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Dependences of the elution volume, Ve, on the concentration of the injected polystyrene (PS), c, in gel 
chromatography with inorganic carriers were studied in various single and binary eluents. It was found 
that the dependence of V e on c is approximately linear in the region of low concentrations and its 
slope depends on the thermodynamic quality of the eluent. This relationship is more pronounced for 
higher molecular weights. Correlation for the slope k with the limiting viscosity numbers [rl] proposed 
earlier in the literature is not valid for thermodynamically poor eluents; however, a correlation was 
found for all the eluents employed between k and the product A2M, where A 2 is the second virial co- 
efficient of polymer in solution. This supports the interpretation of the concentration effect in gel 
chromatography of polymers as a consequence of the decreasing effective hydrodynamic volume of 
coils with increasing concentration. The link between the empirically found correlation of k with 
A 2 M and the existing theory of the concentration effect in g.p.c, was examined. Comparison of the 
virial coefficients determined from the slope k for PS in various eluents with the literature data showed 
that gel chromatography could yield a rapid estimate of the value A 2. As has been shown by an analy- 
sis of the concentration effect on the distribution coefficient K the concentration effect leads to the 
formation of a non-linear isotherm and to the asymmetrical peak shapes. In the range of very low 
concentrations, deviations from the linear dependence of V e on c can be expected as a result of both 
the sorption effect and the thermodynamic partition of the solute. 

INTRODUCTION So far the concentration effect has been observed for 
many synthetic polymers especially if thermodynamically 

The effect of the concentration of the injected polymer, c good solvents were used. In previous papers 4'1°-t2 it has 
on the shift of peak elution volume, Ve, in g,p.c, designated been shown that as the thermodynamic quality of eluent 
as concentration effect is one of several operational variables deteriorates, the concentration effect decreases. For eluents 
affecting Ve of the solute. In its consequences, the concen- representing 0-solvents for the given polymers, the concen- 
tration effect complicates the determination of polymer tration effect practically disappears; therefore the use of 
molecular weight and its distribution function by g.p.c. It is 0-eluents is advantageous from this viewpoint. The systema- 
therefore recommended to work at the lowest concentra- tic study of the concentration effect and its dependences on 
tions of the injected polymer or to extrapolate the results to the quality of eluent is made possible by working with binary 
zero concentration 1-4. The concentration effect does not eluents of the type solvent-precipitant. Such binary eluents 
depend on the type of gel used and is more marked for poly- with variable content of a precipitant have already been em- 
mers with narrow distribution curve compared to polydis- ployed in the study of adsorption and partition effects in 
perse samples. Originally the reason for the concentration g.p.c, l°'la. 
phenomenon in g.p.c, of synthetic polymers was looked for In the present paper we concentrate on the more quanti- 
in viscosity effects in the system. A correlation was found tative treatment of the link between the slope k of the con- 
between the logarithm of the slope k of the linear depen- centration dependence and the quality of the eluent. It will 
dence of Ve on c and the logarithm of limiting viscosity be shown that the concentration dependence in gel chroma- 
numbers [rl] s, but also directly between k and [rl] 6. It was tography could be used for estimating A2, the second virial 
only later that the concentration effect of polymers in g.p.c, coefficient of the system injected polymer-eluent. 
was explained as a consequence of the reduction of the ef- 
fective hydrodynamic volume of the flexible polymer coils 
with an increase of their concentration in solution 7-9. With EXPERIMENTAL 
regard to the primary mechanism of the g.p.c, separation 
(steric exclusion) the decrease of effective hydrodynamic G.p.c. apparatus and the compounds used have been des- 
volume will manifest itself by an increase of Ve. cribed in more detail 1°'13. A two column system was packed 
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Their course shows that similarly as for the majority of the 
cases studied earlier, in the low concentration region of the 
injected polymer Ve (c) = Ve(O) + kc holds and a linear ex- 

70 ~ ~z~ -o- A trapolation of Ve to the infinitely diluted solution can be 
used. When comparing the slopes of concentration depen- 
dences k in Figures 1-3  with the k values measured pre- 

--,-3------- B viously x°, it is seen that the former lie between the values for 
....o------ C single and 0-solvents as expected. Thereby they increase 

with molecular weight and reach the maximum approxi- 
mately for a sample 6.7 x 105 analogously as observed in 

60 single eluents. A decrease in the slopes after the maximum 
D might be attributed to less effective separation of polymer 

-- in the high molecular region. The proper choice of distri- 
E butions of pores (gel type) should shift the maximum of 
"~' slopes to high molecular range or, the maximum need not 

E exist. For macromolecules excluded from gel pores, the slope 
50 approaches zero. 

