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The increase in the standard partial molar volume of a symmetrical electrolyte on ion-pairing,
AV*, calculated from the experimental association constant at ambient pressure, the isothermal
compressibility, the dielectric constant of the solvent and its pressure coefficient, is as good a
measure of this quantity as values calculated from more elaborate experimental procedures, such
as the pressure coefficient of the association constant or high precision density determinations in

dilute solutions.

Introduction

When symmetrical electrolytes associate in solu-
tion to ion pairs, the electrostriction caused by the
ions disappears. The association is, therefore, ac-
companied by an increase in volume, 4 ¥*, which is
the difference between the standard partial molar
volumes of the ion pairs and of the completely
dissociated electrolyte. Two experimental proce-
dures have commonly been used for obtaining this
quantity. In one of them, the pressure derivative of
the association constant, obtained generally from
conductivity measurements, is calculated:

AV*=—RT@InKn,(p)/dp)r, (D

where K. (p) is the association constant on the
molal scale at pressure p. This procedure requires
K., data at several pressures up to quite high ones,
typically to 100 MPa, which are not easy to obtain
with high precision. The differentiation reduces the
accuracy of 4V obtained by this procedure even
further [1, 2]. The other procedure is to obtain ap-
parent molar volumes @, from density measure-
ments over the range of concentrations in which the
electrolyte is only partly associated, and calculate:
AV*=(lim @y— D y(c))/a+ ka2, (2)
c—> 0
where o is the degree of dissociation of the electro-
lyte, ¢ is its molar concentration, and k is the
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Debye-Hiickel limiting law slope. In (2) lim @ re-

c— 0
presents the apparent molar volume of the com-
pletely associated electrolyte, i.e., of the ion pair.
Linear terms in ¢ have been omitted for the sake of
simplicity; they have to be included in accurate cal-
culations. Again, it is difficult to obtain densities to
sufficiently high precisions in the dilute solution
range, where o is appreciably different from both 0
and 1 [3, 4].

The concept of association of an electrolyte to ion
pairs inherently implies some model, and the Bjer-
rum approach [5], according to which oppositely
charged ions are associated if their electrostatic
interaction energy exceeds k7, is adopted. The
model considers the ions as point charges, capable
of approaching each other in the continuous dielec-
tric medium of relative permittivity ¢ no nearer
than the characteristic distance a. The general ap-
plicability of this model has been recently confirm-
ed [6]. Acceptance of this model requires the experi-
mental association constant obtained at ambient
conditions and expressed on the molar scale to be
given by the equation [5]:

Kexpu/dmimol™ =4 10727 Ny, (a/nm)?

b*Q(b)=K. 3)
where
b=(?e¥4negkp) T ' c'a™!
=16710.3 (T/K)™" ¢! (a/nm)~", (4)
b
Qb)y=[r*exp(r)de. (5)

Ny 1s Avogadro’s number, = is the charge number
of the ions, and 7 is an auxiliary variable. For a
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given temperature 7 and solvent (characterized by
¢), K is an implicit function of a (which character-
izes the electrolyte) only.

If (1) is to be applied to (3), K must first be
converted to the molal scale by multiplication with
the density of the solvent, o/kg dm™. On the as-
sumption that the distance parameter a is pressure
independent, the result is:

AV*=—RT@@In(K -0)/dp)r
=RTxr[([3+exp(b—1InQ (b)) b7

- [#7' (@Ine/dp) 7)) — 1] (6)
where x7 is the isothermal compressibility of the
solvent, (0lng/0p)r. It should be noted that (6) ap-
plies at all pressures, including ambient pressure.
Such an equation has been derived previously, e.g.
[3,7].

The main purpose of the present paper is the de-
monstration that (6) can be the basis of determina-
tions of A4 V* that are as good as, if not superior to,
the more tedious methods mentioned above, i.e.
K. (p) or @y(2), and the advocacy of its universal
employment in their stead.

Method

The calculation requires as input data the experi-
mental association constant of the electrolyte,
Kexpu/dm? mol™', and the isothermal compressibility
»r, the dielectric constant ¢, and its pressure deri-
vative (Olne/0p)r, all obtained at a given tempera-
ture 7 and pressure, usually ambient.

