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ON THE’ CHROMATOGRAPHY OF RECIPROCAL SALT SYSTEMS* 

JOHN E. GORDON 
Woods Wale Ocea?aogra@ic Institution, Woods Hole, Mass. (U.S.A ,) 

(Rcceivcd June 28th, 1965) 

Chromatography of a reciprocal salt system composed of monovalent cations Cl 
and C2, and anions A’ and As, can produce up to four bands or spots. It is not imme- 
diately apparent without a detailed analysis of the problem, however, how many 
bands will be observed and what will be their relative intensities. Four spots have been 
reported in paper chromatography1 and in thin-layer chromatography on silica gel 
G2, the inner spots being less intense than the extreme spots in the latter case. 

This report describes the results of application of distribution theory to this 
and a related system, and comparison of the theoretical predictions with available 
experimental results. 

METNOD 

The pertinent equilibrium expressions are 

C2Al KM 
(Cl~3)fif (c2nl)nf 

=- ----- 
(Clhl)M (C2A2)M 

(ClAl) F = 1<+ (CIA].) fif 

(Cl-49 F = KD= (CIA9 h,f 

(C2Al)P’ = I<D2’ (C’A’) ht 

(C2AZ)P = 1<Dz2 ( C2A2) M 

(2) 

(3) 

(4) 

(5) 

(ClAl)P + (clAl)M f (ClA2)J? + (ClA2)M = 2-11 + T13 (6) 

(Cln’J)fl + (ClA2)M + (C2A2)P + (C2A2)M = Z-12 + 2-22 (7) 

(C2Al)p + (C2Al) fil + (C2A2)P + (C2A2) M = T21 + T22 (8) 

(ClAl) F + (Clhl) M + (C2Al) F + (C2Al) M = Z-11 + T2l (9) 

where ( )” and ( ) M denote concentrations in the fixed and mobile phases and T@ 
represents the total concentration of VA3 charged into a given plate before.!,equilibra- 
tion. Simultaneous solution of (I)-(S) and any..three of (6)-(g) affords straightforward 
though involvecl analytical expressions for the eight variables (C*Aj)p and (CfAj)M. 

*,Contribulion No. 1477 from the Woods Hole Occscnographic Institution, Supported in 
part by the Office of Nsvtzl Rcsc~rch, Contract Nonr 2196 (00). 
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76 J. E. GORDON 

Hate theory computations for this system were carried out using a General Electric 
225 computer. The first cells of banks of equal volume cells of the two phases were 
opposed, one mole each of PA1 and C2A2 or CIA2 and C2A1 was charged into the first 
cell of the fixed phase, the equilibrium values of (UAj)F and (CCAj)M were computed, 
the mobile bank of cells was advanced to the next plate, new z”U and then new (CSAJ) 
were computed for each cell and so on until the requisite number of plates had been 
equilibrated. 

This model corresponds to a partition chromatogram in which the rate of attain- 
ment of equilibrium is large relative to the rate of flow of the mobile phase. The above 
formulation of the distribution equilibria assumes that ion pairs are the only impor- 
tant species in both phases. 

The computation routine described, when applied to pure, noninteracting 
components, produced highly symmetrical peaks in so-plate chromatograms. The 
reciprocal salt system results obtained invariably satisfied the symmetry and mass 
balance requirements of the system (Z(ClAl) = C(C2A2), C(C’A2) = C(CsAr), 
Z(ClA’) + C(CfAs) = I, the summation, here and elsewhere in this paper, extending 
over all plates of the chromatogram) and the output peak maxima appeared at the 
&P values required by the values of I<# read into each run. , 