The thermodynamic quality of eluents can be changed 
G not only by adding precipitant to single eluent but also by 

temperature variation. Therefore concentration dependences 
of PS were examined in benzene and in a benzene-methanol 
(77.8:22.2) mixture at elevated temperature by heating the 

40 columns to 60°C. Results for three molecular weights are 
given in Figure 4. For simplicity, a straight line was plotted 
through experimental points obtained for PS in benzene at 
25°C, though the plots Fe-C in Figure 1 in our previous 

O 6 12 paper 1° seemed to be slightly curved. Comparison of the 
c (rag/m I) concentration dependences at both temperatures shows that 

the thermodynamic quality of benzene for PS becomes worse 
Figure I Concentration dependences of elution volume for PS in with rise of temperature, since the slopes k decrease. It is 
benzene--methanol mixture (90:10) My: A, 51 000; B, 97 200; 
C, 160 000; D, 320 000; E, 498 000; F, 670 000; G, 1.2 X 106 reversed w i th  e luen t  m i x t u r e ;  the  m i x t u r e  represents 0-solvent 

at 25°C (Ve is practically independent of c), but at 60°C the 
concentration dependences become relatively distinct, i.e. 

with Porasil D and Porasil E separated approximately within the thermodynamic quality of mixed eluent will improve 
the molecular weight region 5 x 104 and 5 × 106. A differen- substantially. These results can be compared with the A 2 
tial refractometer Knauer, Model 2025 (Knauer, West Berlin) 
was used as detector and the elution behaviour of PS stan- 70 
dards (Pressure Co., Pittsburgh, USA) was studied in the 
molecular weight range 5.1 x 104 and 1.8 × 106. In addition 
to eluents employed earlier 1°, i.e. benzene, chloroform, tetra- ~ o o o A 
hydrofuran, butanone-2, mixtures (v/v) of benzene-methanol 
(77.8: 22.2), chloroform-methanol (74.7:25.3) and -.-o o n B 
butanone-2/n-heptane (50:50), concentration dependences 
of Ve were studied for PS in mixtures of benzene-methanol _.c,..--.-- C 
and methanol-chloroform (90:10) and in a mixture of 60 - - o - - - - - - - - - -  
butanone and n-heptane (68.4:31.6). The thermodynamic 
quality of these mixtures for PS is between that of good 
single eluents and 0-eluents. The experiment was performed 
either at the ambient temperature or at a temperature of 
25 ° + 0.2°C. Thermodynamic parameters for all the eluents ~ D 

used are summarized in ref 13. Apart from this, elution "~ 50 E 
volumes of PS were examined in benzene and in benzene- 
methanol mixtures (77.8:22.2 vol % 0-mixture at 25°C) in 
such a way that the columns were thermostatted at 60°C, 
while the siphon system recording the volume of the eluate ~ F 
was at ambient temperature. By comparing these results 
with the data obtained previously for the ambient tempera- 40  
ture 1° the influence of temperature on the concentration 
effect can be evaluated. 

RESULTS AND DISCUSSION 6 12 
c (mg/ml) 

Estimation of  the virial coefficient A2 from the slope k Figure 2 Concentration dependences of elution volume for PS 
Figures 1-3  present the concentration dependences of in chloroform--methanol mixture (90:10) Mv: A, 51 000; 

Fe for PS in three thermodynamically intermediate solvents. B, 97 000; C, 160 000; D, 498 000; E, 670 000; F, 1.2 X 106 
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changes from 1.75 at 25°C to 1.55 cm3mol/g 2 x l0 - 4  at 
o o o A 60°C). On the other hand, the benzene-e thano l  mixture 

70 containing 30% of  ethanol (0-mixture for PS at 25°C) show- 
ed an increase of  A2 from 0 to 1.1 cm 3 mol/g 2 x 10 - 4  when 

o 
n g the temperature was raised from 25 ° to 60 C. 

