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Acid dissociation constants of protonated substituted pyridine N-oxides and cationic

homoconjugation constants of these acids with conjugate N-oxides have been deter-

mined by potentiometric titration in mixed polar non-aqueous solvents (acetonitrile – ac-

etone and acetonitrile – dimethyl sulfoxide) with increasing (from 0 to 1) mole fraction of

acetonitrile. In acetonitrile – dimethyl sulfoxide mixtures, the acid dissociation constants

(expressed as pKa) and cationic homoconjugation constants (expressed as log KBHB+)

vary non-linearly with increasing mole fraction of acetonitrile. In systems with the least

basic N-oxides, local minima of pKa have been observed. In acetonitrile-acetone mix-

tures, both the pKa and the cationic homoconjugation constant values changed irregularly

in the acid-base systems studied and the character of those variations could not be unam-

biguously determined.
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Solvent mixtures provide novel media for chemical reactions in solutions. On the

one hand, the solutes can be solvated by solvent molecules, and on the other, interac-

tions between two solvents can affect the solvent – solute interactions [1]. For in-

stance, the solute acidity in solvent mixtures is affected not only by electrostatic

forces [2,3], as predicted by Born’s theory. Deviations from Born’s equation are prob-

ably due to variations in relative electric permittivity in the vicinity of the solvation

spheres of ions [4]. The distances between the ions, at which the variations in relative

electric permittivities occur, have been found to be a function of composition of a sol-

vent mixture [5]. Both the non-linear variations of the pKa of weak acids as a function

of composition of the solvent mixtures [6,7] and the local extremal pKa values are

likely to be the consequences of deviations from Born’s equation. Similar non-linear

variations as a function of composition of solvent mixtures have also been reported

for the anionic homoconjugation constants [6]. Nevertheless, reports on the linearity

of variations of the acidity constants as a function of composition of solvent mixtures
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seem to preponderate [8–10]. Due to this discrepancy in respect to the nature of the

variations of the acidity constant values in binary solvent mixtures, potentiometric

studies have been initiated in this laboratory on acid-base equilibria in solvent mix-

tures for systems involving organic bases. Consequently, in such non-aqueous media

the objects of investigations on acidic-basic interactions in systems containing or-

ganic bases are first of all fundamental acid-base equilibria, namely those of dissocia-

tion of cationic acids:

BH+ B + H+ (1)

and cationic homoconjugation:

BH+ + B (BHB)+ (2)

where B is the base molecule and BH+ is a cation of protonated base B. Results of the

preliminary investigations [11] have shown, that in systems of weak acids used as

standards in potentiometric measurements (picric acid, 2,6-dinitrophenol), pKa var-

ied in a non-linear manner with varying composition of the binary solvent mixture.

Further studies with organic bases (heterocyclic amines, their N-oxides and N-oxides

of aliphatic amines) in mixtures of polar solvents, protophobic aprotic acetonitrile –

amphiprotic methanol, revealed non-linear variations of both the dissociation con-

stants of the cationic acids conjugated to the bases and of the cationic homocon-

jugation constants of the bases with conjugate cationic acids as a function of

composition of the solvent mixtures [12].

The purpose of this study was to check whether these variations are non-linear

also in solvent mixtures consisting of two polar aprotic solvents. Consequently, acid

dissociation constants of protonated substituted pyridine N-oxides and cationic

homoconjugation constants of these acids with conjugate N-oxides have been deter-

mined by potentiometric titration in two mixed polar non-aqueous solvent systems. In

order to differentiate the tendency towards cationic homoconjugation, apart from the

weakly basic protophobic acetonitrile (DN = 14.9 [13]), selected for this study were

the protophobic acetone with relatively high basicity (DN = 17.0 [13]) and the

strongly basic protophilic dimethyl sulfoxide (DN = 29.8 [13]). According to

[14–16], formation constants of homocomplexes usually increase with decreasing

solvation capacity and basicity of solvents. This can be attributed to a stronger solva-

tion of the cationic acids by those of the stronger basic solvent molecules, which re-

sults in weakening of the bonding between the cationic acid and conjugate base, i.e.

weakening of the homocomplex as a whole [17]. It can thus be assumed that in solvent

mixtures, the increased content of a more basic solvent in a less basic one should sup-

press the capacity of formation of homocomplexes.

