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| Abstract

A simple formula is proposed to describe the pressure dependence of the variable ®@ in El’yanov and
Gonikberg’s linear free energy relationship for ionization reactions in solution at high pressure.

The expression, given in equations (10) and (12), provides a good description of the influence
of pressure on ionization equilibria in aqueous solutions. It permits El’yanov’s general linear
relationships between ® and ionization free energies, enthalpies and entropies, pH and Hammett’s
p parameter, to be expressed in terms of the pressure in convenient analytical forms.

The formula is shown to be consistent with the simple electrostatic theory of ion hydration,
allowing for the effect of pressure on the dielectric constant of water. Combined with the theory,
it provides a general means of predicting ionization constants over a wide range of pressures and
temperatures simply from knowledge of the changes in molar volume, enthalpy and entropy which
accompany the reactions at atmospheric pressure.

Introduction

The thermodynamic relationship® which expresses the influence of pressure P
on the molal ionization constant K of a weak electrolyte in solution is

ORTInKJoP = —AV (1)

where AV denotes the molar volume change accompanying the reaction (if K is the
‘thermodynamic’ ionization constant expressed as a product of activities, AV is then
the volume change at infinite dilution?), R is the gas constant and T is the absolute
temperature. This relationship can be integrated to give

RT In(Kp/Ky) = —AVyP+3AkogP2 +3A4P3 +... )

where the subscripts , and p denote values at atmospheric pressure and at a relative
pressure P (the symbol P denotes the absolute pressure minus atmospheric pressure),
and

Ak = —0AV/OP 3
AL = dAk/OP 4

! Planck, M., Ann. Phys. Chem., 1887, 30, 250.
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Bockris and B. E. Conway) Vol. 9, p. 78 (Plenum Press: New York 1974). y




B. S. El'yanov and S. D. Hamann

Although AV, can often be measured by density methods at atmospheric pressure,
the values of Ak, Aly, ... can only be obtained from measurements made over a range
of moderate or high pressures.

There have been several attempts to replace the series (2) by simpler, and general,
expressions. They are summarized below in chronological order.

Owen and Brinkley® assumed that the pressure dependence of Ak could be
represented by the Tait equation of state, and on that basis derived the relationship

RT In(Ky/Ky) = —AVyP+ Axo[BP— B2 In(1+ P/B)] )

where B is a parameter characteristic of the solvent. To apply this equation at high
pressures it is necessary to know both AV, and Ax,, which requires measurements
of both the densities and the compressibilities of related solutions of strong electro-
lytes. Kearns* applied it in that way to the self-ionization of water and obtained
fair agreement with Hamann’s® measured values of K,/K, to a maximum pressure
of 2 kbar (1 kbar = 103 bar = 10® Pa = 986-92 atm). However, the equation fails
to fit the more recent results of Linov and Kryukov® at higher pressures—it departs
by a factor of 2 at 8 kbar (see the dotted curve of Fig. 2 below).

El’yanov and Gonikberg’ found that the ionization constants of weak acids and
bases in water, over the pressure range 0-3 kbar, can be fitted closely by the
relationship '

log(Kp/Ko) = —DPAV,/T (6)

where @ is a function of P only and has almost the same value, within + 5%, for seven
different acids and bases. They tabulated average values of ® at 1, 2 and 3 kbar,
and later® showed that these values give a good description of the behaviour of
24 other weak electrolytes at pressures up to 3 kbar. Using values of ® calculated
from the ionization constants of ammonium hydroxide in water and piperidine in
methanol at pressures up to 12 kbar, they showed that (6) describes the self-
ionization constant K, of water very well over the pressure range 0-8 kbar. Recently,
El’yanov® has found that (6) also gives a good fit of the ionization constants of acetic
and sulphanilic acids over the same pressure range. He pointed out® that it is a
‘linear free energy relationship’ for the influence of pressure; he analysed its properties
and showed that similar linear dependences upon ® must hold for enthalpy changes
AH, entropy changes AS, and Hammett’s p parameter in ionization reactions, as well
as for the pH of buffer solutions. He also showed that the coefficients in the linear
relationships should be calculable from data measured at atmospheric pressure.
These conclusions were checked and confirmed by comparison with experiment.’
Lown et al.'° truncated the series (2) to the terms in AV, and Ak, and concluded
that it then describes the experimental data well up to 2 kbar, but fails at higher
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