According to previous proposals 6'7 we tried to correlate 
the values of the slopes of concentration dependences k 

o ~ ~" C (within the range of effective separation, i.e. to M about 6.7 
60  x 105) with the limiting viscosity numbers [r/] of the inject- 

ed polymer in given eluents studied so far in our laboratory ~° 
Figure 5 shows the dependences obtained,  whereby the 
linear or logarithmic plots of both  quantities were chosen. 

E The [7] values were either found experimentally la or cal- 
- -  culated from the relation [7?] = KM a. Constants a and K x*' 

50 ~ 13 were taken from the literature and are listed in ref 13. From 

- - o - - - - - -  E 
- 2.O 

O 

~..-------- F 

40  • 
1 

O 
k5 n 

I • • I 

i 

I 
c(mg/ml) 

Figure 3 Concentration dependences of elution volume for PS in o 
butanone-2-n-heptane (68.4:31.6) My: A, 51 000; B, 97 000; 
C, 160000; D, 498000; E, 670000; F, 1.2 X 10 ° IO  

V A 

o l 
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Figure 4 Concentration dependences of elution volume for PS in ~ =  
benzene ( ) and benzene--methanol ( . . . .  ) mixture (77.8: 
22.2) at 25 ° (O) and 60°C (e): (a) 51 000; (b) 160000; (c) 498000 

b i i i i i , L i l  t t h , , , i l l  

values obtained from the light scattering measurements for IO IO 2 IO a 
PS with M = 1.75 x 106 in benzene and its mixtures with k 
ethanol at 25 ° and 60°C 14 I t  was found that dA2/dT < Figure 5 (a)Plot of the slope k against limiting viscosity number 

• [ r / ] .  ( b )  P l o t  o f  l o g  k a g a i n s t  l o g  [ r t ] .  © ,  B ;  0 ,  T H F ;  [3, C H ;  = ,  M E K ,  
0 for pure benzene and similarly the mixture containing 20% zx, B-M; k, CH--M; O, MEK--H;V, B--M (theta); V, CH--M (theta); 
ethanol becomes thermodynamical ly poorer for PS (A 2 I), MEK-H (1:1). 
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o the measurements of concentration dependences in g.p.c. A 
2 0 0  n A more suitable parameter for quantitative description of these 

interactions appears to be the second virial coefficient A2. 
We did not find sufficient literature data of A2 values for PS 
in the solvents used in the present work. Therefore we de- 
termined the product A2M from [7/], employing correlation 
between A2M/[r~] and a 2 -  1 found for PS as well as other 

150 polymers in solvents of various quality TM. The expansion 
factor of the radius of gyration is connected to the viscosity 

e expansion factor a n = ([~1]/[T/] O) 1/3 (where [r~]o is the limi- 
o • o ting viscosity number in 0-solvent) by the relation a 3 = 

ot2.43 15. For good solvents, the ratio A2M[~7 ] is almost con- 
stant and close to 100, while it decreases as the quality of 

IOO • solvent becomes worse so as A2 approaches zero ls'16. By 
using this correlation we plotted A2 M against k (Figure 6a). 
The points lie approximately on straight lines passing through 
the origin, the scatter of points being relatively large mainly 

/ ~ o e O  in the range of high values of A2 M. Similarly, in Figure 6b 
50 log A2M is plotted against log k, the dependence being almost 

linear as well. 
a a / ' e  It follows from Figures 6a and 6b that the slope of con- 

.¢  centration dependence of PS in g.p.c, on inorganic carriers 
• of the Porasil type within the range of 1 order of magnitude 

a of molecular weights between 5 x 104 and about 6 x 105 is 
0 ! ~ v 2C)0 4(30 6(30 a function of the quality of the solvent expressed by virial 

coefficient A2. To solve the problem whether this correla- 
IO3 tion is indeed linear as illustrated in Figure 6a and whether 

it is better to be expressed by log k and log A2M as shown in 
Figure 6b, more exact experiments are needed. 

One can assume that similar variation of A2M with k 
should be valid also for other polymers as well as various 

o ~ inorganic or organic gels in the domain of an effective sepa- 
l6 ration. This would enable the estimation from the known 

, 'Co value of A2, the magnitude of the concentration effect or to 
IO 2 ~ A  make corresponding corrections of g.p.c, results. 