To perform the purpose of this contribution, the acid dissociation and cationic

homoconjugation constants in systems involving substituted pyridine N-oxides in

acetonitrile (AN) + aceton (AC) and acetonitrile + dimethyl sulfoxide (DMSO) bi-
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nary solvent systems, where the mole fraction of acetonitrile xAN was varied between

0 and 1, at �x = 0.1 or 0.2, were determined. The N-oxides of 4-N�,N�-dimethyl-

aminopyridine (4NMe2PyO), 4-methylpyridine (4PicO), pyridine (PyO), and 4-

nitropyridine (4NO2PyO) covered a relatively wide range of acid-base properties. For

comparison, the acid-base equilibrium constants in these binary solvent systems were

also determined for quinoline N-oxide (QNO), trimethylamine N-oxide (Me3NO) and

pyridine (Py), the representatives of binuclear heterocyclic N-oxides, aliphatic

N-oxides and heterocyclic amines, respectively.

EXPERIMENTAL

The solvent mixtures of variable composition were prepared on the volume basis using purified sol-

vents. Acetonitrile [18], dimethyl sulfoxide [19] and acetone [20] were purified by standard procedures.

Simple 1:1 perchlorates of the N-oxides were prepared by the modified Szafran method [21]. The glass

electrode used in potentiometric measurements was standardized before each series of measurements

against a buffer solution consisting of tetra-n-butylammonium picrate and picric acid. A modified calo-

mel electrode was used as a reference one placed in a shortened salt bridge filled with a 0.01 M solution of

tetra-n-butylammonium perchlorate in the equimolar solvent mixtures. The modification consisted in re-

placing the aqueous KCl solution by a 0.1 M tetra-n-butylammonium chloride solution in a solvent mix-

ture of composition identical with that in the salt bridge. Both the procedure employed and the equipment

used are described elsewhere [22]. Potential readings were taken with the accuracy of � 0.1 mV by using a

multifunctional CX-731 (ELMETRON) apparatus. All measurements were carried out at 298.1 � 0.1 K.

RESULTS AND DISCUSSION

There is no literature value for the pKa of picric acid, used here as a reference

compound in the standardizing system with tetra-n-butylammonium picrate in the

solvent mixtures studied. There are only literature values in particular solvents, used

for the preparation of the binary mixtures. These are 11.0, 6.3 and 1.0 for acetonitrile

[23], acetone [24] and dimethyl sulfoxide [25], respectively. In this situation, pKa val-

ues in the solvents mixtures studied were determined by the following procedure:

first, rough pKa values were determined from the difference in the e.m.f. of solutions

containing equimolar proportions of both buffer components in the solvent mixture

and in one of mixture components, based on the following equations:

pK
E E pK

E
pKa

x 1/2
x

1/2 a

1/2

a
R

�
� �

�
( ) �

�
(3)

where:

�pKa = pK pKa
AN

a
R

� (4) �E1/2 = E E1/2
AN

1/2
R

� (5)

pKa
x is the pKa value of picric acid in a mixture of acetonitrile with another solvent R (ace-

tone or dimethyl sulfoxide in this case) whose concentration in the mixture is shown by

the mole fraction x; pKa
R – the pKa value of picric acid in solvent R; pKa

AN – the pKa value

A potentiometric study of the acid dissociation... 1343



of picric acid in acetonitrile; E1/2
x – the e.m.f. in solution containing equimolar quanti-

ties of picric acid and conjugate anion in a mixture of acetonitrile with solvent R of

concentration x expressed in mole fraction; E1/2
R – the e.m.f. in solution of equimolar