RESULTS 

The results for 23 runs are given in Table 1. Fig. I illustrates the course of 
development of a typical chromatogram. Fortunately, a zoo-plate computation 
(the practical limit in the present work) is suffzcient to resolve completely the left 
and right halves of the chromatogram, though not the individual components of 
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Fig. 1. Partition chromatogram of the system Clhl + CYAa = ClAa -f- CSAI, with Rprl = 0.2727, 
&?,I= = 0~4286, lipal = o.Gooo, Apaa = 0,750o and KM = lil” = I. After (A) 50; (ES) IOO; (C) 200 
plates (runs 8, 10, 3 I of Table I). F marlcs the solvent .front. 
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78 J. E. GORDON 

each wing. Such chromatograms are produced in each case the four 
possess I<D values, Fig. I C bears a close resemblance to the thin-layer 

chromatograms previously observed2. 
Table I reveals that the intensity distribution between outer and inner peaks, 

measured conveniently by X12 + X2’ = [ C(CrA2) + C(CsA1) J/z, is a function of the 
set of I& values of the four salts, In working out this dependence (and that on KM) 
it was necessary for the sake of economy to work principally with 5o-plate runs. 
Fig. z A shows that complete resolution about the center of symmetry of the chromato- 
grain is achieved at about zoo plates, and that X’s + X2’ does not become constant 
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Fig. 2. Characteristics of the chromntograms of Fig. I. X 12 -I- X81 (A) ZJS. number of plates; (B) VS. 
a function of the cross-hatched area of Fig. 4, 

Fig. 3. Partition chromatogram of the system CAl, Jr CA”, = CAfAs, with Rpll = o,zs, Rp12 -_ 
o,fjo, Ii!,= = 0.75 after (A) 50, (B) IOO plates. 

until this point is reached. (Redistribution of material zvitlzin the right and left halves 
of the chromatogram according to eqn. (I) can take place only through a region of ovcr- 
lap between the right and left halves,) Fig. z I3 uses a convenient extrapolation function 
to show that X12 + X21 for the zoo-plate chromatogram differs negligibly from that 
for complete resolution; the form of Fig. IC is thus quantitatively correct. The 50- 
plate chromatograms were corrected approximately for the incomplete resolution by 
attributing the overlap area X (see Fig. 4A where the composition of a 5o-plate peak is 
illustrated and J? is shown as the cross hatched area) to the outer maxima, i.e. (X12 + 
X2r)cor. = 0.5 Cj(CiA2)M + (ClA2)p - (C2A1)M - (C2A1)F1, This gave X12 + X21 
within about 3 yO of the zoo-plate value and this was considered acceptable. Material 
redistribution in the developing band substantially reduces the rate of resolution in 
these chromatograms in comparison with the separation of noninteracting substrates 
with the same Rp difference, as is shown in Fig. 4B. 

X12 + X21 proves to be, to a close approximation, proportional to the quantity 
(RF21 - Rp12)/(Rp22 -- R+) as illustrated in Fig. 5*. There is a further minor de- 

* Here and elsewhere in this article the ions are so labelled that I?pll < Ii!pls <: .S?p=l < Rpss: 
experimentally, of course, systems with Rp a1 < Rp12 are also observeda, but the form of the chro-, 
matogram is not changed by this inversion. 

J. Clwomatog,, 21 (w35) 75-84 
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Fig. 4. Characteristics of chromatograms of the type of Fig. 1. (A) Breakdown of individual 
components for run 8 of Table I: l , GA1 and C2As; - - -, CIA2 and C2A1; total. (B) Com- 
parison of run 18 (solid circles) with a chromatogram computed for two pure, no&t&acting sub- 
stances (open circles) having &!F values equal to those of CPA1 and CYA2 in run 18, (Note that run 18 
is the situation in which the reciprocal system eventually resolves into only two peaks), 

pendence on the symmetry of the K# values about unity, with I~D~~~CD~~/I~I)‘I.~I~D~~ 
> I producing positive deviations in X 12 + X21 and vice ve~sa. This is considered in a 
later sectitin. In any case the principal intensity distribution is given by 

x12 + X21 = 0.50 (RF21 - Rpr2)/(Rp22 - I?+) (10) 

with an average deviation of 0.014 in X12 + X 21. Thus the chromatogram collapses 
to two spots only in the limit of I~~92 = K021, and it approaches four spots of equal 
intensity only in the limit I’~12 -4 Kgll, K~21 -+ K#J. The point at &P = Rp12, 
RF21 c Rp22 is idiosyncratic, computation predicting (run zo) two peaks of pure 
CIA2 and C2A1, i,e. Xl2 -Jr Xsi = I rather than 0.5 as predicted by eqn. (IO). The 
value X12 + X21 = o at Rp12 = R+ was diffkult to demonstrate directly with 
precision. Since this point represents the minimum rate of resolution (Fig. .4B) a 
zoo-plate run still shows an appreciable X12 + X21 value (Table I). However, extra- 

Fig. 5, Plot of xl2 f Xal vs. (Rpal - Rpf2)/(&?22 - RF”) according to eqn. (IO). 