A much more interesting phenomenon is the reverse pro- 
cedure of determining the virial coefficient for the injected 
polymer in eluent from the slope k. In studying this proce- 

• dure the following preliminary results were obtained for PS 
in toluene. For molecular weights of PS 160 000 and 498 000 
A2M were read from linear dependence in Figure 6a for 

b measured k values and thus the values 4.25 and 2.3 cm 3 
I , , i , , , L t  i I , , i , l i J  

IO iO 2 iO 3 mol/g 2 x 10 -4  were obtained. For comparison by inter- 
x- polation of the dependence of A2 on M for system PS-  

Figure 6 (a) Plot of A2 M against k. (b) Plot of log A2M against toluene plotted from values obtained by light scattering 17 
log k. Th~ points are denoted as in Figure 5. for the two mentioned molecular weights, A2 = 4.5 x 

10 -4 cm 3 mol/g 2 and A2 = 3.4 x 10 -4 cm 3 mol/g 2 which is 
in good agreement with our data obtained by means of g.p.c. 

F~ure 5a it follows that for good and intermediately good It appears that the hydrodynamic effects on the concentra- 
solvents it is possible to consider the slope k as being approxi- tion dependence of elution volume do not play a significant 
mately directly proportional to [rt], whereby the depen- role in g.p.c.; the system is in quasi-thermodynamic equili- 
dence k -  [r/] does not pass through the origin. A marked brium which makes possible the determination of thermo- 
deviation from linear dependence is manifested in Figure 5a dynamic quantities for diluted solution of the injected polymer 
in two regions. In the first region, for good solvents (es- Linear correlation between A2M and k can be justified to 
pecially CHC13) the slope seems to be increasing slower than some extent also on the basis of the following considerations. 
the corresponding value [7] which is probably connected For good solvents coefficient A2 is proportional to molecular 
with the mentioned decrease of the slopes at higher mole- weight according to the relation A2 -~ M -°, where o equals 
cular weights due to gel properties. In the second region, at approximately the difference 1 - a, a being the exponent of 
low k values where all the used 0-mixtures are situated - relation [r/] = KM a. Then also A2M ~ M a is confirmed by 
there is no correlation between k and [~/]. Similarly the the constant value of ratio A2M/[77] close to 100 for good 
correlation between the logarithms k and [77] in Figure 5b solvents ~s. As the A2 coefficient decreases with molecular 
is not linear in the good solvents studied, weight, A2 M increases with increasing k. In other words, 

Although the limiting viscosity number [77] is not the both parameters A2 M and k have the same molecular weight 
most proper measure of the thermodynamic quality of eluent, dependence. The scatter of points in Figure 6 shows that 
correlation in Figure 5 points out that the extent of inter- this dependence is not elaborated quantitatively though 
action between polymer and eluent can be estimated from qualitative features of correlation between A2M and k are 
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a the model in a proper way and thus the theory provides 
'- ' , , .  correct predictions of the concentration effect only for 

" . ,  good solvents. It is well illustrated in Figure 7 showing the 
"- dependences of  log Vh on the concentration of the injected 

tOO -'"- ... " ~  . . .  polymer, c, for benzene and 0-mixture of benzene and 
" "  ~... methanol at 25°C calculated according to equation (1). In 

~ ~ ~ ~ ~ ~ accord with the Rudin model 8'9 it was assumed that the 
~ - - ~ .  ~ - ~  polymer concentration in a column is equal to the injected 

~ - ~  concentration c. Despite the fact that for 0-mixture the 
effective hydrodynamic volume of solvated coil in the un- 
perturbed state should be independent of c, calculation 

a-" "--... b afforded the dependence of log g h o n  c also in this case. If 
E u ~ ~ ~ we further assume that in the middle region of universal 

"" calibration an equation: 

:~ IC ~ -  ~ _ ~ _ ~  log V h = (a - b)Ve (2) 

is valid, then the linear increase of  Ve with e observed ex- 
perimentally should be manifested as a linear decrease of 

C log 1~ with e. But it is evident from Figure 7 that the curves 
- ~  ~ already deviate from linearity at not too high concentrations 

. . . . .  used in g.p.c, even at lower molecular weights° 
. . . . . . . . . . . . .  Rudin and Wagner ~9 have very recently presented a modi- 

- - "--- fled model of  the concentration effect to remove its deficien- 
cies. According to this more rigorous model V h is given by: 