quantities of picric acid and conjugate anion in solvent R; E1/2
AN – the e.m.f. in solution

of equimolar quantities of picric acid and conjugate anion in acetonitrile. In the next

step, the rough pKa
x values of picric acid estimated from (3) served as the basis for the

determination of its precise value in the solvent mixture containing x acetonitrile by a

procedure based on the ‘general’ method of Kostrowicki and Liwo [26–28]. For all

the solvent mixtures investigated, as well as for their components, there was a linear

relationship between e.m.f. and the logarithm of the concentration ratio of the compo-

nents of the standardizing system and the slopes of the glass electrode characteristics

were close to the theoretical Nernst value 59.14 mV. The pKa
x values of picric acid de-

termined in this way enabled to calibrate the measuring system in the solvent mix-

tures studied. Further, the s (slope of the glass electrode characteristics) and Eo

(standard e.m.f.) values taken from the potentiometric titration curves in the stan-

dardizing system together with the results of titrations in the organic base systems

(cationic acid conjugated with the base – the base) enabled the determination of the

acid dissociation and cationic homoconjugation constant values in the solvent mixtures

studied. They were determined by using the ‘general’ method of Kostrowicki and Liwo

[26–28].

The pKa values are easily determinable for the dimethyl sulfoxide – acetonitrile

mixtures and are burdened with respectively small values of standard deviation (Ta-

ble 1). Obviously, the standard deviation values are considerably greater than in the

case of acidity constants determined in individual solvents. On the other hand, they

are comparable and even smaller than those characteristic for acetonitrile – methanol

solvent systems [12]. It is worth of pointing that the standard deviations in the solvent

systems have to be increased by the respectively high inaccuracy of pKa determina-

tion for substances used as potentiometric standards [11]. pKa values determined in

the dimethyl sulfoxide – acetonitrile mixtures increase from the values characteristic

for dimethyl sulfoxide up to maximum ones in acetonitrile. The nature of these varia-

tions for all the bases studied is distinctly non-linear, the most pronounced variations

being observed at low concentrations of dimethyl sulfoxide in acetonitrile. In systems

involving the strongest bases, e.g. 4NMe2PyO (cf. Fig. 1, plot a), the variations are

less pronounced. They become still more pronounced in systems of lower basicity in

such a manner that the pKs’s of the protonated bases in mixed solvent are lower than

those in dimethyl sulfoxide, thus suggesting the existence of local minima of the pKa

values, especially for the weakest base studied, 4NO2PyO (within the DMSO mole

fraction range of 0.3 to 0.5; Fig. 1, plot b). Similar local minima have also been found

in mixed solvents of the acetonitrile – methanol type [12]. In Fig. 1 (as well as in Fig. 3)

the discussed experimental points are located beneath a straight line (dashed one)

linking the pKa values in acetonitrile and dimethyl sulfoxide (acetone in Fig. 3),

which corresponds to pKa values expected on the basis of the addivity rule.
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The cationic homoconjugation constant values in the acetonitrile – dimethyl

sulfoxide solvent systems are also collected in Table 1. Owing to strong basicity of

dimethyl sulfoxide, addition of this solvent to acetonitrile characterized by relatively

high homoconjugation constants (with the exception of the least basic 4NO2PyO)

causes that hydrogen bond bridges in the homocomplexed BHB+ ions are broken. The

basicity of dimethyl sulfoxide and the inherent capacity of its molecules to solvate

cationic acids, a process precluding the formation of homocomplexed cations, is so

strong that the cationic homoconjugation constants in the acetonitrile – dimethyl

sulfoxide systems are determinable only for two strongest bases, namely Me3NO and

4NMe2PyO. However, for the latter base the constants could not be determined in

mixtures at high dimethyl sulfoxide contents and in pure DMSO. Similar to the pKa

values, also the logarithms of the cationic homoconjugation constants are non-linear

functions of composition of the solvent mixtures. With the Me3NO system, they vary

from the values characteristic for dimethyl sulfoxide up to the maximum ones in

acetonitrile over the values lower than those in dimethyl sulfoxide (Fig. 2, plot a).

