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pK Values of carboxylic acids have been measured in mixtures water-organic solvent and con
fronted with the Born equation. Solubilities of benzoic acid have been measured. From the pK 
and solubilities found the dG?(C6H sCOO -) values have been calculated for various two-com
ponent solvents. The results agree with the idea that the ion transfer into another medium is 
affected not only by electrostatic, but also by non-electrostatic forces. 

A number of papers (see refs1 •2) deal with solvation of ions and its effect on dissocia
tion of weak acids, nevertheless, this problem still attracts attention3 - s. At present 
the most fruitful approach is based on the Gibbs energy of transfer of particles. 
The dissociation constants K W and KS apply to the dissociation equilibrium (A) 
(where M means the solvent) in water and in solvent S, respectively. The difference 
between their negative logarithms is given6 by Eq. (1) which can be transcribed 
to the form (2), where 8G?(i) are the Gibbs energies of the particles transfer defined7 

by Eq. (3). 

HA + M ~ MH + + A- (A) 

(1) 

(2) 

8G~(i) = RTln Y(i) (3) 

For little soluble substances the Gibbs energy of transfer of neutral molecules is 
expresseds by Eq. (4). The Gibbs energy of transfer of ions can be divided into the 
electrical part given by the Born equation and the non-electrical part givenS by Eq. (5). 
Finally the Eq. (2) can be transformed into Eq. (6) (ref. 9 ). 

(4) 

8G?(ion) = 8G?(el) + 8G~(non-el) (5) 
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The dependence of AP on the solvent composition was followed in the water
-methanol system for a number of compounds, but the dependence of AP or AG~(i) 
of the individual particles in other binary solvent systems are not available. From 
Eqs (4) and (6) it is obvious that a solution of the problem will necessitate estimation 
of solubility and measurement of dissociation constants. In this work carboxylic 
acids have been chosen as the model group of compounds, their pK values being 
easily accessible and - in a number of cases - known with sufficient accuracylO. 
Changes in the size of the molecules in the group mentioned make it possible to esti
mate the applicability of the Born equation and, hence, operation of electrostatic 
effects accompanying a change of solvent. 

EXPERIMENTAL 

The pK values were measured titrimetrically at 25 ± O'loC using a glass and a silver chloride 
electrodes and a PHM-64 pH-meter (Radiometer, Copenhagen). The silver chloride electrode 
was filled with 0'1 mol dm - 3 or saturated NaCl solution in the same solvent as that used for the 
titration. The electrodes system was immersed in the given solvent for 20 h before the measure
ment and then calibrated with buffers recommended in literature l1 - 17. The electrode system 
with separated reference electrode gives results with the accuracy of ±0'02 pH (ref. 1S). The 
effect of temperature variations on pK is much lower than the error connected with the pH 
measurement in the given temperature interval12 ,19,20. Solutions of HCOONa, CH3COONa, 
C2 HsCOOLi, C 7 H 7 COOLi, C6 H sCOOLi, and C ll H9 COOLi with concentrations of 0'02, 
0'01, 0'005, 0'0025, 0'00125, and 0'00062 mol dm - 3 were used for the titrations. The salts used 
were prepared by neutralization of formic, acetic, propionic, benzoic, phenylacetic, and 1-naph
thylacetic acids with LiOH or NaOH solution, and their purity was checked analytically after 
recrystallization. Each titration was carried out twice, solution of HCl in the same solvent being 
used as the titration reagent. The pK values found were extrapolated to zero ionic strength 
using the expression .JI/(1 + .JI). The data obtained (in mol dm- 3 scale) were converted 
to the scale defined by molar fractions using the known relations9 and the known densities2l - 25. 

Concentration of saturated solutions of benzoic acid was measured titrimetrically at the tempera
ture of25 ± 0·1°C. 