0 5 6 4 ,2 [~ ]M 
c (mg/ml) V h = (3) 

Figure 7 Variation of the logarithm of the hydrodynamic volume (9.3/4n)  X 1024 + N O x c( [ r / ]  - [I"/] 0)  
with c of injected PS for benzene and 0-mixture benzene--methanol 
(77.8:22.2) calculated according to equation (1) ( . . . .  ), ( . . . .  ) w i th  c in g/cm 3 and [r/] in cm3/g, N O being Avogadro's 
and equation (3) ( ). (a) 1.2 X 106; (b) 320 000; (c) 97 100 constant. Comparison with the experimental data from the 

l i terature has shown that  the points obta ined at various con- 
centrat ions in a good and in a theta solvent lie on a common 
curve of log Vh against Ve. possible. Similarly as in the measurement of  light scat- 

The new model of the effect of concentration has removed 
tering or osmotic pressure of solution, the estimate of  a deficiency of  the previous theory: as it is obvious from equa- 
virial coefficient from g.p.c, concentration effect is based on tion (3) at first sight, in the 0-mixtures V h is independent of 
extrapolation of the experimental points to an infinitely concentration. This is illustrated in Figure 7 for PS in 0- 
diluted solution. The method is fast and the sample con- mixtures of  benzene and methanol at 25°C as a full une. 
sumption is small. The main advantage consists, however, 
in the possibility of  determining the thermodynamic para- It should be mentioned, however, that the hydrodynamic 
meter A 2 of polymer within routine analytical chromato- volume at infinite dilution calculated according to equation 
graphic procedure. (3) is for all cases equal approximately to double the values 

calculated by the original model (equation (1)). From the 

Connection of  correlation between A2M and k with the expression of V h according to equation (3) it readily follows 
that also mutual connection exists between calibration of log theory o f  concentration effect in g.p.c. 

The empirically found correlation between A 2 M and k ~ against Ve 9 and universal calibration of log [r/]M vs. Ve ~°. 
Both procedures are equivalent for an infinitely diluted solu- 

can be accounted for by the theory of the concentration tion of the injected polymer or for an eluent representing 0- 
effect in g.p.c. A semiempirical model depicting quantita- mixture for the injected polymer.  In other cases the plot of 
tively the concentration effect in g.p.c, was proposed by log Vh against Ve compared with the calibration of log [r/] 
Rudin 8. His model stemmed from the idea that in the low 

M vs. Ve is always shifted to lower Ve. 
concentration region the effective hydrodynamic volume of  Assuming for simplification the validity of  equation (2) 
a polymer coil Ve decreases with increasing concentration of and substituting into equation (3), the slope of concentation 
polymer in solution. The dependence of Vh on e as proposed dependence can be expressed as: 
by Rudin can be expressed after modification as: 

1 [7?] [r/] 0 
V h =M/(a 1 +a2e  ) (1) k -  x (4) 

2.303b (9.3/4nN0)x 1024 + c([t?] - [r~] 0) 
where a l  and a 2 can be expressed by parameters available, 
a priori for both polymer and eluent. Rudin used success- As seen from equation (4), the revised theoretical model 
fully the model for explaining the concentration dependences of the concentration effect t9 predicts the concentration de- 
for various polymer solvent systems 8 as well as for deter- pendent slope k, the value of which decreases with 
mining universal calibration log Vh - Ve provided the hydro- increasing c. 
dynamic volume of solvated macromolecules V h was deter- Relation (4) explains why the correlation of the slopes k 
mined at finite concentrations 9. As has already been indicat- with the limiting viscosity number [~] (Figure 5a) deviates 
ed 4'~8, the effect of  the quality of  eluent is not included in from the straight line in the range of low k values and why it 
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a Effect  o f  concentration on distribution coefficient K 
Theoretical views on a decrease of the effective hydro- 

dynamic volume of polymer coils with increasing concentra- 
tion, which is the reason for the concentration effect in g.p.c. 
would be justified if the incompressible inorganic gels are 
used. The same concentration effect as e.g. in Figures 1 -3 ,  
viz. an increase in the elution volume with concentration was 

t observed also for soft organic gels of the Sephadex type 2s-2~. 
The origin of the concentration effect is, however, in this 
case slightly different. Both types of gel can be compared 
by examining the concentration effect on the distribution 
coefficient K. The distribution coefficient is determined as 
a ratio of concentrations in the stationary and mobile phase 
K = Cs/C and is connected with the elution volume by: 

