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CONCENTRATION-DEPENDENT MIGRATION IN GEL CHROMATOGRAPHY OF 
REVERSIBLY POLYMERIZING SOLUTES: THE OSMOTIC BEHAVIOR OF 
POLYACRYLAMICE GELS 

Rccckcd 1 April 1980 

The osmotic bchaxior ofgcls dcrivcd tiom polyacrylamidc has been mcnsurcd in ordsr to cstnblish the validity of nssum- 
in; linc;n conccntr3tion dcpcndcncc of bead shrinkye upon osmotic prcssurc in quantilxtivc studies of reversibly associat- 
ing sohctce by gel chronxltoprnphy on BioCci. The concentration dcpendcncc of clution volume predicted with due rtliow- 
3ncc for this osmotic shrinkage yields theoretical curves that provide food descriptions of cxpcrimcntal results obtained in 
chrontatogaphy of a-chytnotrypsin on Bio-Ccl P-30 cquilibrarcd with xcrate-chloride buffer, pH 3.86, I 0.10; and also 
of bxterbl a-;lmylasc on Bio-tic1 P-150 equilibrated with 0.10 hi &Cl-0.015 31 calcium acctarc-0.010 11 EDTX. pH 7.0. 
1%~ the former syswm the osmotic effect has ncglipiblc conscqucnccs on the quontitativc intcrprctation of the rcsuhs. With 
the aatnylrw systcnt. howcvcr, consideration of the osmotic cffcct is ncccssary to obtain cvcn n qu31itativc indication of 
the cxisrcncz of rhc monomer-dimcr equilibrium 

1. lnrroductiou 

In quantitative st udics of a reversibly polymerizing 
solute (IIA e C) by frontal cbromatogapby [l] 
the elution volumes of the individual species. l’,, and 
IiC. must be assigned values before the measured 
wtigbt-average elution volume. F,,,. can be interpreted 
in terms of the relevant association equilibrium con- 
stant. Xtereafter. tbc method is readily applied to 
solutes such as hemoglobin I?]_ aryl sulfatase [3]_ pig 
liver carboxylesterase [4] _ and a-chymotrypsin at 
pH 4 [5X>]. for which the major changes in the dcgrcc 
of association occur in the concentration range 0-l g/ 
liter. and for which the variation of iy,,. with T_ the 
total solute concentration, may thus he considered to 
reflect solely the effect of the chemical equilibrium. 
However, osmotic shrinkage of the gel beads [7,8] intro- 
duces slight concentration dependence of elution 
volume for non-interacting solutes [ 1.9,10], and hence 

rigorous quantitative interpretation of (jT,,._ C.) data 
also requires specification of the dependcnces of V, 
and VC upon C. 

The first procedures devised to allow for this now 

chemical dependence of elution volume upon concen- 
tration [ 11.11] were based on an empirical assump- 
tion that ik and IT,- were linear functions of T. A 

subsequent, more rizorous approach 1131 entailed 
the use of a theoretical expression for the concentra- 
tion dependence of elution vohnne that results from 
osmotic shrinkage of the gel p!iase. Its application to 
results obtained with wchymotrypsin [6] and a-amyl- 
ase on Bio-Gel is the aim of the present investigation; 
but first it has been necessary to establish the extent 
of osmotic shrinkage that occurs in gels derived from 
polyacrylamide, since previous quantitative studies 
of osmotic effects [7,14] have been confined to 
dextran (Sepbadex) gels. Part of the present investiga- 
tion has appeared in thesis form [ 15]_ 
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2. Experimental 

_sephndes G-50 {batches IGG7.4861_ 504 1 and 
f3701) was obtained from Pharmacia. Uppsafa, Sweden, 
and No-Gel P-30 (batch 135772) and P-l SO (batch 
135 1 12) from Bio-Rad tiboratories, Richmond, Cali- 
fornia. U.S.A. Prior to use the gels were washed 
copiously with distilled water to remove any water- 
sohrhle impurities. and then washed with ethanol- 
Finally they were dried in air at 50°C {7)_ 

Blue ciextran and destran 2000 (batch GO38) were 
also obtained from Pharmacia. These materials were 
dissolved directly in 0.2 1 phosphate buffer (0.05 M 
XaH2P04 -0.05 M NalHP04), pH 6-S. and the solu- 
tions dialysed cshaustivcly against more of the same 
buffer. 

