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ABSTRACT 

UCRL-10909 

For large, unhydrated, .univalent ions, a tightening of the surround-

ing water structure is a dominant featU:re of their aqueous solution behavior. 

As represented by their activity and osmotic coefficients, this corresponds 

to a rise in the coefficients above the Debye-Htlckel limiting law, and the 

increase is larger, the larger the ion. But if both the cation and anion are 

such large hydrophobic ions., the hydrogen-bonded water structure forces them 

together to maximize the water-water interactions and to minimize the disturb-

ance_ to itself. This water structure-enforced ion-pairing is very different 

from the more 1::1sual!_ electrostatic, or Bjerrum, type of ion-pairing, occurring 

only in water, or other highly hydrogen-bonded solvents, and being greater 

the larger the ions and the smaller their charges. Some chemical results of 

this type of ion-pairing are discussed. 
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THE AQUEOUS SOLUTION BEHAVIOR OF LARGE UNIVALENT IONS:. 

* A NEW T¥PE OF ION-PAIRING 

R. M. Diamond 

Lawrence Radiation Laboratory 
University of California 

Berkeley, CaliTornia 

·INTRODUCTION 

The activity coefficients and osmotic coefficients·of aqueous electro-

lyte solutions usually deviate positively from the corresponding Debye-HUckel 

limiting laws as the electrolyte concentration· increases from very low values. 

-With simple uni-univalent, uni-divalen"t,and uni-tr±valent salts the coefficients 

may, .in fact, become greater than unity. The most important cause of this 

1 behavior is probably that suggested by Bjerrumj namely, the effect of ion 

hydration. He showed that considering the solute as a hydrated complex, ion 

plus n molecules of bound water, rather than as a bare ion, led to positive 

-correction terms to the osmotic and activity coefficients; 

Physically, what this means is that, if an ion ties up water molecules 

in its coordination shell, with increasing concentration of ions there is less 

and less ·"free" water and it becomes increasingly difficult to complete this 

shell for all the ions. The free energyper water molecule drops and that of 

the ions increases. Mathematically, the correction terms can be shown to 

arise from the different formulation of the statistical or entropy part of 

the free energy expression for the solution when hydrated rather than non-

hydrated ionic species are considered. The form of the correction terms de-

pends upon whether mol-fraction or volume-fraction statistics are used, and 

the magnitude of the correction depends upon the value of the hydration number, 

n, chosen for the ions. 
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-Stokes and Robinson (using mol-fraction statistics)2 and Glueckauf 

(using volume-fraction statistics)3 have employed this model in conjunction 

with a Debye-Htickel term to reproduce remarkably well the activity coefficients 

of a large number of salts up to several molal in concentration. The ion 
. I 

hydration number, n, and the distance of closest approach of oppositely 

charged ions, ~' are used as adjustable parameters in these treatments, but 

their values, while reasonable, do not always turn out to be self-consistent, 

as all other types of ion-ion, _ion-water-, .and water-water interactions have 

been explicitly neglected and so are hidden in the parameters. 

Sometimes the nature of these additional interactions is obvious, 

sometimes it is more sub:t·le .. An obvious case is when the cation and anion 

react to· form a chemical complex. For example, the activity coefficient of 

Cdi2 drops below the extended Debye-Htickel values in dilute solution, and the 

origin of this negative deviation is general).y conceded to be complex ion 

formation. 

Or, when highly chargeications and/or anions areinvolved, electro

·static, or Bjerrum-type, 
4 

ion-pairing rrray occur, thus again lowering the 

values of the osmotic and activity coefficients . .An example of this situation 

would be La.Fe(CN) 6 solutions. 

·A related, but perhaps more subtle, situation may.arise when small, 

hydrated cations and anions that polarize (oppositely) their nearest water 

molecules are involved. These ions may then ion-pair through the intermedi-

ary of a polarized water molecule (or more than one). This is the process 

of "localized hydrolysis" put forward by Harned and Robinson5 to explain the 

reversed order of the activity and osmotic coefficients .of the alkali hydroxides, 

acetates, arid probably of the fluorides, .and extended by the· present·author
6 

to explain the reversal in order of the coefficients of the smaller alkali 
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and alkalineearth halide salts from the nonmal halide order observed with 

the larger cations. 