RESULTS AND DISCUSSION 

Enough accurate data are available on pK in water-methanol systemslO.26-29. 
Therefore, only the pK values of phenylacetic and l-naphthylacetic acid had to be 
measured. The literature data about pK of carboxylic acids are considerably in
complete for the water-ethanol, water-2-propanol, water-dioxane, water-dimethyl 
sulphoxide (DMSO), and water-dimethylformamide (DMF A) systems. To obtain 
the necessary uniformity, the pK values of carboxylic acids were remeasured in these 
media. The results are given in Table 1. The solvent effects on dissociation con
stants are usually expressed by the dependence of pK vs l/e" where er means relative 
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TABLE I 

Dissociation constants and ion radii of carboxylic acids at 25°C at zero ionic strength 
----

Acids 

Medium ~~H20 
(by wt.) formic acetic propionic benzoic phenyl- I-naphthyl- rHCOO- , 

acetic acetic , 109 m 

Water- 80 4'70 4'70 
-methanol 60 5'26 5,25 1'3 

40 5'90 5'65 
20 6'64 6'44 
0 9'51 a 

Water- lOO 3'75 4'75 4'88 4·20 4'31 4'23 
-ethanol 90 3'90 4'92 5'21 4'59 4'74 4,55 

70 4'12 5'25 5'49 5,21 5,19 5'37 
50 4'64 5'89 6'22 5-83 5'91 5'78 1-6 
30 5,27 6'60 6'90 6,50 6,50 6'49 
10 6,5 7-76 8'05 7-67 7'55 7'54 
0 1O'4Ia lO'I3a 1O'20a 

Water- 80 4'15 5'24 5'44 4'89 5'22 5,17 
-2-propanol 50 4'64 5'97 6'28 6'00 6'10 6'05 

30 5'73 7'05 7-30 6'92 6'92 6'97 2,5 

10 6'92 8'25 8'86 8'26 8,12 8'00 
0 1O'20b 

Water- 80 4'16 5·18 5'35 4'80 4'90 4'93 
-dioxane 50 5'29 6,50 6'81 6'46 6'42 6'36 1,7 

30 7'13 8'30 8'66 8'30 8'44 8'21 
18 8'67 9,59 10'17 9'67 9'73 9'69 

Water- 80 4'13 4'49 
-dimethyl 60 4'31 4'94 
sulphoxide 40 5'11 5,72 0'14 

20 6'51 7-34 
0 IH a 

Water- 70 4'18 4'97 
-dimethyl- 50 5'00 5,57 
formamided 30 5'95 6'64 

0 ll'6c 12'6c 

rRcoo - . 109 m 1-6 1,2 1'0 0'8 0'8 0'8 
in 50% (by wt.) 
ethanol 

a Ref.! 0; b Smolova28; c Petrov29; d the dimethyIformamide concentration is given in % by vol .. 
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permittivity of the medium. The necessary relative permittivities of the two-com
ponents solvents were taken from refs30 - 33. In this way the curves were obtained 
which are given in Figs 1 and 2 for formic and benzoic acids, respectively. From 
Fig. 2 it is clear that, in the water-alcohol and water-dioxane systems with low 
content of the organic component, pK of benzoic acid depends on l/er equally in all 
the mixtures. Only at higher content of the organic component the pK vs l/er depen
dence is different for different mixtures. In the region of high concentration of the 
organic component a high increase of pK with l/er was observed in all the solvents. 
This is due to the basicity change of the medium caused by decreasing water concen
tration: as water represents the more basic component of the system34 - 39, its de
creasing concentration shifts the equilibrium (A) to the left. The pK vs l/er depen
dences have entirely different course in the systems of water-dimethyl sulphoxide 
and water-dimethylformamide. Similar effects were observed with all the acids 
except formic acid and, partially, acetic acid, where the pK vs l/er dependences 
found were specific for each two-component solvent. Also the pK changes (LlpK = 

= pKs - pKw, where the pKi data are those of Table I) in a given system water
-organic solvent are specific for each acid. The LlpK values of formic, propionic, 
benzoic, and phenylacetic acids are plotted against LlpKcH3C02H (for the water--ethanol 
system) in Fig. 3. Obviously, deviations of these dependences from linearity exceed 