Bactcrinl u-amylase (type IIA, four times crystallized 
and freeze-dried) was obtained from Sigma Chemical 
Co.. St. Louis, MO.. and used without further purifica- 
tion. The enzyme was dissolved directly in 0.10 M 
NaCI--0.015 M calcium acetate-O.010 M EDTA, pH 
7.0. and dialysed against more of the same mediuni- 

Concentrations of destran solutions were Jetermin- 
ed refractometrically at S-&6 nm on the basis of a 
specific refractive increment of 0.151 ml/g [7_16---181. 
Blue destran was also estimated spectropltotometrical- 
ly at 625 mu_ Concentrations of a-amylase were based 
on absorbance measurements at 280 nm and an extinc- 
tion coefficient (A i’li,,) of 22. 3 [19]. 

The partial specific volumes (U,) of Sephadex and 
Bio-Gel were measured by tbe standard pycnometric 
procedure in a SO-ml S.G. bottle with reagent grade 
ethanol as the liquid phase. The value of 0.61 + O-01 
ml/g for Sephadex G-SO compares favorably with that 
of 0.611 ml/g for the parent dextran 12Oj _ From mea- 
surements with Bio-Gal P-l 50 and P-30, a value of 
0.72 -t 0.01 ml/g was obtained for iFs of the ccoss- 
linked polyacrylamide gels: a value of 0.7 ml/8 was 
used by Ogston and coworkers [21]. 

Dilution experiments of similar design to those 
described by Qgston and Sifpananta [22] Were per- 
formed at 20°C in test tubes fitted with Quickfit 
stoppers_ To each tube containing a known weight ~$7, 
(-100~-800 mg) of Sephadex G-50 or the relevant 
grade of Bio-Gel were added weighed amounts of 0.2 I 
phosphate buffer, pH 6.8, and the same buffer con- 
taining dextran 2000 (70 g/liter), the total volume of 
the liquid added being approximately 9 ml. After ad- 
dition of approximately 3 ml (V,) of the phosphate 
buffer containing blue dextran (0.5 g/liter) the tubes 
were reweighed to give a more precise estimate of V, 
and then left to equilibrate for 20 11. A sample of the 
mobile phase (supernatant) from each tube was then 
obtained by filtration and its absorbance at 62.5 nm 
(A,) measured. Conversion to volumes, of the weights 
of sohttions added, was effected by means of the ex- 
pression p = pb + (1 -- Ept,)c where pt, denotes the 
density of the phosphate buffer (1.008, g/ml), c the 
concentration (g/ml) of dextran (dextran 2000 plus 
blue dextran) and tithe partial specific volume of the 
destran. which was taken as 0.611 ml/g f?Of - The 
total volume of the slurry (Pt) was then obtained by 
adding a term (i.?~tv,) for the volume of the gel matrix. 
Inner volumes (Vi), expressed on a-unit weight basis, 
were obtained from the expression r’i = [ Vt -- (k’aA,/ 

Am 11 /rv,- where A, denotes the absorbance at 625 nm 
of the blue dextran solution added to the gel system- 

A Wescan CSMI recording membrane osmometer 
was used to measure the osmotic pressures of solu- 
tions of dextran 2000 (O-60 g/liter) in 0.3 1 phosphate 
buffer, pH 6_8. The aim of these experiments, conduct- 
ed at 2S°C, was to provide a direct experimental 
estimate of the osmotic pressures pertinent to the 
measured inner volumes. 