This suggests the existence of a local minimum. Such a local minimum at ca 0.3 mole

fraction of dimethyl sulfoxide is distinct in the 4NMe2PyO system (Fig 2, plot b). Plot

2b leads to another interesting conclusion about the existence of a critical DMSO con-

tent in mixtures with acetonitrile, characteristic for a particular system, above which

the cationic homoconjugation constants become indeterminable for a particular acid -

base system. Consequently, in Fig. 3 the straight line (dashed one) linking the

logKBHB+ values in acetonitrile and dimethyl sulfoxide (acetone in Fig. 4) and corre-

sponding to logKBHB+ values expected on the basis of the addivity rule can be drawn

for the Me3NO system only.
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Figure 1. Plots of pKa values of protonated 4-N�,N�-dimethylaminopyridine N-oxide (plot a, squares)

and protonated 4-nitropyridine N-oxide (plot b, circles) against composition of the binary sol-

vent acetonitrile – dimethyl sulfoxide at 298.1 K.
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In the acetonitrile – acetone mixtures, the acid dissociation constants of the

protonated bases decrease (higher pKa’s) with increasing acetonitrile contents in the

solvent mixture (Table 2). Only in the case of the strongest acid, protonated 4NO2PyO

(Fig. 3, plot a) the variations are strictly non-linear. In the remaining systems the val-

ues vary irregularly raising from a minimum for acetone to a maximum for aceto-

nitrile. In this situation it is difficult to identify the nature of these variations, and the

relation between pKa and composition of the mixed solvent can roughly be described
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Figure 2. Plots of logarithms of the cationic homoconjugation constant for trimethylamine N-oxide (plot

a, squares) and 4-N�,N�-dimethylaminopyridine N-oxide (plot b, circles) against composition

of the binary solvent acetonitrile – dimethyl sulfoxide at 298.1 K.

Figure 3. Plots of pKa values of protonated 4-nitropyridine N-oxide (plot a) and protonated 4-N�,N�-

dimethylaminopyridine N-oxide (plot b) as a function of composition of the binary solvent

acetonitrile – acetone at 298.1 K.



by a straight line. In Fig. 3 (plot b) an example of linear relatioship between pKa val-

ues for protonated 4NMe2PyO in binary solvent mixtures (pKa
x ) and their composi-

tions expressed as mole fraction of acetonitrile (xAN) is given:

pKa
x = 3.8 (0.3) xAN + 12.2 (0.2) (6)

where the correlation coefficient R equals to 0.9780. Such a variability of the acid dis-

sociation constant values of the protonated bases can be explained in terms of small

differences in pKa’s of these species in the two solvents, most probably attributable to

the lack of distinct interactions between them. This lack of interactions, together with

small differences in solvation capacities of acetonitrile and acetone, are responsible for the

similar shape of variations also in the case of cationic homoconjugation constants. Clearly

non-linear are only relationships for cationic homoconjugation constants of the most basic

N-oxides (trimethylamine N-oxide and 4-N’,N’-dimethylaminopyridine N-oxide), thus

those of the most pronounced tendency to homoconjugation. In Fig. 4 the non-linear

variation of logKBHB+ for Me3NO system from the values characteristic for dimethyl

sulfoxide up to the maximum ones in acetonitrile through the local minimum at ca

0.15 mole fraction dimethyl sulfoxide is presented. Finally, it is worth noting that

with small additions of one solvent to the other, in particular of acetonitrile to acetone

(as clearly seen in Fig. 4), a considerable decrease in the constant values is observed,

which subsequently increase up to comparable contents of both solvents. To sum up

the above observations, it can be stated that the acid dissociation constants, expressed

as pKa values, have been found to vary in a non-linear manner with increasing mole

fraction of acetonitrile in its mixture with dimethyl sulfoxide in all the acid-base sys-
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Figure 4. