

Conclusion 
The initial stages of phase separation in low molecular 

weight mixtures of polystyrene with polybutadienes have 
been investigated by means of time-resolved small-angle 
X-ray scattering. The results presented only qualitatively 
agree with the classical theory of spinodal phase separation 
developed by Cahn and Hilliard. The data indicated that 
an additional contribution to the scattering equivalent to 
the Ornstein-Zernicke scat ter ing from a homogeneous 
mixture at equilibrium was necessary in order to fully 
describe the scattering. A critical wavelength, qc, was 
observed where the rate of intensity change was zero. This 
was used to evaluate the Flory-Huggins interaction pa- 
rameter for the different mixtures. q: was found to vary 
linearly with the temperature and permitted the evaluation 
of the spinodal temperature. In addition, qc was found to 
increase with an increase in the molecular weight of one 
of the components. 
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ABSTRACT: Acrylic acid-acrylamide copolymer gels immersed in water solutions of Cu(I1) salts exhibit 
a discontinuous volume collapse upon continuous increase of Cu(I1) concentration. The phenomenon, which 
occurs when the acrylic acid content of the gel exceeds a certain critical value, is attributed to  formation of 
Cu(I1) complexes with ligands attached to the network. A qualitative description of the phenomenon, based 
on an analogy between the formation of complexes in a copper salt solution and the formation of energetically 
favorable contacts between polymer segments in a poor solvent, is presented. 

Introduction 
In a previous study’ we investigated the swelling of 

acrylic acid-acrylamide copolymer gels in water solutions 
of several s imple electrolytes, focusing our attention on 

0024-9297/85/2218-0083$01.50/0 

salts of alkali metals and alkaline-earth metals. When only 
monovalent ions are involved, the observed swelling is i n  
good quant i ta t ive agreement  with the predictions of the 
simple Donnan equilibrium theory. In the presence of 
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