Kd _ _ _ r e  - 110 or Kay - _ _ r e  - II0  (6) 
1I,. vs 

c---- b 
where V 0 is the excluded volume (the volume of solvent 
between gel particles), ~ is the inner volume of gel pores, 
and V s is the total volume of the stationary phase given as a 
sum of I~ and the volume of gel matrix: Vm. The concentra- 
tion in the mobile phase is identical with the concentration 

• f - . ~  of the injected polymer only at the top of the column. As- 
~ ~ suming a linear increase of Ve with c for the distribution co- 

efficient at finite concentration Kd(c): in the case of inorga- 
nic carriers we obtain from equation (6): 

Ve(0)(1 + k 'c)  - V0 _ Kd(0 )O + 8c) (7) 
Kd(c) = Kd(O) Ve(O) _ VO 

where 8 = Ve(O)k'/(Ve(O) - VO) is expressed by elution 
v¢ ----- volume extrapolated to zero concentrations. 

Figure 8 Schematic representation of the non-linear isotherm as a Since at f'mite concentrations all parameters on the right 
result of a decrease in the effective hydrodynamic volume of coils hand side o f  this equation are positive, the ratio Kcl(C)/Kd(O ) 
with concentration (a) and the corresponding shape of chromato- 
graphic peak (b) is always greater than 1. This means that as c increases, the 

linear isotherm (relation between the concentration in the 
mobile and stationary phase) is deformed and the stationary 
phase is relatively enriched because the concentration in the 

does not pass through the origin. It also indicates that it stationary phase, c s, can be expressed from equation (7) by 
would be more suitable to plot k against the difference [r/] - virial expansion: 
[,7] 0. This type of correlation is implicitly included in the 
plot of k vs A2M (Figure 6a) as documented by a semi- Cs = Kd(O) x c + Kd(0)Sc 2 (8) 
empirical equation for calculating A2 proposed by 
Krigbaum2~: The resulting concave isotherm is illustrated schematically 

in Figure 8a together with a corresponding typically deform- 
[r/] - [r/] 0 = 5.0 x 10-3A2 M (5) ed chromatographic peak (Figure 8b). 

It follows from equations (7) and (8) that whenever k' :# 0, 
Discussion about the theory of the concentration effect i.e. if the effective hydrodynamic volume of coils changes 

can be concluded by the statement that the modified theore- and the concentration dependence of Ve is observed, the 
tical model of Rudin and Wagner ~9 supports the possibility of separation process is controlled by a non-linear isotherm. 
employing the slope k for estimation of the thermodynamic This complicates the interpretation of the g.p.c, chromato- 
interaction parameters for the polymer-eluent system, grams and necessitates the correction of the molecular weight 

The exact description of the concentration effect in g.p.c, distribution obtained by g.p.c. Usually, the necessary correc- 
should be, however, based on the rigorous theoretical model, tions for concentration effects are evaluated separately but 
Several relations expressing dependence of the expansion co- there has already been proposed a method for the simulta- 
efficient 0/15'22'23 or the hydrodynamic volume V h 24 on the neous evaluation of corrections for concentration effects and 
polymer concentration in solution were derived for diluted instrumental spreading in g.p.c. 2s. 
solutions. In all approaches, the compression of a polymer In the case of compressible organic gels, osmotic shrinkage 
coil with increasing c is proportional to the product A2 M. (deswelling) of gel particles occurs as the concentration of 
Application of these expressions to the analysis of the effect solute increases, leading to a change of the inner volume 1,~ 
of concentration in g.p.c, just investigated in our laboratory as well as V s. Consequently this effect leads to an increase of 
should provide reliable theoretical justification for an empi- Ve with increasing concentation of the injected polymer 
rically found method of estimating the second virial co- which complicates the study of associations in biologically 
efficients from g.p.c, measurements, interesting systems 2s-27. Baghurst etal.27evaiuated the 
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~ / a tration dependence of V eis in this case determined by a sum 
of both contributions: by a change of the inner volume of / the gel and by the dependence of K on the concentration of 
injected solute. 