The purpose of the present paper is to consider what further inter-

actions must be considered. in discussing the activity and osmotic coefficients 

of the larger univalent ions. ·For such large ions as the tetra-alkyl or-aryl 

ammonium or phosphonium ions, or the tetra-o::xygenated or tetra- or hexa-halo-

genated anions, such as Clo4-:-, Reo4-, AuBr4-, FeC14 -, or SbC16 -, coordinated 

first shell hydration, complex-ion formation, electrostatic ion-pairing, and 

localized hydrolysis must all be much less important in determining the vari-

ation of the coefficients with salt concentration and with size of the ions 

than with the smaller-ions usually considered. -So other effects, non-existent 

or masked in the cases of the smaller or more highly charged ions, may show up. 

-DISCUSSION 

Consider; for example, the situation to be expected for a series of 

+ + + + 
large.ions such as the tetra-alkyl ammonium ions, NMe4 , NEt4 , NPr4 , NBu4 , 

etc. Such ions certainly do not possess a coo:bdinated primary hydration 

shell, nor are theylikely to form complex ions or ion-pairs, so that without 

further considerations one might expect their activity and osmotic coefficients 

to follow the extended Debye-Htickel expression in moderately dilute solutions. 

Since for such ions the~ values should goin the same order as the crystallo

+ graphic radii, the coefficients might be expected to increase slowly from NMe4 

to the larger ions due to such an excluded volume effect. 
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However, this effect appears to be small, and probably the most 

important factor contributing to a differentiation of the osmotic and 

activity coeffici1=nts of suchlarge univalent ions with increasing concen-

tration is the disturbance of the normal water structure by their hydrophobic 

skeleton. The limiting case would be the effect of a neutral molecule itself. 

The resulting disturbance of the water should show up better, not being com

pensated for by an attractive ion-water dipole interaction. That is, the 

h;ydrophobic molecule does.not interact attractively with or orient the sur

rounding water molecules as strongly as does the next shell of water molecules. 

And so the nearest water molecules are.Joiiented"and hydrogen-bonded more 

strongly by the water molecules beyond them than would be the case if there 

werea counter attraction from the other side. This corresponds to a tighten-

ing of the water structure around the molecule, that is, on the internal 

surface of the cavity surrounding the solute, and the larger and more hydro-

phobic the structure of the molecule, the greater the effect. ~ecent papers 

by Nemethy and Scheraga7,B treat this situation in a quantitative manner by 

a statistical mechanical approach with a detailed model. In either case the 

resulting disturbance of the water structure appears as an unusually large 

decrease in entropy on solution of the.molecule in water compared to the 

solution of the molecule in any relatively structureless solvent such as 

benzene, cc14, etc. .The occurrence of such unusual entropy decreases in the 

solution of neutral molecules in water compared to organic solvents was 

pointed out long ago,9,lO,ll and most certainly must be ascribed to an 

increased ordering of the hydrogen-bonded water structure around the non-

polar molecule, that is, to a tightening of the water structure around the 

molecule. 
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Such behavior should also occur with an ion large enough to be thought 

of as a molecule with a charge imbedded in it, such as the tetra-alkyl 

ammonium ions. The result should be reflected in their osmotic and activity 

coefficients. With an increase in concentration of the substituted ammonium 

salt~ the increasingly tightened water "structure (~n the Nemethy-"Scheraga 

model, "this corresponds to the increased difficulty in p;Lacing four-hydrogen-

bonded water molecules in the vicinity of the hydrophobic ions as the number 

of such ions increases) makes it more and more difficult to place still more 

ions into the water structure. "Po~itive correction terms to Jii')'± and to ¢ 

should result, and the magnitude of the corrections should increase as the 

substituted ammonium ion gets larger. That is, .this should cause the activity 

+ + + + 
and osmotic coefficients to increase in the order NMe4 < NEt4 < NPr4 < NBu4 ... 

and the rise above the Debye-Wickel limiting law should be greater, .the 

greater the increase in concentration.· 

There appear: to be little pertinent data available in the literature, 

but the osmotic coefficient data of Lange12 for the tetra-substituted ammonium 

chloride salts is shown in Fig .. l. These are values at the freezing points 

of the solutions, and so labeled¢', but the order of the coeffic.ients at a 

nearby fixed temperature is most unlikely to be different. It is seen that 

the predicted order is found experimentally, and that the coefficients rise 

substantially above the limiting law line. 

Another series of ions which can be considered for their effect on 

tightening up the water structure in their immediate neighbor~ood are the 

fatty acid anions, .acetate, propionate, butyrate, etc. All of these. ions 

have the negative charge concentrated in the carboAYlate group. Since they 

i 
are all derived from weak acids of the same strength, their carboxylate 

groups all'interact strongly with the nearest water molecules in the same 
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way and to the same degree. But the length of the hydrocarbon tail associated 

with the carboxylate group plays an important role in differentiating the ions 

and determin;ing ; their aqueous solution behavior, in particular, .in determining 

the order of the activity and osmotic coefficients. Again, as with the tetra

substituted ammonium ions, .the uncharged hydrocarbon segments do not attract 

their neighboting water molecules as strongly as those molecules are coordinated 

into the bulk water structure, thus tightening up the water structure around 

the hydrocarbon tail. Addition ·of more such fatty acid anions on going to 

higher concentration becomes more difficult due to this tightening of the 

water structure, _and so ln)'± and ¢ ag13.in have an additional positive correction 

-which increases with concentration as wtth the tetra-alkyl ammonium cations. 

The effect is greater the longer.the tail, and so ln'Y± and¢ shouldincrease 

with increasing chain length at any fixed (low) concentration yielding the 

order OAc-< OPr-< OBu-< .... rising above the limiting law. This is what ·is, 

observed exper~entally, as shpwn in Fig~ 2. Branched chain, hence more com

pact, .ions might be expected to show a somewhat smaller effect, and thus 

somewhat smaller coefficients than the corresponding straight chain ions, 

i.e., Me
3
Ac0 would be predicted to have smaller coefficients than VaO-. 

Little other osmotic or activity coefficient data are available on 

salts containing one large (hydrophobic) and one small ion, but it seems most 

likely that this behavior will be found to be general; namely, .that the larger 

the (large) ion in a series of similar salts, the higher the value of the 

coefficients. 

If the osmotic and activity coefficients of solutions of the sodium 

salts of the fatty acids are followed out to higher concentrations, .it can be 

noted that they reach maxima and then decline; the concentration at which 

the maximum takes place-is lower the larger the anion. (Fig. 2) This behavior 
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represents the pccur:rence:of micelle formation. Here, the increase in free 

energy in creating individual cavities in the water for each anion tail_ becomes 

greater than the sum of the free energies of creating larger- cavities for 

several anions, with a smaller surface area to volume ratio and hence smaller 

total disturbance of the water structure for a given number of ions, and of 

the Coulombic repulsion of the anions in the large cavities. .That is, at, 

concentrations near the maxima in the coefficients, .the anions begin to group 

in micelles with their hydrocarbon tails together to minimize their disburbance 

of the water structure and with only the hydrophilic carboxylate groups point

ing out into the bulk of the-water. This grouping together, as well as the 

' enhanced electrostatic attraction for the sodium cations resulting from the 

grouping, lead to the ob:Serted :reduction .in :the_"values ;of:;the osmotic 8Jld 

activity-coefficients. 

More importantly for the present paper, we might consider what would 

happen when both the cation- and anion are large and do not contain specific 

hydrophilic groups. Both ions now require a considerable loss in water-water 

interactions to create their cavities and both contribute to a tightening up 

of their surrounding water structure, that is, to a corresponding loss in 

entropy of the solvent. So there would be a tendency for the water structure 

to force a large cation and anion pair into a sipgle larger cavity in order to 

again decrease the disturbance to itself. But now, .in contrast to the case of 

the micelles of the sodium salts of the fatty acids, there is no minimum 

critical concentration, as there. is no Coulombic interaction impeding the 

association. On the contrary, the opposite charges on the anion and cation 

facilitate the association of a .pair in the same cavity, and contribute to a 

lowering of the ionic free energy of the associated pair. 

But this type of ion-pairing (and possibly higher ion-association) is 

primarily not due to an electrostatic ion-ion interaction such as the usual 
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Bjerr:umtype ion-pair) but is an association forced by the water -structure 

itself in trying to minimize .the disturbance to its structure. This suggested 

hew type of ion-pairing, which we shall call water structure-enforcedion-

paring for want of a better name, can occur only in water solutions, .or in 

other highly structured (bonded) solvents, and has, in fact, the opposite 

type of dependence on charge and size compared to electrostatic ion-pairing. 

The latter is least likely" to occur in a solvent with'as high a dielectric 

constant as water, and is greater the smaller the iohs and the higher their 

charge:
4 

For example, the work of Kraus et al. with the tetra-substituted 

ammohiuni salts in organic solvents clearly shows the expected behavior for 

electrostatic ion-pairing;
14 

the calculated association constants decrease 

+ + from NMe ~- to NAm4 , and from Cl to I-, and with increase in the dielectric 

constant of the solvent. 

