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In paper chromatography difkrences in the relative ‘migration rates (RF) of the 
components of a mixture have fundamental significance for the efficiency of separation. 
In general, best resolution is obtained when the components-which are frequently 
closely related compounds-possess internicdiate J?p values; on the other hand, when 
they remain near the starting line or migrate close to the front of the developer; the 
resolution .is usirally poor, . : 

The RF value of a substance in a given partition system is given by the formula: 

(1) 

where I< = partition ratio of substance = ratio of overall concentrations of substance 
in non-polar and pplar phase respectively, at equilibrium; Y, = ratio of cross-sectional 
areas of non-polar and polar phases, or ratio of volumes of the two phases in a suf- 
ficiently narrow section of the system. 

‘Thus, the rates of migration in paper partion chromatography can be controlled 
mainly by varying the partition ratios of the substances to be separated (the volume 
coefficient r may be varied only over a,fairly narrow range). Two methods hav,e been 
extensiyely used: 

(I) In the case of weak electrolytes good results may often be obtained by using 
the buffered paper met,hodle? to control the rate of migration. 

(2) The most common technique is the use of mixed solvents of asuitable optimum 
composition. 

Although the, latter technique has been ‘used from the very beginning of paper 
chromatography, little attempt has been’made to derive quantitativerelationships in .’ 
this fielcl; the phenomena involved, are usually of a, _complex nature and result from 
superimposition of several effects. However, a number of qualitativerelations has been 
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found; the most general may be formulated as follows: the 23~ of a solute increases 
with its solubility in the mobile phase. There are many examples to illustrate this rule, 
for instance, increase of water content in the organic solvent entails increase of RF 
values of such hydrophilic substances as amino acids?,4 or sugarss. Increased water 
content may also be brought about indirectly, e.g. by a change of temperature380 or by 
the addition of a third component, which increases the mutual solubility of water and 
organic solvent’. For sugars the water content is of such importance that the nature of 
the organic component plays only a minor, part, as exemplified by the linear rela- 
tionship between RM and. solubility ,of water in different organic solvents (strictly 
speaking, the logarithm of the molar fraction of water in the organic solvent saturated 
with water), found empirically by ISHERWOOD AND JERMYN* and confirmed by ALCOCK 
AND CANNELLO. On the other hand, in reversed phase chromatography of higher fatty 
acids (paper impregnated with liquid hydrocarbons and developed with water-alcohol 
or water-acetic acid mixtures), the water decreases their solubility in the mobile phase 
and then the Rp values decrease with increasing water contentlO*ll. 

In paper chromatography of ,organic electrolytes the addition of acids and. bases 
(e.g. acetic acid, ammonia) has a particularly marked effect upon the RF values. These 
effects ,havc been investigated in paper chromatography of amino acids (e.g.3~l~~13), 
alkaloids (e.g.14@), nucleic acid@ etc. 

The influence of solvent composition has been extensively studied in inorganic 
paper chromatography. The presence of complexing agents is of primary importance 
here, such as hydrochloric, hydrobromic and nitric acid, or chelating agentsl’. Numer- 
ous examples are to be found in monographs on chromatography (e.g.l”), only a few 
references will be mentioned here. LEDERER~~ has derived an equation anticipating a 
linear relationship between the ‘RM and the logarithm of the concentration of com- 
plexing chloride ions; this equation has been confirmed experimentally for a number 
of eations. HARTICAMP AND SPECKE@ have found that, within certain groups, cations 
behave similarly as the composition of the developer changes. The influence of various 
components of the developer has also been investigated by LACOURT et aZ.21, LEDERER~~, 
DE CARVALWO ‘AND LED~RER~~, DE CARVALWO~~, REEVES AND CRUMPLER~~, BERGAMINI 
AND ROVAP, KE~TES~’ and others. 

In most of the works cited one-phase developers were used or solvents in which 
the composition of the phases changes readily (except refs.lOnll). The immobile phase 
was thus formed ‘mainly by conditioning and adsorption of more polar solvents from 
the developer. Thus demixing leading to composition gradients along the paper strip 
was to be expected in these’cases. 