00 0'08 

FIG. I 

Dependence of pK of formic acid on ller 

of solvent at 25°C at zero ionic strength; 
G) H 20-DMSO, () H 20-DMFA, • H20-
-CH30H, 0 H20-C2 H sOH, () H 20-dio
xane, E±J H20-(CH3hCHOH 
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FIG. 2 

Dependence of pK of benzoic acid on ller 

of solvent at 25°C at zero ionic strength; 
<DH20-DMSO, () H 20-DMFA .• H20-
-CH30H, 0 H20-C2HsOH, ffi H20-
-(CH3hCHOH, () H2°-dioxane 
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the experimental error especially in the region of low concentrations of the organic 
cosolvent. Similar dependences were found for the other solvents. 

Using the Born equation (7) derived from electrostatic model it is possible to cal
culate the ion radius. In Eq. (7) b means the correction which transforms the molar 
scale into the molar fraction scale9, Bj are permittivities of the media, and the other 
symbols have their usual meaning. When introducing pKi from Table I, we can 
calculate the ion radii 

L\G~(l) = b + 2·303RT(pKS - pKW) = - - - -. Ne 2 (1 1) 
2r Bs Bw 

(7) 

which are given in Table I, too. For the calculation used were the pK obtained in the 
solvent containing 30-50% (by wt.) of the organic component. Obviously, these 
radii agree only in order of magnitude (or the agreement is even worse) with those 
calculated from the bond lengths and angles. So, e.g. the diffraction methods40 •41 

allow us to expect the radius of formiate ion equal to 0·14. 10- 9 m, but the radii 
offormiate ion given in Table I are often greater. Moreover, it is not quite easy to ex
plain the ten fold change of ionic radius when transferring the ion from the water
-dimethyl sulphoxide system to water-alcohol. Finally, Eq. (7) necessitates a uniform 
pKs vs l/Bs dependence which, however, was not observed. Thus the data of Table I 

6·~------,--------,----~~ 

2 

FIG. 3 

Dependence of lJ.pK of the acids on lJ.pK 
of acetic acid in water-ethanol system. 
lJ.pK = (pKS - pKw) calculated from Ta
ble I for (!J formic acid, • propionic acid, 
o benzoic acid, ct phenylacetic acid 

6 

FIG. 4 

Dependence of lJ.P of benzoic acid on 1/ lir 
of solvent at 25°C in the system: CD H20-
-DMSO, • H2 0-CH30H. 0 H20-C2H5' 
.OH, t) H2 0-dioxane. 6> H20-(CH3h. 
.CHOH 
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confirm the view published earlier8 ,26,42 that the pure electrostatic approach repre
sents an only very rough model of the solvation processes. 

A more detailed understanding of effects of solvent and solvation of the particles 
on pK is enabled by Eq. (6). For calculation of Ili' we took the pK's of Table I and 
transformed them into the data defined by means of molar fractions9 • The Gibbs 
energy of the hydrogen ion transfer was taken from literature43 - 46• Figure 4 gives 
the dependence of the !lP obtained for benzoic acid on 1/8r of the medium. The 
diversity of the curves obtained, as compared with the pK vs 1/8, dependence given 
in Fig. 2, consists in that the right-hand side of Eq. (6) also involves the Gibbs energy 
of the proton transfer which depends not only on electric properties of the solvent 
but also on the non-electric ones. Furthermore, it is obvious that the dependences 
found are linear in the region of low concentrations of the organic cosolvent, but 
they are curved above 50% concentration of the organic cosolvent. This effect is 
most distinct in the water-dioxane system and is due, to a considerable extent, to the 
dependence of !lG~(H+) on composition of the mixture. Similar dependences were 
also found for the other acids. 