But the type of' ion-pairing suggested in this paper asoccurrihg in 

aqueous solutions of large cations and anions is due principally to the 

strength of the hydrogen-bonded water structure in forcing the cation-anion· 

pair together so as to minimize their disturbance of the water structure, and 

should show the opposite behavior, an association increasing with size from 

+ + NMe 4 to NAm4 , and from Cl to :C, etc. The resultant ion-pairing should 

lead to a negative correction to the osmotic and 11ctivi:ty coefficients of 

large ion salt solutions,and the·effect should-be larger the higher the con-

centration and the larger the· ions of the salts. It should not occur with 

highly charged ions which interact strongly with the surrolinding water molecules. 

Thus, while the effect does not appear to be important with the tetra 

substituted ammonium chlorides, at least to greatly influencing the osmotic 

coefficients shown in Fig. 2, because of the hydration ·of the· chloride ion, 

this riewtype of·ion-pairing should become more important with the larger, 
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less hydrated, .iodide salts. Such association would lead to much smaller 

values of¢', and would tend to reverse the ord.er of the coefficients in the 

sequence, .i.e., NMe4I > NEt4I > NPr4I >.... This is exactly what occurs ex

perimentally, as shown in Fig. 3. Furthermore, all 'of the coefficients of 

the iodide salts fall below the Debye-H~ckel limiting law, indicating a type 

of association. Ion-pairing between large ions in Ei.queous solution is quite 

strange on the basis of the usual consideration of the electrostatic inter-

actions between the ions, but is a very natural consequence of the ideas 

discussed above. 

Such water structure-enforced association may also be the explanation, 

. or part of the explanation, for the phenomenon of hydrotropism, for the 
- I 

"salting in" of neutral molecules in water that occurs with electrolytes con

taining large-ions, either cations or anions.l5,l6 In this case the desire 

of the water structure to minimize. its contacts with hydrophobic molecules 

and to minimize the number of molecular cavities forces the neutral molecule 

into the same cavity with the large ion, at least for a period of a few 

molecular collisions, creating a transitory ion-molecule pair. Obviously this 
I 

associated species adds to the solubility of the neutral 'molecule -in the 

aqueous solution, leading to the observed salting ,in. As would be expected 

from the views presente~the degree of salting in usually shows a marked 

increase with increase in size of the large ion; for example benzene with the 

straight-chain carboxylate anions. 17 The phenomenon occurs with salts contain

+ ing ions as small as NMe
4 

_and Cl04-, and under ~avorable conditions even with 

Csi. 16 

This effect almost certainly also applies to the "salting in" observed 

.in the extraction of strong acids containing large anions, such as the halo-

metallic acids HFec1
4

, HAuC1
4

, HAuBr
4, HinBr

4
, etc., into low dielectric 



-10- UCRL-10909 

constant basic organic solvents when the hydrohalic acid in the aqueous phase 

is gradually replaced by the cesium or tetra-alkyl ammonium halide. .. ·For 

example, extraction of tracer chloroindic acid into diethyl ether from 3.5 m 

HCl- 1.5 ~ CsCl gives a distribution ratio for the metal acidmuchlower 

than that from 5.0!!! HCl, in fact only one-tenth as large as that from 3.5 m 

HCl alone.
18 

It is suggested that the cesium and chloroindate ions undergo 

water structure-enforced ion"'-pairing in the aqtteous phase, which type of 

behavior is not ppssible with the highly hydrated hydronium ion, and so the 

distribution ratio is lowered far below the value from a solution of the same 

acid concentration but not containing any cesium or tetra-alkyl ammonium salts. 