The quantities 7/K and ¢ are inserted into (4)
and b values are obtained for a series of a values
around the expected one. Equation (5) is now
integrated numerically for these b values to obtain
corresponding Q@ (b) values. These, in turn, are
inserted into (3) and (6), together with the »r and
(@lne/dp)r data, to obtain related K and AV*
values, which have a as the variable parameter.
Whereas log K has been found to be non-linear with
a. the functional dependence of the related 4V~
and log K is very closely linear. This permits an
accurate interpolation to find the 4 ¥* correspond-
ing to the experimental K = K.

Alternatively, QO (b) can be obtained from (4) and
Kexpu as:

0(h)=2.8318 - 107 (T/K) & Keypu .~ (7)

Numerical integrations of (5) are again carried out
for a series of b values, and a value of b is inter-
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polated in these for the corresponding experimental
Q (b). This corresponding set is then used in (6) to
give AV*. At high values of the experimental Q (b),
the approximation [7] Q(b) ~ exp (b) - b™* may
serve in the numerical calculations.

If RT is taken in Jmol™' and %7 and (dlne&/dp)rin
bar™' (1 bar = 0.1 MPa), then the right hand side of
(6) must be multiplied by 10 to give 4¥* in
cm® mol ™.

The accuracy of the numerical integration de-
pends on the number of steps used, and £ 0.1% can
readily be achieved with 100 steps in a reasonably
short time on a microcomputer. This compares
favorably with the series expansions employed
previously [8]. The accuracy determining factors are
the experimental values of % and (0lne&/Op)r that
are used for the solvent at the given T and p,
together with the accuracy of the value K¢y of the
particular electrolyte studied. The contribution of
the latter factor is = 1cm?mol™ in 4V* for an
uncertainty of = 20% in Keypy.

Applications

The method can be applied whenever the input
data: Kexpu, & #7 and (0lne/0p)r are known or can
be estimated for the given 7 and p and the electro-
lyte/solvent system of interest. Here only a few cases
will be dealt with, where 4 V% values have already
been estimated by the experimentally more elabo-
rate K,(p) or @,(x) methods, as found in the
literature.

The data for the lithium halides in alcohols have
been discussed previously [3] and need not be
repeated here. Corresponding values of xr and
(0lne/Op)r have been selected from the literature
for primary, secondary, straight-chain and branched
alcohols, and have been reported [3]. A semi-
empirical relationship between these two quantities
has been found to hold (see Appendix):

(@Ine/dp)r=[(c—1)(2.974
+0.0257 £)/3.81 ¢] - 7. (8)

For an accuracy of £ 0.5- 10~ bar™' in »7 the cor-
responding accuracy in (dlne/dp)r is £2.0-107¢
bar™!. This relationship should prove useful also for
other cases of association of symmetrical electro-
lytes in alcohols.

The case of the alkali metal iodides in acetone,
where K (p) has been obtained from conductivity
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Table 1. Comparison of 47*/cm?mol™! for the associa-
tion of alkali metal iodides in acetone at 30 °C.

Salt Ambient pressure 1.53 kbar

Inada[1] present work  Inada[l] present work
Lil 21 159+ 0.8 12 8.0%0.5
Nal 25 16.8 £ 0.8 12 8.0%0.5
KI 23 17.7+ 0.9 12 8.0 0.5
Csl 24 20.6 = 1.0 12 10.0 £ 0.5

measurements to 2 kbar [1], is a good illustration of
the use of the present method. The data quoted
for V(p)/V (1) and ¢ (p) [1] and others from stan-
dard Tables [9] yield x7=1.19-10"%bar™! and
#7 (0lne/dp)r=1.31 £0.02 at ambient pressure
and x7=0.51-10"%bar™" and »7' (0lne/0Op)r=1.23
+ 0.02 at 1.53 kbar. The values of 47> calculated
by the author [1] and by the present method are
compared in Table 1. The former have been obtain-
ed from the slopes of small-scale curves of InK vs. p,
and are not very accurate. The unexplained non-
monotonous sequence of values at ambient pressure
illustrates this point. In the present calculation the
quantity that limits the accuracy seems to be the un-
certainty in x7, estimated to be * 5%, which pro-
duces a corresponding uncertainty in 4 ¥, in addi-
tion to any uncertainties that accrue from the K
values, the errors of which have not been given [1].
Another case that can illustrate the use of the
present method is that of the association of cad-
mium and sulfate ions in aqueous acetonitrile solu-
tions [4]. The authors have made highly precise
density determinations in dilute solutions (in the
range from 0.004 to 0.040 mol dm™3) of cadmium
sulfate in water and in 3 and 21 mol% aqueous
acetonitrile, and also conductivity measurements,
from which they have calculated association con-
stants. The Debye-Hiickel limiting slope k of (2), or

Table 2. Comparison of AV* values for the association
acetonitrile at 25 °C.
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as used in [4], requires the knowledge of xr and
(Olne/Op)r for its calculation. These have been
obtained from a previous work of two of the
authors [10] by interpolation. The results for A4 V>
obtained by the authors [4] and by the present
method are compared in Table 2.

If the uncertainty of K given by the authors [4] for
aqueous cadmium sulfate, £ 1.6%, applies also for
the mixtures, the resulting error of 47> from the
present method is = 0.1 cm®mol™". To this must be
added any errors in %7 and (Olne/0p)7/»r the un-
certainty of the interpolated values of the former
[10] is £ 2.5%, that of the latter is relatively negli-
gible. Errors of £ 0.5 to = 0.8 cm?mol~' therefore
arise from these sources. Hence the estimates of the
uncertainty in the values obtained by the present
method. In spite of the high precision attained for
the density measurements [4], their conversion to
estimates of 47> lead to the result that a 2% rela-
tive increase of the mol% of acetonitrile from
20.92 to 21.32 produces a relative increase of
57+ 31% in 4V* (from 61 to 96 cm®mol~')! No
comment on this was provided, however in [4], and
this may reflect inherent inaccuracies in their meth-
od. The present procedure, of course, provides a
smooth dependence of A¥V* on the mol% of
acetonitrile.

A final case to be discussed here is the association
of tetrabutylammonium picrate in mixtures of ben-
zene and chlorobenzene [2], where, again, K, has
been obtained from conductivity measurements at
various pressures, up to 0.65 kbar. The pressure
derivative of K, has then been used to calculate
AV* but the K, values themselves have not been
presented in the paper. Instead, distance parameters
a, obtained by means of the Fuoss theory of ion
pairing, have been reported. The use of these a
values in (4) gave the required b, and this, in turn,
in (5) the required Q (b), for the calculation of

of cadmium sulfate in aqueous

Mol% 105 %/bar™! (0 Ine/dp)r/nr K 47*/cm? mol™!
CH,CN dm? mol™!

g authors [4] present
0.00 4.51 1.054 248 + 4 9.3+ 1.0 20.6 = 0.6
3.00 4.55 1.096 354 72E 12 22.3x0.6

20.92 5.43 1.173 2960 61 * 6 31.5+09
21.32 5.46 1.173 3100 96 £ 13 31.8£09
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Table 3. Comparison of 4 values for the association of
tetrabutylammonium picrate in benzene + chlorobenzene
mixtures at 25 °C.

Vol% € a/nm A V*/cm? mol™!
C¢H;Cl
authors [2] present work
0 2.27 0.622  61.6 £ 5.1 592
11 2.62 0.615 545+33 552
16 2.78 0.603 57.3% 1.0 54+t 1
30 3.2 0.594 51.8%1.3 49t 1
40 3.55 0.585 4851038 47t 1
50 3.87 0.575 50.8% 1.0 44+ 1

AV* by the present method. These are compared
with the values reported in [2] in Table 3. The
necessary (Olne/0Op)r data for the benzene + chloro-
benzene mixtures have been given in the paper, the
»r data have been estimated from data in the
sources quoted there [2].

The nonmonotonous change of 4FV* with the
composition of the solvent, reported by the authors
[2], should be noted. This feature has not been com-
mented on in [2], and the limits of error given by the
authors are therefore not realistic. The values ob-
tained in the present work agree with their general
trend and also with their absolute magnitude, but
do not suffer from these fluctuations. Their accura-
cy is limited by the uncertainties in a (not given),
those of x7 (£ 3%), and those of (01ne/dp) 1 (£ 2%).

Discussion

The examples discussed in this paper show that
the calculated 4 V* values are of the correct magni-
tude (Tables | and 3), have the correct pressure
dependence (Table 1), and do not suffer from unex-
plained inconsistencies (Tables 2 and 3), compared
with the experimental values. Since, however, ion
pairs are in fact defined only operationally, it is to
be expected that the present method of obtaining
the volume change on ion-pairing applies only to
such cases where the association has been measured
by a method compatible with the underlying con-
cept of association, e.g. by conductivity measure-
ments.

Cases are abundant in the literature, where agree-
ment of the association constants expected from the
Bjerrum theory of association [5] with experimental
values is poor. Such cases include those of mixed
solvents having dielectric constants ¢ equal to that of
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a given solvent, but showing widely different values
of K for a given electrolyte. Such discrepancies have
been explained in terms of preferential solvation. A
short discussion of this has been given in [11].

A corollary of the acceptance of the Bjerrum
expression (3) for the association constant K, and its
derivative with respect to the pressure, to give 4 V*
in (6), is the derivation with respect to the tempe-
rature to give the standard molar heat of ion-
pairing, 4H*. Again, many cases of discrepancies
between the values of the derived expression (see,
e.g., [12]):

AA*=—RT[(b-1)(1+ TdIne/dT) +aT], (9)

where 2 is the isobaric thermal expansivity of the
solvent, and experimental calorimetric values have
been noted. The question arises whether the calori-
metric determination of the heat of association
applies to the same process to which the calculation

Table 4. The ratios of the pressure derivative of the di-
electric constant and the isothermal compressibility of
alcohols at 298.15 K and 1 bar.

Alcohol (0 In e/0P) /%1
experimental ? Eq. (8)

methanol 0.96 0.97
ethanol 0.87 0.90
1-propanol 0.89 0.87
1-butanol 0.83 0.84
1-pentanol 0.87 0.82
1-hexanol 0.80 0.80
1-heptanol 0.78
1-octanol 0.76
1-nonanol 0.75
1-decanol 0.73
2-propanol 0.86
2-butanol 1.21 (9 0.84
2-methyl-1-propanol 0.99 0.85
3-methyl-1-butanol 0.85 0.82
2-ethyl-1-hexanol 0.76

4 Estimated accuracy: & 2%. Values calculated from data
in the following sources: T. Chen, W. Dannhauser, and J.
Johari, J. Chem. Phys. 50, 2046 (1969): PrOH, 2-BuOH;
W. E. Danforth, Phys. Rev. 38, 1224 (1931): EtOH,
1-BuOH, HxOH; H. Hartmann, A. Neumann, and G.
Rinck, Z. Phys. Chem. 44, 204 (1965): MeOH; F. E. E.
Harris, E. W. Haycock, and B. J. Alder, J. Chem. Phys. 21,
1943 (1953): BuOH; J. S. Jacobs and A. W. Lawson, ibid.
20, 1161 (1952): MeOH, EtOH, HxOH; S. Kyropoulus, Z.
Phys. 40, 507 (1927): MeOH, EtOH; B. B. Owen and S. R.
Brinckley, Phys. Rev. 64, 32 (1943): MeOH, EtOH,
1-BuOH, HxOH; R. G. Bennet, G. H. Hall, and J. H.
Calderwood, J. Phys. D 6, 781 (1973): PnOH, i-PnOH; Ref.
[14] for (O In ¢/0P)r. Also Landoldt-Bornstein, New Series
(1967), Vol. 11/5, p. 41, and G. W. Marcks, J. Acoust. Soc.
Amer. 41, 103 (1967) for x7.
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applies, and if not, what adjustments are appro-
priate.

It is suggested that the examples treated in the
present paper, where the 47V* from (6) is seen to
agree with experimentally determined values, be
taken also for the experimental determination of
AH™. This would test the applicability of the calori-
metric determination to the cases of ion-pairing that
fall within the range of validity of the Bjerrum
treatment.

Appendix

The dielectric constant of a liquid at a given
temperature and pressure has been expressed as
[13, 14]):

(T, P) = (D[e(T, P)—o(T, Po)]+20(T, P)
+20(T, Po)[e(T. Po) +2)/[e(T, Po)— 11}/
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