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Thermodynamic parameters, AG®, AH® and AS®, for the
dissociation of aromatic carboxylic acids and phenols have
frequently been used to explain the effect of substituents on
the ionization of functional groups.'”? The fundamental
measurements of this type were mainly carried out in aque-
ous solutions. More recently the effect of solvent on proto-

lytic equilibria has become a subject of considerable in-
terest, and thermodynamic data in mixtures of water and
organic solvents have been determined.** These data have
also been used to obtain values for the thermodynamic
functions of transfer from the aqueous to an aqueous-
organic solvent.>3

Table 1. Standard Gibbs energy, enthalpy and entropy of ionization of benzoic acids in dioxane—-water mixtures at 298.2 K.

Comp. €, Xp? AGS®? AH® TAS® AS®
kJ mol~* kJ mol~! kJ mol~! kJ mol~!
Benzoic acid 78.2 0 24.20 0.65¢ -23.6 -79
60.2 0.050 27.83 0.67 —-27.2 -91
415 0.112 32.73 0.88 -31.9 -107
25.9 0.234 41.07 1.00 —40.1 -134
10.7 0.455 53.17 1.42 -51.8 —-174
8.2 0.551 42.68 1.13 -41.6 —-140
56 0.648 32.90 0.75 -32.2 -108
4-Chlorobenzoic acid 0 23.07 0.929 —-22.2 -74
0.050 25.87 2.96 -22.9 =77
0.112 29.88 5.43 —-245 —-82
0.234 38.41 8.78 —-29.6 -99
0.455 51.24 7.85 —-43.4 —-146
0.551 41.84 5.85 -36.0 -121
0.648 28.88 3.34 —-25.5 —86
3-Nitrobenzoic acid 0 19.89 0.29 -19.6 —66
0.050 23.74 0.42 -23.3 -78
0.112 26.75 1.71 -25.0 -84
0.234 34.69 3.26 -31.4 -105
0.455 46.82 272 —44 1 —148
0.551 43.28 2.48 -40.8 -137
0.648 40.96 2.17 —-38.8 -130
4-Nitrobenzoic acid 0 18.47 0.21¢ —-18.3 —61
0.050 23.28 0.42 —-22.9 =77
0.112 26.88 1.37 -25.5 —86
0.234 34.56 242 -321 —-108
0.455 46.82 1.50 —453 —-152
0.551 43.92 0.72 —43.2 —145
0.648 40.96 0.04 —40.9 -137
aMole fraction of dioxane. ®Calculated from pK, values reported in Ref. 6. °Lit. 0.62 kJ mol~'.! 9Lit. 0.96 kJ mol~'.! °Lit. 0.13 kJ
mol.!
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Jahagirdar et al.® have previously described the depend-
ence of pK, values of substituted benzoic acids on the
composition of dioxane-water mixtures. According to
these workers the solvent effects on the dissociation of this
class of compound are similar in the sense that the pK,
values pass through a maximum when the mole fraction of
dioxane (xp,) is 0.44. This was attributed to dioxane mole-
cules entering into the primary hydration sphere of the
ionic species. To understand more about the role of solute—
solvent interactions, the AH® values for the dissociation of
benzoic acid and its 4-chloro, 3-nitro and 4-nitro derivatives
have now been determined in 0, 20, 40, 60, 80 and 90 %
(v/v) dioxane-water mixtures at 298.2 K. These values,
along with the previous data® on the Gibbs energies of
ionization, were used to calculate the AS® values.

Table 1 records the standard Gibbs energies, enthalpies
and entropies for the ionization of benzoic acid and some
substituted benzoic acids in various dioxane-water mix-
tures at 298.2 K. The values of relative permittivity of the
solvent mixtures are included in the same table. Evidently,
the ionization enthalpies are positive and the entropies are
negative over the entire range of solvent compositions stud-
ied. In other words, the dissociation process is both enthal-
pically and entropically unfavorable. The negative entropy
change indicates an increase in order for the dissociation
reaction. Apparently, ordering of solvent molecules
around the H* and A~ ions, produced from neutral HA, is
more extensive than ordering around HA, and hence the
ionization generates an order in both water and dioxane—
water mixtures. The data in Table 1 also show that variation
of the AG® values, and hence the pK, values, as a function
of x;, is mainly determined by the entropic contribution,
TAS°. The enthalpy term usually amounts to less than 10 %
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Fig. 1. Enthalpies of ionization of benzoic acids plotted against
the reciprocal relative permittivity of the reaction mixture: O,
benzoic acid; @, 4-chlorobenzoic acid; O, 3-nitrobenzoic acid;
M, 4-nitrobenzoic acid.
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Fig. 2. Entropies of ionization of benzoic acids plotted against
the reciprocal relative permittivity of the reaction mixture: O,
benzoic acid; @, 4-chlorobenzoic acid; [J, 3-nitrobenzoic acid;
W, 4-nitrobenzoic acid.

of the weakening of the acid strength that takes place when
the dioxane content is inreased up to xp, = 0.44. Only in the
case of 4-chlorobenzoic acid is the enthalpy contribution as
high as 25 %.