The aim of the present work was to give a theoretical relationship for certain 
sim$e’cases df paper chromatography, using ternary liquid systems. In the systems 
considere’d both phases are’ practically immiscible at ‘any overall composition of ‘the 
system (if. Fig.’ 8). In these systems demixing is practically eliminated and conditions are 
much more similarto those’of continuous counter-current extraction, so that the process 
could be considered as “real partition chromatography” (TSCHESCHE eE a2.B). The effect 

‘@$ 
’ 

bf ‘solvent composition could be investigated over a very wide range of compositions, 

: 
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.When one of the liquid phases forming the chromatographic system consists’of 

a two-component solvent and the other phase is a pure liquid, practically immiscible 

both with the solvent mixture and its components (cf. Fig. S), then the partition ratio 

of a substance between the two phases- if certain additional requirements are fulfilled 

-will ‘be given by the KEMULA-BUCMOWSKI equations: 

log K = zt1log ‘Kl + zc~log Kz (2) 

where u,,zt, are volume fractions of components I and 2, forming the mixed solvent 

phase; and K, (K,) is the partition ratio of substance between pure solvent I (2) and 

the other’phase. 

It can be seen from eqn. (2) that, using a mixed solvent of an appropriage com- 

position, any value of partition ratio of the solute can be obtained in the range limited 

by the extreme values Kz and. K,. When -the logarithm of partition ratio (log Ii) is 

plotted against the volume composition of the mixed solvent phase, a straight line 

should be obtained, connecting the values of log I<, and log K,30#30. As, however, in 

partition chromatography (considered as a counter-current extraction process) it is 

more convenient to use not the partition ratio K but the partition number Kr (ratio 

of amounts of solute in non-polar and polar phase, at equilibrium), eqn. (2) can be 

written as follows: 

or 
log Kr = zcllog Klr -I- zrnlog Kg (as 2~1 -I- ug = I) (3) 

RM = ~~~RM~ + u&h2 (34 

Assuming that the volume coefficient r is constant and independent of the composition 

of the mixed solvent phase, the logarithm of the partition number, or the R&f value, 

should also be a linear function of the volume composition of the mixed solvent phase. 

This is illustrated in Fig. I, where the relation between RM and the composition of the 

mixed solvent phase (I + 2) is represented diagrammatically for a number of imagi- 

Fig. 1. 

log Krt R,,, 
4-2 - 

4 
Solv. 1 Composition of binary phase Solv,2 

v/v. 
Theoretical &.f us. volume composition curves according to cqn. (3). 
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Figs. a-7. Theoretical Rp ZIS. volume composition curves for different pairs of values of K,r and K,u 
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nary substances whose partition numbers between the pure solvent I and the other 
phase are K,r = 0.01. In the system solvent z/other phase, K,r values are 0.1; I; IO; 
roe;’ x000; 10000, respectively. 

Variations of composition of the mixed solvent phase will also change the RP 
values in accordance with eqn, (I), In Figs. 2-7 some typical theoretical RF 11s. volume 
composition relationships are illustrated. The solvent giving lower values of KY has 
been arbitrarily chosen as solvent I. (Fig. 4 corresponds to the conditions of Fig. I.) 
The importance of the composition of the mixed solvent phase for the efficiency of 
separation is evident. . 

In order to illustrate these relationships experimentally, distribution systems had 
to be chosen which would at least approximately fulfil the’simplifying assumptions 
made by KBMULA AND BUCI-IOWSI~I~~.’ The mixed solvent may form either the non- 
polar or the polar phase, so that two possibilities could be taken into account, as 
illustrated schematically ‘in .Fig. 8., The, latter alternative (,II) was chosen in the ex- 

DMS 

H*O 
,tRolar phase) I 

=6%4 HP0 n-But I ether 
I1: , (non-poarphase) Y 

Fig. 8. Gibbs’ diagrams illustrating. two casts of mixed solvents used for ‘draction prdcesses: 
I. The polar phase is practically pure water, the non-‘polar phase composed of chloroforni ‘and 
hexane (practically dry). II. The polar phase is composed of water and dimethylsulphoxiclc (DMS), 

whereas the non-polar phase is almost pure ?z-butyl ether. 

perimental part, although’ this particular system, dimethylsulphoxide _t water/g+ 
butyl ether, does not fulfil strictly all requirements of KEMULA-RUCHOWSRI’S theory. 
Systems of this type have been less commonly used in partition chromatography (except 
for reversed phase techniques). It is tie11 known, however, that the use of non-aqueous 
polar phases, e.g., dimethylsulphoxide (DMS) or formamidemakes it possible to perform 
paper chromatography even of fairly lipophilic compounds, giving too high Rp values in 
couventional systems 51. Moreover, the use ‘of highly “polar organic liquids-which are 
strongly adsorbed on cellulose -is often accompanied, by a pronounced reduction in 
tailing tendency of the spots. 

EXi’ERIMENTAL 
i;l; . 

“” The phenols, derived from dibenzofuran (see Fig. ga) ; were available through earlier 
work on the chemistry of ,lichens (‘for references, ~f.~“). They were chosen merely as 
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examples of compounds of moderate molecular weight, with a pronounced tailing 
tendency in common solvent systems. rt-Butyl ether and isopropyl ether were of 
reagent grade. DMS was of a technical quality, containing at the most 0.5 o/o water 
(Nitroglycerin AB, Gyttorp, Sweden). 

Whatman No. L+ paper was used, cut along the machine direction into strips 
10 X 28.5 cm. 

The “moist paper method”33,3* was used, in order to secure an appropriate and 
comparable amount of polar phase in the paper (0.5 ml/I g air-dry paper). This in turn 
was expected to result in a fairly constant value of the mean volume coefficient Y in 
all experiments, an assumption based on an earlier investigatior+. The paper strips 
were passed through solutions’ of known concentrations of DMS in a dilute acidic 
solution (0.3 ml cont. hydrochloric acid + I g NaCl diluted to 200 ml with water) and 
the excess of liquid removed by blotting between sheets of filter paper.The phenols, 
as I o/o solutions in acetone, were then applied .to the starting line (0.5-1 ~1, corre- 
sponding to 5-10 pg) and the strips air-dried to the humidity coefficient (weight of 
moist paper: weight of dry paper) corresponding to polar phase content 0.5 ml/I g dry 
paper, as controlled by weighing. It was assumed that only water evaporates, which 
is justified by the very low vapour pressure of DMS 3a at the temperature used (21.5 

rt 0.5”). 
In calculations, for the sake of simplicity, linear density-composition relationship 

was assumed between IOO y. DMS (d = 1.1) and o y. DMS (d = 1.0) ; thus the humidity 
coefficients employed were in the range 1.55 (IOO o/o DMS) to 1.50 (o o/o DMS). It was 
taken into account that the concentration of DMS approximately doubled during 
drying of the strips; thus with a starting concentration of 30 y. DMS, final concen- 
trations were obtained mostly in the range 6570 y0 DMS. With high final concen- 
trations of DMS (> 80 yo) loss of weight was very ‘slow and it was accelerated by 
drying, for short intervals of time at 60”. Due to absorption of water from the. atmos- 
phere, strips containing IOO Oh DMS are difficult to obtain without special precautions, 
but ca. 96-98 y. ,DMS was reached by impregnation with a 30 y. solution of DMS in 
toluene, as described by HAMMARBERG AND WICKBERG~~. 

After reaching the appropriate humidity coefficient, the strips were immediately 
transferred to the chromatographic chamber (20 x IO x 28 cm) containing an excess 
of the non-polar solvent. The chromatograms were developed by the descending 
technique (distance of development 16 cm; time ca. 25 min; temperature 21.5 & 0.5”). 
The spots were detected by spraying the strips with a saturated solution of NaHCOs 
and then passing through a solution of bis-diazotised benzidine, obtained by mixing 
equal volumes of solution A (5 g benzidine + 15 ml cont. WC1 diluted to ~opo.ml) 
and B (IO o/o .NaNO,) (for reference, see”“). The strips were finally washed in running 
water and dried. Distances travelled by the spots were measured from their centres. 

The experimental RF vs. volume composition diagrams obtained in this way are 
given in Fig. g (mobile phase : (a) isopropyl ether; (b) rt-butyl ether). ,* 

The accumulation of points in Fig. gb in the range 30-40 y. Hz0 (70-60 y. DMS) “’ 
corresponds to a series of experiments with a constant starting concentration of DMS 
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a b 

2’0 ’ 4’0 ’ 6b ’ 8’0 ’ ’ 100 
%DMS) % H,O 

Fig. g. RF vs. composition plots. The points are experimental, the curves theoretical. Mobile phase : 
(a) isopropyl ether; (b) ut-butyl ether. 