·Water structure-enforced ion-pairing may well also be the explanation 

for a phenomenon observed by Boyd; Lindenbaum, and Myers in their study of 

the selectivity for halides of strong-base anion exchangerp~l9 They noted 

that as the degreec:of cross-linking in a series of such resins was decreased, 

.the selectivity of the resins for the halide ions decreased, but far less 

than expected. For example, .the selectivity of a corresponding series of 

sulfonic acid cation exchange resins for alkali ions went to zero as.the 

cross-linking went down to 0.5ajo DVB resin, but for 0.5ajo DVB anion resins, 

the selectivity, particularly for the larger halide ions, had decreased by 

only small factors from that of highly cross-linked resins. They suggest 

that ion-binding to the resin is quite strong with the anion exchangers in 

contrast to the case of the alkalis with the cation exchangers, although they 

can give no reason for the difference. But the exchange group for the cation 

resin resembles the benzenesulfonate ion, a hydrophilic species with its 

charge.localized on the oxygens at the surface of the group and so available 

to interact with water or with cations through the more usual direct electro-

static interactions. The exchange group for the anion resin, on the other 



.-}1.:.. UCRL-10909 

hand, is a benzyltrimethyl ammonium ion, just. the type of .large hydrophobic 

species that can be expected to contribute to water structure-enforced. ion

pairing •. Furthermore, the halide anions are larger and much.less hydrated 

than the alkali cations and so disturb the water structure more without being 

able to reorient the water molecules around themselves. The larger and more 

hydrophobic the anion, .the greater the disturbance, .and so the more readily 

·the larger .ion leaves the external solution phase and passes into the less 

structured resin phase solution in the exchange. 20 And in the resin phase 

.it may bind to the resin quaternary ammonium by this new type of ion 

association, .the mere strongly the larger and less hydrated the anion. This 

explains the "unusually" great selectivity of anion resins for large ions 

such as C104 and Reo4-, and even more importantly, AuCl4-, Au(CN)
2

-, Fe(SCN\-, 

etc., and the selectivity of anion resins of low cross-linking in contrast 

to the sulfonic acid resin-alkali cation case. 

In summary, .two related types of behavior have been described for 

large, poorly hydrated, .univalent ions in aqueous solution. Such ions intrude 

into the surrounding water structure without being able to strongly orient 

the water molecules around themselves into coordinate hydration shells; as 

a result the water molecules nearest the ions are bound more tightly into 

the water structure beyond them (the presence of the ions favors water molecules 

with four hydrogen-bonds as nearest neighbors over lower hydrogen-bonded 

species, and thus contributes to a tightening, to a greater organization of 

the water structure around the ions). The greater the number of such ions 

present, and the larger the individual ions are, the greater is the effect 

and the harder it is to put more of these ions into the solution. .This 

corresponds to an increase in the free energy per ion, .and so to positive 

correction terms to the osmotic and activity coefficients of the solutions 

which are larger, the larger the ion. 
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The chemical results are that such large.>ions tend to'berejected by 

the water phase. They are more easily extracted by non-structured organic 

solvents than are smaller ions, other conditions being equal. They show large 

ion-exchange resin selectivities, as the resin phase solution is less struc"" 

tured than the dilute external aqueous phase. And they terid to congregate 

at, tne surface of water phases, .that· is, .they show larger concentrations at 

the surface than in the bulk of the solution, .in contrast to the behavior of 

the sm~ller hydrated ions. 21 

But if both the cation and anion of a salt are large and poorly hydrated, 

a new situation arises.. The water structure forces the two together to 

minimize their disturbance to itself and to maximize the water-water 

bonding. .This water structure-enforced ion-pairing has the opposite require

ments of ordinary electrostatic ion-pairing, being J.arger the larger the ions 

and the smaller their charges, and can occur only in water or some equally 

structured solvent; It results in a lowering of the activity and osmotic 

coeff'.d:cients of the solution, .and the more so, the larger the ions and the 

more concentrated the solution. This leads to the 11 salting in" in the 

solubility of non-electrolytes and in the solvent extraction of large anions, 

and helps further to explain the selectivity of strong base quaternary 

.ammonium exchange resins for large anions, even at low cross-linking. 
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Fig. 1. The osmotic coefficients of the tetra-aL~yl ammoniQ~ 
chlorides at the freezing points of the solutions as a 
function of ~lality: 1,. tetramethyl; 2, tetraethyl; 
3, tetrapropyl; 4, tetrabutyl. Data taken from ref. 12. 
Dashed line is Debye-Htlckel limiting law. 
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MU-31395 

Fig. 2. The osmotic coefficients of the sodiQm salts of the 
fatty acids at 25°C as a fQDction of ~~oiaiity:- 1, fonnate; 
2, acetate; 3, propionate; 4, butyrate; 5, valerate; -
6) caproate; 7, heptylate; 8, caprylate; 9, pelargonate; 
10, caprate. Data taken from ref. 13. Dashed line is 
Debye-Hiickel limiting lmv-. 
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Fig. 3. The osmotic coefficients of the tetra-alkyl ammoniwn 
iodi(ies at the freezing points of the solutions as a f-Lmction 
of •Jmoia1ity; 1, tetra.'Uethylj 2, tetraethylj 3, tetrapropylj 
4, tetrabutyl. Data taken fro:n ref. 12. Dashed line is Debye
Hnckel lLmiting law. 
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