Osmotic pressures appropriate to the inner volume 
measurements were obtained by substituting the rele- 
vant dextran concentration c (g/ml) into the expres- 
sion (ff/RT) = (c/Mn) + A 2cz, where n denotes the 
osmotic pressure at temperature T, i&f, the number- 
average molecular weight, and A z the conventional 
osmotic second virial coefficient. The experimental 
plot for evaluating the last two parameters is shown in 
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Fig_ 1. Dcpcndcncc of the osmotic pressure of dcstrnn 2000 
solutions upon solute concentration. Osmotic pressures of 
solutions of devtran 1000 dialvscd cshaustively ag:dnst 0.2 1 
phosphate buffer. pH 6.8, WXL measured at 25°C. 

fig. I. the linearity of which justifies the neglect of 

Itigher terms in the expression for (II/RT) over the 

concentration r3nge of this experiment. The straight 

line is the theoretical relationship for a system with 

M, = 1.2 X IO6 and A7 = 4.2 X 10e4 mol - cm3 - g-‘. 
Because of the uncert&ties inherent in osmotic pres- 
sure measurements on such large molecules, this rela- 
tionship does not necessarily provide an accurate 
characterization of the dextran sample in terms of its 
molecular weight and virial coefficient; but it clues 
provide a reasonable, though possibly only empirical, 
description of the experimental results, and hence a 
means of evaluating the osmotic pressure, II, pertinent 
to any given value of dextran concentration, c, in the 
concentration range examined_ 

2.6. Gel chromatography of a-anzyiase on Bio-Gel 
P-150 

Solutions of bacterial cu-amylase (O-2 g/liter) in 
0.10 M NaCl-0.015 M calcium acetate-O.010 M 
EDTA, pH 7.0, were subjected to frontal gel chroma- 
tography [I] on a column (2.3 X 25 cm) of &o-Gel 

106 (ll/RT), (mol/ml) 

P-I 50 equilibrated with the same medium. The column 
effluent. maintained at a flow-rate of 15 ml/h, was 

collected in I-ml fractions. the volumes of which were 

determined by weight, and analysed spcctrophoto- 
metrically at 250 nm. The wei$t-average elution 
volume. V ,,,. was obtained from the centroid 1231 of 
the advancing elution profile. 

3. Results and discussion 

Results of experiments on the swelling of Bio-Gel 
P-30 and P-l 50 are presented in fig. 2. where the inner 
volume, Vi, has been expressed relative to its value. 
V+- 1 b 1 , m t le a sence of any external osmotic pressure: 
imler volumes (@) of 7.3 ml/g and 10.2 ml/g were 
obtained for Bio-Gel P-30 and P-I 50 respectively. 
Several points should be noted in connection with 
these results. (i) Dkxtran 2000 has been used as the 
source of external osmotic pressure in preference to 
dextran 500, since Ogston and coworkers [7,14] have 
commented upon problems resulting from partial 
penetration of Sephadex and Bio-Gel by dextran mole- 
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frtfcs comprising the low end of the chain length 
distribution present in dcstran 500. (ii) The present 
results provide 3 direct mc3surc of any changes in 
illneT Yotlmlc Yi_ 24lereas measurements of changes in 

bead diameter f7,14] reffect chanSes in V;“. However, 
the consequently greater sensitivity of the present type 
of measurements is offset by their greater inherent 
imprecision. The scatter of results is thus IarSer than 
in corresponding piots based on diameter measurements 
031 individual gel beads f’7]. (iii) In conformity with the 
results obtained for Sephadex [7], the extent of Se1 
shrinkage is smaller for the more highly crosslinked 
polyacrylamide sample (P-30) studied. 