The mechanism of g.p.c, separation determining the co- 
l efficients K d or Kavhas not been discussed in this paper. In 

general the steric exclusion is assumed to be a most impor- 
tant mechanism of the separation. It was shown earlier 1°'13 
that by using mixed eluents a contribution of sorption and 

1 partitioning of solute to the separation mechanism in g.p.c. 
~' must not be neglected. Now we shall try to show in greater 

detail the influence of these contributions to the concentra- 
/ /  tion dependence of Ve, which has been regarded as linear 

/ over the low concentration region. We assume that V e can 
/ /  be expressed as a sum in the form13: 

J 
/ g Ve = VO + KdSEV SE + Ko P V f  + Ko S Vi S (9) 

¢ ~ ~ / / /  where P and S the contributions of steric SE, are respectively 
exclusion, thermodynamic partition and sorption of solute 
on the gel. A decrease in the effective hydrodynamic volume 

b of coils considered in this paper accounts for the changes of 
the coefficient K SE with the concentration and leads to the 

/ linear dependence of Ve on c. Generally also the coefficients 
/ ~ ,  gd P and Kd S are not constant and are concentration depen- 

dent and the adsorption and partition isotherms are not 
/ linear. For adsorption of polymers on a carrier the isotherms J ~ 

/ ' J  show such a course that the stationary phase is saturated at 
/ / ~  increasing concentration c in the mobile phase (Langmuir 

l isotherm-mirror image of the isotherm in Figure 8a). For 
/ this type of isotherm, KdS(c)/KdS(O) ( 1 and the relative 

"~' / J  contribution to the elution volume caused by adsorption of . y  solute on a carrier decreases with increasing concentration. 
/ Similar behaviour can be expected also for the contribution 

to Ve caused by thermodynamic partition of solute between 
binary eluent in the stationary and mobile phase which can 
differ in their composition 13. However, if the adsorption or 
partition isotherm has an anti-Langmuir form (as seen in 

k Figure 8a), their contribution to the total Ve increases with c. 
In general, when employing binary eluents and non- 

B' compressible gels, the finite concentration effect is given by 
e ---- a sum of all three concentration dependent distribution co- 

efficients from equation (9). The resulting isotherm deter- 
Figure 9 (a) Schematic representation of sorption isotherm (S), mining the separation process is given by superposition of all 
par t i t ion isotherm (P) (in Langmuir shape form) ,  isotherm of  steric 
exclusion (SE -- curve f rom Figure 8a and resulting isotherm (-- - - ) three isotherms; its shape is determined mainly by a contri- 
of  the separation process in binary eluents: A, SE," B, S,P. (b) Super- bution from steric exclusion excepting the region of very low 
posi t ion o f  the individual cont r ibu t ions to  the result ing concentrat ion concentrations (Figure 9a). The concentration dependence 
effect in binary eluents ( . . . .  ): A, A ' ,S E ;  B, B',~d,P fo r  t h e  resulting isotherm as wel l  as for its individual c o n t r i -  

b u t i o n s  are schematically shown in Figure 9b. It is seen that 
by using binary eluents, sorption and partition may cause 

effect of deswelling quantitatively for gels of the Sephadex deviations from the linear dependence of Ve on c in the very 
type in aqueous solution. These authors expressed the slope low concentration region upwards or downwards in the case 
k by using the virial coefficients for the pairs solute-eluent of Langmuir or anti-Langmuir isotherm respectively. Experi- 
and gel-eluent. They assumed that neither V 0 nor Kay mental examination of the shape of Ve vs. c in a very low 
changed with c. The distribution coefficient, Kay can indeed concentration region is relatively difficult in the usual g.p.c. 
be considered as constant for globular macromolecules since experiment. In any case, however, the assumed deviation 
it is assumed that their size does not change with increasing from the linearity of the concentration effect in the range 
concentration in dilute solutions. However, in the case of of low concentrations can be neglected for correlation of the 
flexible polymer coils the reduction of their effective hydro- slopes of concentration dependences with the thermodyna- 
dynamic volume will necessarily be manifested in the depen- mic quality of eluent as seen from the course of concentra- 
dence of Kay or K d on c even in the case of organic gels. But tion dependences in Figures 1-4. 
this relation will differ from equation (7), where we assumed 
constant inner volume Vi. Theoretical evaluation of the con- REFERENCES 
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