J. CIzromalog., 21 (1966) 75-84 



80 J.E.GORDOX 

polation of the so- and loo-plate results, the general form of the X12 + X21 ZJS. 
( RF21 - Rp)/(Ap - Rpll) dependence, and the analogy with the CAl,-CAs,-CAlA 
system discussed in the next section together leave little doubt regarding this point. 

T?ze system CAl,--CA2,-CAGP 
It is instructive to consider next the system of a bivalent cation with two mono- 

valent anions for which eqn. (II) together with five equations analogous to (z)-(g) 
have been employed 

CAla + C.42, T+ 2 CAlA (11) 

in computations analogous to those of Table I. As Fig. 3 and Table II illustrate, this 
system does not give three spots, but only those due to CA1, and CA2,. Clearly this 
occurs, just as in the case of C1Al-C~A2-C2AUZeA2 with Ko12 = Ko2i, because the 
two central ion pairs (2 CAlA or CIA2 + Cshl) remain physically superposed and are 
thus progressively converted via eqn. (I) or eqn. (II) to CAl, -I- Che, or CIA1 + C2A2. 
With the rest of the systems of Table I on the other hand, CIA2 and C2A1, having 
different RF values, disengage physically before they are wholly consumed. 

CWROMATOGRAMS OP THE SYSTEM Ch12- CA2,-CA1h2 COMPUTED ACCORDING TO DISTRIBUTIOk 

THEORY 

Iv* K” Rpfl Rpl2 lip22 x12** 

50 I 0.25 0.50 0.75 0.0176 
100 I 0.25 0.50 0.75 0.0074 

l N = number of plates. 
** x12 = mole fraction of CA1A2. 

The ~~08i~t I~~12~~~21/Ir’~llr~~22 
If one writes the analog of eqn. (I) for the fixed phase 

.Kp 
(CYh2) F (C2Al) fi’ 

= p_---- 
( ClA1) P (C2A2) F 

it is clear that the partition equilibrium 

CIA1 + C2A2 & CIA2 + en1 

II 

\ 

II 

\ 

k 

Kg" ICD~' 

IAl + &Al 

is overdetermined and that 

. 

(1.z) 

(T3) 

J, Chvomalog., 21 (1966) 75-84 



CHROMATOGRAPHY OF RECIPROCAL SALT SYSTEM 81 

The situation ~~~~~~~~~~~~~~~~~~~~~ = I occupies a special position as the only 
case where KP and KM can both the unity, as would occur in the absence of ion 
association. This is the case corresponding .to additivity of ionic contributions to the 
free energy of transport of CtAJ from one phase to the other3. 

This is why eqn. (IO) is strictly valid only for I~D~~ICD~~/I~D~~I~D~~ = Ka = 
K” = I, since otherwise, eqn. (I) and eqn. (12) will in general bias the material distri- 
bution of the chromatogram somewhat. If the residual error due to incomplete reso- 
lution is kept in mind, this bias is in the right direction to qualitatively account for 
the deviations in Fig. 5; quantitative corrections would be difficult to compute. 

In most chromatographic systems ion association will be present, and 
I(D~~I~D~~/IC~~~I(;D~~ values different from unity are expected. ‘Data for thin-layer 
chromatography of quaternary ammonium iodides, bromides, nitrates and perchlor- 
atess on silica gel G in chloroform-ethanol (24 : I) provide 31 reciprocal salt systems for 
which the distribution of I~~12IC~21/I~~llIi:~22 values is given in Table III. 

TRRLE III 

DISTRIBUTION OF EXPERIMENTAL 1~,,“21C~z1/ICo11K~,a~ VALUES 

o.go- >*94 4 
o.9.P j-99 5 
1.00-1.04 7 

1.05-I -09 1.10-1.14 37 
1.15-1.20 5 

* Assign&l such that I<~ll > K~la >?,a1 > KP. 
** Data from ref. 2. 

It is of interest to attempt to account for the values of I~D~~I~D~~/I~D~~I~D~~ for 
these reasonably simple, near-spherical ions on the basis of simple electrostatic 
considerations. For a reciprocal ion pair equilibrium of the type 

Clnrgcn?nrgc + Csmnllhsmall + Clar60Asmall + C~m~ll~l~~Co 
(14) 

where the superscripts refer to the ionic radii, it is possible to demonstrate, assuming 
only that the distances of closest approach are sums of constant ionic contributions, 
that the electrostatic contribution to eqn. (14) is such as to favor CiarseAlargo + 
C*mnilA*mall, i.e. make K < I*. Increase in the dielectric constant of the medium will 
then reduce in magnitude the electrostatic energies and make K approach unity, i.s. 
increase K. If one makes the reasonable assumption that the fixed phase in these 
thin-layer chromatograms is the more polar phase, this requires that 

* This problem reduces to the following relations among the distances of closest approach : 
a<b<c<danda-l-d= b -I- c, from which it is readily shown that (~/a -I- 1/d) > (I/b -I- I./C). 
Since the electrostatic energy of the ion pair is proportional to x/a etc.. this is a. sufficient condition 
for the above rule. 

J.. Ckvomalog., 2 z (1966) 75-84 



82 J. E. GORDON 

when CIA’ = (pvzeAlsrg@, ClA2 = (prgeAsmal1, C2Al =: CsmellAlarge and C2A2 = 

C@marrA*mau. Thus, if the ion pairs are labelled (as throughout this paper) with CrAr 
and PA2 the slowest and fastest species, respectively, the following should hold 

if the slowest- and fastest-migrating ion pairs are C IwzeAlargc and CsmfbllAsmall and 

if the slowest and fastest ion pairs are Clorg@A*m*lr and CsmallAlarso. 
The test of this proposition is shown in Table IV. 
In 24 of 2g cases (83 %) the prediction is correct. Furthermore, four of the five 

contrary cases involve systems where the two quaternary ammonium cations differ 
by only one CEI, group in a 25-carbon atom ion, and the difference in Rp values is in 
fact not greater than their experimental uncertainties. The apparent success of this 

TABLE IV 

TEST OF THE &LECTROSTATIC MODEL FOR ESTIMATION Ol? Kolal(~ar/li;'~l'I~oza 

Number of Gases * 

Rp extremes aye Clw@ nlarsc Rp extremes am Clw@Asnlall 
a& Csmall~small* * and CSmall~\l.?rge* * 

‘: Of the 3x systems, two hd IlofaK,,al/l(oll~~~aa = 1.0. 
** Ionic radii used (A) : I-, 2.16; Clod-, 2.00; Br-, I.~~(GRUNWALD,BAUGHMAN AND KOHN- 

STAM4); NO,-, x.75-1.85 (I?AULING~ sncl MESCHEL AND KLEPPA~). 

simple model implies that the forces determining K” and KM are predominantly elec- 
trostatic and that the extrapolation of distribution phenomena to treat the thin- 
layer chromatograms (which are in large part adsorption chromatograms) is a usable 
one. 

It is not surprising that (Tables III and IV) the cases of coincidence of ion pair 
radius sum-and chromatographic mobility-extremes outnumber the cases of non- 
coincidence nearly three fold (21: 8). In every one of the coincident cases, moreover, 
ClaraeAlarse is the fastest, C @m~lrAsm~lr the slowest species, Thus the fastest species are 
distributed among the types C larg@Alarge, ClargeAsmccll, (pmollAlarge and CsmlcllAsmell 

in the ratio 21:8 :o: o, reflecting the expected preference of the larger ions for the 
less polar phase’, as well as a predominance of the influence of the cation. 

Table I (runs 8,21-23) gives the variation in X12 + X21 produced by variation of 
the input value of KM. The generalizations of the preceding paragraph imply that 
the most common deviation from eqn. (IO) will be that in which the extreme peaks 
are’enriched at the expense of the inner peaks. Quite sizeable values of KM can arise 

J. Chvotvaatog., 21 (1966) 75-84 



CNROMATOGRAPHY OF RECIPROCAL SALT SYSTEMS 83 

from, purely electrostatic contributions. For instance a system with ionic radii of 
I, I, 5 ancl 5 A (perhaps the most extreme case involving relatively simple ions) in a 
medium of dielectric constant = IO generates I’M = 2.10 -'. On the other hand, the 
systems of Tables III and IV probably have 0.8 < KM 6 1.0. It is interesting to note 
Chat values of I< (eqn. 14) obtained by GRISWOLD, JONES AND BIRDWHISTELL~ from 
salt effects on salt solubilities in acetic acid can be accounted for rather well by the 
electrostatic model. For Li+-K+-Br=acetate- (or formate-) they report 0.136 
(0.178) vs. 0.13 calculated taking the effective radius of RCO,- equal to that of hy- 
droxide ion ; similarly I or Na+-I< +-Br-- acetate- (or formate-), 0.621 (0.556) vs. 0.42 
calculated on the same basis. 

With more complicated, perhaps polyfunctional ions, other forces can influence 
KM, for example electron or proton donor-acceptor interaction. Representing 
acceptor and donor prop erties by the subscripts a and d, the system 

could clearly have KM N IO-~ from this source alone. 

SUMMARY 

A theoretical plate treatment of the partition chromatography of a reciprocal 
salt system has been carried out with the aid of a high-speed digital computer, and 
the results have been compared with the available experimental information. The 
following points were established. 

I. The system of univalent cations Cr and C2 and univalent anions Al and A2 
produces, in general, four bands whose relative magnitudes are a function of the Rp 
values of the four possible ion pairs. The distribution of material when KD~~K#/ 
KJ$~KD~~ = I is given to a good approximation by 

x12 = x21 = 0.25 (Rp21 - RI;~~~)/(.Z?F~~ - R+) 

where Xll, &ll and Ii’+ are the mole fraction, Rp value and partition coeffkient of 
the slowest species C1Ai etc. 

2. The 2 : I electrolyte system C+*- (Al)--(As)- produces no band corresponding 
to CAlA2. 

3. For simple ions in media in which the only important species are ion pairs, the 
magnitudes of the equilibrium constant K for CIA1 + C2A2 = CIA2 + CBA1 can be 
estimated reliably from simple electrostatic considerations. The ratio of Ii: values for 
the fixed and mobile phases of a partition chromatogram gives the important quo- 
tient ~~~~~~~~~~~~~~~~~~~~~ whose deviation from unity can be qualitatively predicted 
from a knowledge of the ionic radii and the relative polarity of the two phases. 

REFERENCES 

I J. GASPARI& in 1. M. HAIS AND K. MACICK (Eclitors), Paper Chromatography, Academic Press, 
New York, x963, p. 415. 

2 J. E. GORDON, J. Clwomalog., 20 (1965) 38. 
3 H. L. FRIEDMAN AND G. R. T-TAUGEN, J. A.m. Chem. Sot., 76 (x.934) 2060. 

J. Chvomalog., 21 (1966) 75-84 



84 J.E.GORDON 

4 E.GRUNWALD, G. BAVGIIMAN AND G. KOHNSTAM, J. Am. Chem. Sot., 82 (xgGo)5801. 
5 L.~?AULING, The NatuveojtlteCIce~zicaEBolzd, CornellUnivcrsityPrcss,Ithaca,N.Y., IgGo,p. 547. 
6 S. V. MIWX~IZL AND 0. J. ICLErrh, J. Pkys. Clam., 68 (1964) 3840. 
7 N. C. DZNO AND H. E. BERKNELMER, J. Org. Chw., 28 (1963) 2143. 
8 E. GRISWOLD, MC. M. JONES AND R. I<. BIRDWHLSTELL,J. Av%CIzsm. Sot., 75 (1953) 5701. : 

J. CJwomatog., 21 (x966) 75-84 