The estents of shrinkage observed for these two 
grades of Bio-Gel are 3m1ch greater than those reported 
[7] for comparable grades of Sephades. However, ai- 
thou& this observation seemingiy implies that poly- 
acrylamide gels are more susceptible to osmotic 
shrinkage t!ran their dextran counterparts, a paraIleI 
study of Sephadex G-50 yieIded results that differed 
markedly from those reported previously 171. The mag- 

nitude of the discrepancy is emphasized in fig. 3, 
which compares the present results fttr G-50 (e) with 
data (o) contained in fig. 3 of ref. 173; a sir&e observa- 
tion (lb) by Ogston and Wells [ 14) is also included_ 
This difference between results seems too Iarge to 
reflect only the experimental inaccuracy inherent in 

the present method of study. Accordingly it must be 
attributed to non-identity of the osmotic characteris- 
tics of the Sephadex G-50 samples studied. In this 
connection it is noted that the present batch of Sepha- 
dex G-50 (batch 5041) is characterized by an inner 
volume (q) that is 50% larger than that of the sample 
used in the earlier studies [7,14]. The greater suscepti- 
bility of the present batch of Sephadex G-50 to 
osmotic shrinkage is thus consistent with it forming a 
more distended gel_ 

Measurements of re for four batches of Sephadex 
G-30 yielded values of 7.4 ml/g batch (486 1). 7.5 ml/g 
(batch 6701), 7.8 ml/S (batch 5041), and 8.4 ml/g 
(batch 1662) which emphasizes the extent of varia- 
tion that exists between the swelling properties of 
different preparations of the same grade of Sephadex. 
Such differences are not confined to G-50, a factor 
evident from the reports of 13-l ml/g 171 and 1 1 .I ml/ 
g f24] for the inner volume of Sephadex G-l 00. Quan- 
titntive measurements of the osmotic properties of 
gels should thus be regarded as characteristics of 
particular batches rather than of particular grades of 
Sephadex or Bio-Gel. 

As mentioned in the Introduction, the aim of this 
study is tv obtain a quantitative theoretical descrip- 
tion of the concentration-dependence of elution volume 
in chromatography of two reversibly dimerizing solutes, 
a-chymotrypsin and cr-amyfase, on Bio-Gel. To this 
end expressions have been derived [ 133 for predicting 
effects of concentration-dependent migration in gei 
chromatography of a solute undergoing reversible 
polymerization (IZA =+ C): tfley permit the calculation 
of values of the species elution voIumes, VA and 
VC, corresponding to the total solute concentrations 
2;, whereupon the weight-average elurion volume F\,, 
may be determined. The JdeVant equations are, 

I’;\ = fp,(l “.&(E)). ye = @(I ‘_&cl% (la) 

x {?ZC*(l - K, - AIM&&?? 



+ cc( 1 -- Kc - nA;M,K,c;) 

+ u, [4iz(l - k-i)& + 4( 1 -- I&c; 

+ (I + tPp(1 -. K,K,)c,q.] ‘1. (lb) 

f~(z)=f+)l+(I - h-A)/l/g(I -K,). (lcj 

In these expressions Vz and Vg denote the tlutinn 
volumes of monomer and polymer, respectively, in 
the absence of any external osmotic pressure. K,% and 
A’, are the partition coefficients [25] corresponding 
to elution volumes Vz and Vz from a column with 
stationary phase volume I I.$, its volume under condi- 
tions (zero osmotic pressure) where the internal gel 
concentration is cp. M,, denotes the molecular weight 
of monomer, and cA, cc the concentrations (g/ml) of 
monomer and polymer, respectively, which are govern- 
ed by an association equilibrium constant X’ 
(liter”- ’ -g 
and A;, 

‘-“)_ Four parameters. namely D. uc, LIZ_ 
remain to be defined and considered. 

Inherent in eq. (1 b) is the assumption that the de- 
pendence of c,“/cs (or r/‘i/r’i”) upon external osmotic 
pressure can be expressed by a linear relationship of 
the form. 

