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ABSTRACT 

From solubility measurements at 25” C for some tetraphenyl derivatives in water and 
mixed aqueous acetonitrile solvents, the single-ion free energies of transfer of Cl-, Br-, I-. 
K+, Rb+, Csf and Ph,Sb’ from water to acetonitrile and acetonitrile-water mixtures were 
estimated by using the asymmetric Ph,AsBPh, assumption. Their values were discussed in 
view of solute-solvent interactions and volcanic-anti-volcanic-shaped relations between the 
free energies of solvation of a series of salts and the difference of solvation free energies of 
their ions. 

INTRODUCTION 

The reference electrolyte Ph,AsBPh, with its cation and anion of similar 
size, provides the possibility of evaluating single ion thermodynamic quanti- 
ties in different solvents [l-7]. Although an equal partition of its thermody- 
namic quantities is generally assumed [l-9], there is strong evidence that a 
slightly asymmetric partition exists [lo-141. Because the reference cation 
(Ph,As+) differs slightly in volume from that of the reference anion (Ph,B-) 
having the value 9.1 cm3 mol-‘, accurate experimental results were needed 
to verify the asymmetry in their thermodynamic quantities [13]. 

The aim of the present work is to determine the free energies of transfer 
for some tetraphenyl derivatives and their single-ion values from water to 
acetonitrile and aqueous-acetonitrile mixtures using the asymmetric 
Ph,AsBPh, assumption. This paper also presents the solubilities and free 
energies of transfer for Ph,SbBPh, in mixed acetonitrile-water solvents and 
its suitability as a reference electrolyte for the determination of single ion 
thermodynamics. 

0040-6031/89/$03.50 Q 1989 Elsevier Science Publishers B.V. 
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EXPERIMENTAL 

KBPh,, RbBPh, and CsBPh, were prepared by adding aqueous solutions 
of KCI, RbCl and CsCl to NaBPh, dissolved in water. The precipitates were 
filtered, crystallized, repeatedly recrystallized in acetone and dried at 100 o C 
in an electric oven. Ph,AsBr and Ph,AsI were prepared by a similar method 
by adding aqueous solutions of KBr and KI to Ph,AsCl dissolved in water. 
Ph,SbBPh, was prepared by precipitation from water-dissolved Ph,SbBr 
and NaBPh,, and the precipitate was then filtered, dried and crystallized in 
acetonitrile. The water contents of all the prepared tetraphenyl derivatives 
were determined by Karl-Fischer titration and IR spectra. Only Ph,AsBr 
and Ph,AsI revealed the presence of water, 0.032 and 0.071 mol of water per 
mol of the corresponding tetraphenyl derivatives respectively. The prepara- 
tion of saturated solutions and the solubility measurements were carried out 
as in a previous paper [15]. The experimental values presented in this work 
are the averages of three separate determinations. The solubility measure- 
ments were carried out at a constant temperature of 25 o C + 1” C. 

RESULTS AND DISCUSSION 

The standard free energies of transfer AsWG”(MX) from water (w) to 
organic solvent (s) of KBPh,, RbBPh,, CsBPh,, Ph,AsCl, Ph,AsBr and 
Ph,AsI were calculated from eqn. (l), where K,, is the solubility product 

AgG* (MX) = RT ln[ K,(w)/&,(s)] 0) 
The solubility products were corrected using activity coefficients (y ,) 
calculated from eqn. (2), where a is the solvated radii, A and B are the 
Debye-Htickel parameters [ll] which depend upon the solvent dielectric 
constant and temperature, and C is the molal solubility 

log y*= - 
AP2 

1 + BaC’12 
(2) 

Values of A and B were calculated from the experimental dielectric 
constants of acetonitrile-water mixtures given in ref. 10. The single-ion free 
energies for halide and alkali metal ions were evaluated by subtracting the 
free energy values for the tetraphenyl derivatives from the values of the 
reference cation (Ph,As+) and reference anion (Ph,B-) using the asymmet- 
ric Ph,AsBPh, assumption [lo] as explained in eqns. (3) and (4) 

A;G* (X-) = A;GO (Ph,AsX) - As,G* (Ph,As+) (3) 
A;G*(M+) = As,,” (MBPh,) - A”,G* (Ph,B-) 

The results are listed in Table 1. 