(30 “/o). Continuous lines are theoretical curves obtained by the method described below. 
In order to test the validity of eqn. (3), the experimental data of Fig. CJ should be 

given as log KY vs. composition plots. The logarithms of partition numbers RM could 
be calculated from RF values ; ( however, a simpler ,graphical method was us&d; illus- 
trated in Fig. IO, which is self-explanatory. 

1.0 - 
RF 

QB. I 

EXP 

0.6 
point 

0.4 .* 

0.2 - 

100% DMS IY 
i 

1 
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0.2 - .---A----------- 

, 
i 100%H1O -2 -1 1 0 

8 I: 

F&. IO. A graphical method of transformation of Rp vs. composition plots (I) into Xnr VC% compo- 
sition plots (III) (continuous arrows) and vice versa (broken arrows) using an auxiliary plot (II) 

of the function 2-2~ = F (Rnn). 
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The RM vs. volume composition diagrams are represented in Fig. II. Points are 
experimental RM values found graphically; straight lines were drawn in the most 
appropriate position, Points within the range of RM from -I to + I (which corre- 
sponds to Rp 0.1-0.9) were considered rather more reliable than the points outside 
this range (Fig. II, broken lines) : at low and high RF values deviations from uniform 

a b 

Pig. ,II. Ii!h~ vs. composition plots. The points are experimental, the straight lines are drawn in 
the most appropriate position. Mobile phase: (a) isopropyl ether; (b) kbutyl ether. Stationary 

phases as in Fig. 9. 

conditions are to be espected due to formation of gradients of the volume coefficient 
Y, etc. From these straight lines (considered theoretical) RI;, vs. composition curves 
(theoretical) were determ’ined graphically, working backwards as indicated by broken 
arrows in Fig. IO. 

DISCUSSION OF RESULTS 

The experimental results seem to indicate that the rate of migration of the phenols 
studied is fairly well described by the simple eqn. (3), in spit.e of the fact that the 
solvent systems used are certainly not strictly ideal. Thus, heat is evolved and a 
volume contraction of up to 2 yO is observed when DMS and water are mixed, indica- 
ting marked interaction between the components. 

Considering the pronounced tailing tendency of the dibenzofurans employed, the 
appearance of the spots was generally satisfactory for concentrations of DMS in the 
range down to 30-40 O/O ; at low RF values almost circular spots were obtained, whereas 
at higher values the spots were more elongated. Pronounced tailing was only observed 
at lower DMS concentrations; with pure water as the stationary phase, some phenols 
trailed from the point of application. 

Relatively good appearance of spots and agreements of results with theory seem 
to justify the statement that certain chromatographic systems can be approximately 
described by simple equations derived from the theory of extraction. Buffered paper 
chromatography (moist paper technique%a” ) may be referred to for further exknples. 
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Too many assumptions, however, have to be fulfilled even,for the simple equations (2) 
and (3) to be valid for all ternary solvent systems of the types discussed (Fig. 8). In 
actual practice, the picture might become more diffuse, distorted by deviations from 
these assumptions owing to adsorption of substance on paper, formation of composition 
gradients due to frontal analysis of the developer, etc. 

In the simple cases.mentioned above, valuable information can often be obtained 
from the experimental data; for instance, diagrams like Fig. II can be used to estimate 
optimal solvent systems for couutercurrent distribution (Craig’s method)37. It is also 
possible to obtain a general idea of the possibilities of such systems from a few experi- 
mental data. 
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SUMMARY 

A modified I<EM~L.~-B~cI-I~w~I~I equation for partition ratio in certain simple terna- 
ry solvent systems can be used for deriving a simple relationship between RM and RF 
values and volume composition of the mixed solvent phase. Experiments using mix- 
tures of dimethylsulphoxide (DMS) and water as the polar phase have given results 
in fair accordance with theoretical anticipations. A method of interpretation of ex- 
periment al data is described. 
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