(cZ/c,,= I - D(lI/RT),. (2) 

Reference to fig. 2 shows that there is indeed a range 
+f (II/RT), over which the observed osmotic shrinkage 
of each of the polyacrylamide gels can be described in 
tilese terms. There is thus no great difficulty entailed 
in evaluating D as the slope of the limiting tangent 
(as ll/RT+ 0) to t; E appropriate plot in fig. 2. Fur- 
thermore, the range of (lI/RT)e for which ey. (2) 
describes the shrinkage is such that this assumption 
is likely to be a reasonable approximation for many 
experimental systems. 

The next parameter to be considered is ue, the effec- 
tive specific volume (ml/g) of the hydrated solute 
[I 3] _ In the following applications of the theory to 
gel chromatography of a-chymotrypsin and a-amylase 
it is assumed that a reliable estimate of uc may be ob- 
tained from the Stokes radius rx of either monomer 
or polymer and the relationship. 

u, = 47rlvr; /3Mx ) (3) 

in which N is Avogadro’s number and M, the molec- 
ular weight of the appropriate species. 

The quantities A: and AC are gel interaction coci- 
ficients [22] for A and C, respectively. and rcquirc 
evaluation from the expressions. 

-4: = [(I-, +~-,,j/~sl ‘Wfif,~. 

“; = ICrs + r(-)kJ %,/U/ll,\ ), (4) 

Us is the partial specific volume of the gel matrix 
(0.72 ml/g for Bio-Gel), and rA, I-~ dcnotc the effcc- 
tive radii (again assumed to bc the Stokes radii) 01. 
monomer and polynicr. respectively. The relationship 
“(- = ,I 3Dr ,\ has been considered to provide a sutficicnt- 
ly precise estimate of the srcond Stokes radius. ,-s. the 
radius of a matris tlbcr. 11x been taken as 0.6 11111 12 1. 
261. 

In 3 recent study of a-chymotrypsin 161 the dcpcn- 
dcncc of IT,\, up011 C observed in gl cl~ron~ato~ral~hy 
on Bio-Gel P-30 was prescntcd as confirmatory cvi- 

dcncc of a value of 3.5 liter/g for the dimerization 
constant X’ of the enzyme in 0.2 1 acctatc-chloride 
buffer, 1~11 j-86. Certainly. the agrccmcnt between 
experimental points and the predicted concentration- 
dcpcndence of clution volume was very good in the 
low CIlZymc concentration range. as is evi:icnt from 
fig. 3. which re-presents the results and the thcvreti- 
cal description ( - -- ) reported in fig. 3 of ref. 16]_ 
Furthermore, the comment was made that the dispari- 
ty between cspcrimcnt and theory at the hi_rhcst en- 
zyme concentration rcflcctcd the failure of the thro- 
retical plot Lo take into account the effect of csmoric 

shrinkage of the gel phase. This assertion can now be 
substantiated_ 

Combination of the reported values of 16.3 III: and 
13.0 ml for Vz and I$, respectively, with the approp- 

riatc stationary phase volu~~~c Vg of 36.5 1111 yields 
partition coefficients [25] of 0.1 1 for I\‘, and zero for 
KC_ The Stokes radius of monomer, I-_~, is calculated 
to be 1.4 nm from the molecular weight of 95.000 and 
a sedimentation cocfficicnt (szo ,” j of 2.4 S 127) _ 
Substitution of this radius into &I. (3) and (4) yields 
ue = 1.4 ml/g and A; = 72 X 10e4, the magnitude of 
A$ being irrelevant since all terms containing this 
parameter disappear because A’, = 0. The solid line in 
fig. 4 presents the theoretical concentration dependence 
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Fig. 4. ilffccr of osmoric shrinlta~e on the quantirarivc prcdic- 
tion of rhe ~cl chronlarofmphic behavior of a-ch~motr~Psin 
cx Bio-Gel P-30. The ehpcrirnentltl points. trtkcn from fiz. 3 
of ref. 161. rcfcr to :cl chromatography of a-chynotrypsin 
on n column (0.9 X 51 cm: of I3ioGel P-30 cquili~rctted xvith 
0.2 I acotntc-chloride buffer. pH 3.86. The soIid line is the 
thcorctical description of the concenrration dcpcndcncc of 
clution volume with accoun1 taken of osmotic shrinkyc of 
the ~cl fcq. (I)). \\hcreas the broken line is the dcpendcncc 
predicted [ 61 by nc$ectinp this phenomenon. 