(4) 
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The solubilities of Ph,SbBPh, determined in mixed acetonitrile-water 
mixtures are summarized in Table 2. For calculating salt effects in each 
solvent mixture, activity coefficients are evaluated using the extended form 
of the Debye-Hiickel equation (eqn. (2)). The distance parameter a in each 
medium is assessed by considering one solvent molecule to be between the 
cation and anion [15]. This was achieved by adding the radii of the two ions 
(Ph,B- and Ph,Sb+) to the diameter of the solvent molecule (scaled particle 
theoy diameter usfl). The additive radii for both ions of Ph,SbBPh, was 
8.5 A, taken from ref. 16, whereas the scaled-particle-theory radii of the 
mixed solvents under consideration were calculated from the partial molar 
volume a0 (calculated from density measurements) and by applying the 
following empirical equation 

us, = 0.9275~~ - 0.8465 (5) 

Considering the presence of two large spherical organic molecules with low 
charge density on their surfaces, it is plausible that no significant ion 
association may take place in solutions. In fact, strong ion-dipole interac- 
tions are found to be predominant [13]. From the solubility products of 
Ph,SbBPh,, and by applying eqn. (l), its free energies of transfer, AS,G*, 
from water to mixed acetonitrile-water solvents were calculated and are 
given in Table 2. On subtracting the free energy values of Ph,SbBPh, from 
that of Ph,B- cited in ref. 10, the free energies of transfer of the reference 
cation Ph,Sb+ were estimated and are also tabulated in Table 2. These 
values indicate that Ph,SbBPh, is also an asymmetric model for single ion 
thermodynamics and that the free energies of Ph,Sb+ are greater than that 
of Ph,As+, with a difference of about 8%, due to the large size and small 
effective charge density of the former ion. 

The single-ion free energies of transfer of Cl-, Br-, I-, K+, Rb+, Cs+ and 
Ph,Sb+ are presented in Fig. 1. The results in Fig. 1 indicate that alkali 
metal cations and halide anions are more strongly solvated by water, 
whereas Ph,Sb+ is more strongly solvated by acetonitrile. Positive L\S,G* 
values of halide and alkali metal ions indicate that the dissolution of these 
ions is not favoured by addition of acetonitrile to water, due to the 
combined effects of the decreasing dielectric constants of the mixtures and 
the weak ion-solvating properties of acetonitrile. On the other hand, the ions 
with at least one large organic ion, i.e. Ph,Sb + generally show negative 
A”,G” values, suggesting the stabilization of these ions by acetonitrile 
through dispersion and cavity forces [17]. The observed initial maxima in 
A”,G*-composition profiles can be attributed to the water-structure-break- 
ing ability of acetonitrile. Thus, water monomers and acetonitrile molecules 
together lead to the formation of intercomponent hydrogen-bonded com- 
plexes I and II [18], resulting in an increased basicity of the hydroxyl oxygen 
due to the presence of a lone pair of electrons on the nitrogen. The increase 
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and partly to the effect of the protophobicity of acetonitrile which may well 
arise from the possible formation of dimers (III), which is supported by IR 
studies [19,20]. 
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Fig. 2. Volcano-anti-volcano plots of free energies of transfer of various salts from water to 
acetonitrile as a function of the difference of free energies of transfer of the respective cations 
and anions. 
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Fig. 3. Plots of the reciprocals of ionic radii (crystal radii in case of lithium salts and van der 
Waals radii in case of tetraphenyl derivatives) versus the difference in the ionic radii r+ - r_. 
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Volcano-anti-volcano-shaped relations between the transfer free energies 
(AgG*) of a series of salts from water to acetonitrile taken from the 
literature [21-231, and the difference in solvation energies of transfer of ions 
of the salts estimated by using the asymmetric Ph,AsBPh, assumption in 
mixed acetonitrile-water solvents are shown in Fig. 2. This relation was first 
applied by Fajans [24] using hydration energies and therefore is known as 
Fajan’s relation. The relation has a maximum when the difference of the free 
energy of transfer of the cation and anion approaches zero, with the 
exception of that of tetraphenyl derivatives which has a minimum (see Fig. 
2). Figure 3 shows maxima and minima in plots of (l/r+ + l/r_) versus 
r+-r- as r+ - r_ + 0, which explains the maxima in the case of alkali 
metal salts and the minima in the case of tetraphenyl derivatives. It can be 
concluded that the volcano-anti-volcano relations can be readily explained 
as a result of the sum of two reciprocal functions of the ionic radii r+ and 
r-. 
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