From Eq. (6) we can also estimate !lG~(A -). The necessary !lG~(HA) data can be 

TABLE II 

Solubility of benzoic acid, the Gibbs energies of transfer and radii of benzoate ion at 25°C 

Medium 

Water- lOO 
-methanol 83·53 

65·53 
45-8 
24·06 

Water-ethanol 90 
70 
50 

Water- 80 
-2-propanol 50 

Water-dioxane 80 
50 
30 

Water-dimethyl 80 
sulphoxide 60 

40 

Csat 

mOI/dm3 

0'0278 
0'0516 
0'206 
1'22 

0'136 
1'7! 
2'97 

0'0725 
0'263 

llP 

kJimol 

0 
- 3'0 
- 7·7 
-16'8 
-24'8 

- 3'3 
- 8'2 
-13'2 

-ll'l 
-30'6 

- 8'2 
-19'8 
-25'6 

- 6'6 
-12'9 
-20'3 
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0 
1·47 
2·7 
7'4 

2'1 
0 0'73 
3'2 

6·4 0·45 
18'9 

4'3 
9'6 0·71 

14'0 

4'2 
7·4 0'047 
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obtained from solubility according to Eq. (4). Table II gives the concentrations 
of the saturated solutions (necessary for the calculation) found at 25°C. The solubili
ties for the water-ethanol and water-2-propanol systems were taken from ref. 47 

and ref.48, resp .. The data of Table II agree well with literature49 ,5o. Using Eq. (4) 
and these values, we calculated the Gibbs energy of the benzoic acid transfer LlG?(HA) 
which, introduced into Eq. (6), enables calculations of LlG?(A -), i.e. the Gibbs 
energy of transfer of benzoate anion. These values are also given in Table II. The 
calculation of LlG?(HA) must respect the condition given in Eq. (4), i.e. low solubility 
of the compound. For sufficiently soluble compounds it is impossible to replace 
activity for concentration, and, hence, the LlG?(HA) values and the LlG?(A -) values 
calculated therefrom (Table II) can be considered sufficiently accurate only for the 
solvents containing less than 50% (by wt.) of the organic component, because in such 
solvents concentration of saturated solution of benzoic acid is less than 1 mol dm - 3. 

In the calculation of LlG?(A -) the Gibbs energy of the proton transfer was res
pected. Therefore, it is interesting to verify the measure to which the LlG?(A -) is 
affected by purely electrostatic forces, or, in other words, to which extent it is pos
sible to neglect the LlG?(non-el) of benzoate ion in Eq. (5). This can be found easily 
by calculating the ion radius from Eq. (7). The ion radii calculated from the pK 
changes due to a solvent change from water to a mixed solvent water-organic solvent 
(with 20 to 30% by wt. of the latter) are also given in Table II. The benzoate anion 
radius found for the water-methanol system is greater than that given in ref. 9, 
but, except for the water - dimethyl sulphoxide system, these data agree in order 
of magnitude with the value 0·5. 10- 9 m which was calculated by means of bond 
lengths and bond angles. The obvious deviation of the radius of benzoate anion 
from the expected value (in water - dimethyl sulphoxide) again supports validity 
of Eq. (5) and distinct share of the non-electrostatic forces participating in the transfer 
of benzoate anion. Another criterion of significance of the terms at the right-hand 
side of Eq. (5) is the dependence of LlG?(C6 HsC02") on lie, which should be linear 
according to the Born equation. The data of the present paper indicate its curvature 
at higher concentration of the organic cosolvent. Similar effects were observed 
also with other ions51 and represent evidence in favour of non-zero value of LlG?(non
-el) in Eq. (5). 

The facts given show clearly that Eq. (2) describes, with sufficient accuracy, the 
solvation and the equilibrium processes connected therewith in solutions. The 
AG?(H+) values taken from literatures2 probably are sufficiently accurate, but 
a broader application of Eq. (2) is hindered by the present knowledge of the Gibbs 
energies of transfer of compounds in an only limited region of organic cosolvents 7, 
and, moreover, only few pieces of information are available on solubility and activity 
co~fficients of compounds in two-component solvents. This restriction, however, 
does not decrease the importance of Eq. (2) and AG?(i) values with respect to their 
mutual dep~ndences on solubility and partial pressure of saturated vapours8. 
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