of F,,. predicted on the basis of eq. (1) with rhe 
above parameters and values of O-72 ml/g for Us2 
0.137 g/ml for cz (= 1 /I/F), and 2.7 X 10’ for D (fig,. 

2). The extent of agreement between theory and es- 
periment is certainly improved by considering the os- 
motic effect; indeed, the agreement should be regarded 
as escellen t. 

The preceding section on cY-chymotrypsin has 
served to illustrate that osmotic shrinkage does affect 
the dependence of weight-average eiution volume upon 
concentration for a reversibly polymerizing solute. 
For that particular system failure to consider the effect 
did not affect unduly the conclusion drawn from the 
study, because sufficient results were obtained in a 
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I-if. 5. Quantitative prediction of the _rcl chromato_rraphic be- 
houior of a-amylasc on Bio-Gel P-150. Espcrimental points 
denote wci_rht-average clution volumes obtained in frontal :cl 
chromatofraphg of zinc-free o-amylase on a column (2.3 x 
26 cm) of Bio-Gel P-150 equilibrated with 0.10 hl NaCI- 
0.015 hl calcium acctatc--0.010 31 EDTA. pH 7.0, and the 
three curves represent attempts to provide a theoretical dc- 
scription of the results. - - -_ a monomer-dirncr system with 
“A and VC independent of concentration C: -. 1 monomer 
-dimcr system wiiith account taken (cq. (I)) of osmoIic effects: 
. . . . . . a non-associating monomeric species with accom~t 
tnkcn of osmotic effects. 

concentration range where osmotic shrinkage could 
justifiably be neglected. Attention is now turned to 
a gel chromatographic study of zinc-free bacterial (Y- 
amylase on Bio-Gel P-l 50, which faiis to detect concen- 
tration-dependence of yx, despite the fact that the en- 
zyme is known to be a monomer-dimer system with 
X’ = 0.1 liter/g [ 191 under the conditions used. 

The results obtained in gel chromatography of Q- 
amylase on a column of Bio-Gel P-150 equlibrated 
with 0.10 M NaCl-0.015 M calcium acetate-O.010 M 
EDTA, pH 7.0, are presented in fig. 5. For this colmnn 
Vo = 82 ml, Jfi = 40.3 ml (fig. 5). and Vg = 33.5 ml, S 

a value obtained by chromatography of the enzyme 
(0.1 g/liter) on the same column in the presence of 
zinc ion_ Values of 0.17 and 0.09 are thus calculated 
for A’, and A’,, respectively, the void volume of the 
column having been determined as 26.2 ml. Combina- 
tion of a sedimentation coefficient (sZO+.) of 6.7 S 
[19] with the dimeric molecular weight of 96 000 
yields rc = 3.5 nm, whereupon rA = 2.8 nm, U, = 1 _I 
ml/g (eq. (3)), AZ = 4.7 X 10e4 and AE = 3.5 X 10F4 
(eq. (4))_ The remaining parameters required for appli- 



cation of eq. (I. ) are es ’ = 0.098 g/ml and L) = I .2 X IO6 
(fig. 2). 