Figs. 1 and 2 show the ionization enthalpies and entro-
pies plotted against the reciprocal relative permittivity,
g, !, of the solvent mixtures. The endothermic nature of the
ionization reaction is initially increased with increased
dioxane content, the dependence of AH® on g being
approximately linear. However, in dioxane-rich solutions
an inverse dependence on g, is observed. The AS® values,
in turn, pass through a minimum at &, = 0.093. The prob-
lem of interest is why AS® is more negative for xp = 0.45
than for lower and higher dioxane content. This point is
discussed below in the light of the present knowledge on
the structure of solvent mixtures. It should also be noted
that the ionization enthalpies obtained at x, > 0.5 may
include a contribution of ion-pairing between sodium and
benzoate ions (see the Experimental). Since the ion associ-
ations are generally endothermic processes, the real ion-
ization enthalpies may, in dioxane rich mixtures, be smaller
than the observed ones. In spite of this, the main conclu-
sions remain valid: (i) the variation in AG® is mainly deter-
mined by the entropic factor, and (ii) AH® passes through a
maximum and AS® through a minimum at x, = 0.5.

Variation in the ionization enthalpies and entropies with
dioxane content may be due to a change in the overall
permittivity of the medium and to specific solvent-solute



interactions, among which donor-acceptor interactions
play an important role. According to the classical theory of
Born,” a solvent is a continuous dielectric medium that only
provides an electrostatic field. However, preferential solva-
tion by one of the components of the solvent mixture may
change the solvent composition in the neighbourhood of
ionic solutes, and hence lead to deviation from the ex-
pected behavior. As seen from Figs. 1 and 2, the enthalpy
and entropy changes for ionization of benzoic acids are
approximately linearly related to reciprocal permittivity at
low dioxane content, as indeed is expected on the basis of
Born’s theory. Accordingly, dioxane up to a mole fraction
of 0.3-0.4, could be interpreted as affecting mainly the
dielectric properties of the solution. However, in reality the
picture of dioxane-water mixtures is more complicated.
Several experimental approaches suggest that a pro-
nounced break-down of water structure takes place upon
addition of dioxane. Many physical parameters related to
solvent structure pass through a maximum in the range 0.2
< xp < 0.5: the Kirkwood correlation parameter g reaches
a maximum value at x;, = 0.3,% the relaxation time of water
in dioxane-water mixtures exhibits a maximum value at 0.3
< xp < 0.5,° and the viscosity passes through a maximum at
0.2 < xp, < 0.3.1° These observations have been accounted
for by formation of either 1:3," or 1:2 and 2:2 dioxane-
water adducts.!! Excess thermodynamic functions of mixing
water and dioxane are also consistent with the formation of
a rather ordered solvent structure at x, = 0.3."2 The excess
Gibbs energy is positive over the whole composition range,
consisting of a small enthalpic contribution (negative at xp
< 0.5 an positive at xp > 0.5) and a markedly negative
entropic contribution. The latter quantity passes through a
minimum at xp, = 0.3. Interestingly, the ionization of ben-
zoic acids is both enthalpically and entropically most un-
favourable at xp, = 0.4, i.e. under conditions where 1:2 and
2:2 dioxane-water adducts may be assumed to predom-
inate. In other words, the structure-making effect of the
ionization reaction is most pronounced in solvent mixtures
which already have a rather ordered structure; competition
of the ionic species with dioxane molecules for water mole-
cules will still increase the order of solvent structure. At
higher dioxane content, where the medium may be re-
garded as a mixture of dioxane molecules and 2:2 water—
dioxane adducts, the enthalpy values become less positive
and the entropy values less negative. Previously,® it has
been suggested that under such conditions dioxane mole-
cules may enter the primary hydration sphere of the ionic
species produced by dissociation of benzoic acids. If this
really happens, the solvation of the ionic species may be
assumed to resemble that of unionized benzoic acid, and
hence the changes that dissociation of benzoic acid exerts
on the solvent structure are less pronounced than at lower
dioxane content. The dependence of the thermodynamics
of ionization on solvent composition is rather insensitive to
substituent effects.
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Experimental

Materials. Benzoic acid (>99 %), and 4-chloro- (>99 %),
3-nitro- (>98 %) and 4-nitro-benzoic acids (>99 %) were
commercial products of Aldrich, and were used without
further purification. Dioxane was an analytical-grade prod-
uct of Merck.

Calorimetric measurements. The measurements were per-
formed on an LKB 10700-2 Batch microcalorimeter. The -
compartments of the reaction cell were loaded with so-
lutions of perchloric acid and the sodium salt of benzoic
acid in an appropriate dioxane-water mixture. Typically,
0.1 mol dm™3 and 0.08 mol dm 3 solutions of perchloric and
the sodium salt of benzoic acid were used. The transfer of
each solution, 2.00 cm?, was done by means of an auto-
matic pipette. The reference cells were filled with 2 cm® of
the same solvent mixture. The enthalpies of dilution of the
sodium salt and perchloric acid were determined separately
in the same solvent composition. The enthalpies of prot-
onation were calculated by subtracting the heat evolved on
dilution of the solutions of the salt and the acid from the
heat evolved when the two solutions were mixed. In the
concentration range employed (final concentration 0.04
mol dm™) ion association may be assumed to be almost
negligible at x, < 0.5. For comparison, the ion-pair forma-
tion has been estimated to be less than 15 % in neat sol-
vents of comparable permittivity (DMF, DMSO, nitroben-
zene), when the concentration is 0.1 mol dm™3.1> However,
at xp, > 0.5 ion-pairing between sodium and benzoate ions
may be extensive, and hence affect the observed values of
ionization enthalpies. Since the ion association may be
expected to be an endothermic process,” the real ion-
ization enthalpies may, under these conditions, be smaller
than those observed.

The instrument was calibrated from measurment of AH®
for the neutralization of a strong acid (HCl) with a strong
base (NaOH)." Each value of AH reported is the average
of three runs, and the deviation from one experimental
value to another was never more than 0.1 kJ mol™'. The
temperature variation of the calorimeter was + 0.1 K.
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