The concentration dependence of Fxv predicted on 
the basis of eq, (I ) is shown as the solid line in fig. 5, 
wbicb also shows the curve predicted without consi- 
deration of the osmotic effect f- - -)_ With this sys- 
tem the difference between the two theoretica plots 
may also be regarded as slight; but this slight difference 
can obviously have a pronounced influence upon the 
interpretation that is placed on tile experimental find- 
ings. For example, it could be argued on the basis of 
the less rigorous theoretical curve (- - -) that the 
experimental results refute the existence of the mono- 
mer-dimer equilibrium, since the discrepancy between 
theory and experiment exceeds that attributable to 
esperimenta1 error. For the theoretical curve that 
takes due account of osmotic shrinkage the maximum 
variation in Q, is only 0.4 ml (cf I.3 nil), 3 change 
that can obviously be masked by an experimental 
error of 0.2 ml in the estimates of ??,,._ Furthermore, 
the experimental results are described better by this 
theoretical plot than that predicted (eq. (1)) for a 
non-associating monomer f_ _ _ -)_ In tliis case, tbere- 
fore. consideration of the osmotic phenomenon has 
been required to obtain even a qualitative indication 
of the existence of the monomer-dimer equilibrium_ 

4. Conciuding remarks 

The present investigation of the osmotic behavior 
of crossfinked pofyacrylamide g,els has demonstrated 
tbat gel cbromatograpbic results obtained with Bio- 
Gel for reversibly associating solutes are also amenable 
to quantitative interpretation by the Bagburst et al. 
[ l3] procedure inasmuch as the assumed linear depen- 
dence of gel shrinkage upon osmotic pressure (eq. 
(2)) is likely to be a valid approximation for this gel 
medium. The study also serves to emp!rasize the pos- 
sible existence of pronounced variation in the osmotic 
characteristics of different batches of the same grade 
of Sephadex or Bio-Gel. This variability has been 
detected specifically in Sephadex, but there is no 
cause to consider that it is confined to dextran gels. 
Indeed, Bathe 1281 has commented on differences 
between the bed volumes of $oIumns prepared from 
the same weights of different batches of the same 
grade of Bio-Gel. In applications of the Baghurst et al. 

1131 analysis to gel cbromatograpl~ic data on associat- 
ing solutes it is thus important to obtain the osmotic 
characteristics of the appropriate batch of the cbrom- 
atograpbic medium. 

Altbougb it is superior to tire previous approaches 
[ 1 1,131 to the probfem of alforvin~ for non-chemical 
dependence of elution vobmtc upon concentration of 
a reversibly associating solute. the present proccdurc 
[13J is certainly not devoid of criticism. In particular, 
no account is taken of possible variation in the parti- 
tion coefficients R, and KC governing the distribution 
of solute between the mobile and stationary phases. 
whereas some variation is to be expected on the basis 
of (i) changes in porosity due to changes in the volume 
of the gel phase, and (ii) considera,ions of thermo- 
dynamic non-ideaiity [391. AIthough it is possible to 
incorporate the efect of thermodynamic non-idealit? 
[39f into the theoretical treatment [13]_ the prcdic- 
tion of effects arising from changes in ge1 porosit) 
poses a more difficult problem unless the extent of 
gel shrinkage is sufficiently small to warrant their 
neglect. Such a situation should pertain to the two 
systems considered above. since the effective osmotic 
pressure would have led to a maximum cbangc of 2% 
in cs (or rTi)_ For studies of concentrated solutions. 
where pronounced osmotic shrinkage of any gel 
phase is likely to occur. a cban~e of cf~romatofrapliic 
medium to porous glass beads [29_30] is retommend- 
cd so that complications arising from cbangcs in tlte 
void and stationary phase volumes may be avoided. 

We wish to thank Professor A.G. Opton for helpful 
discussions of the relative merits and inaccuracies of 
methods for measuring inner volumes of gel beads: 
and Dr. B-N_ Preston for placing the Wescan osmometcr 
at our disposal. This investigation was financed in part 
by the Australian Research Grants Committee_ to 
whom we also espress our gratitude. 
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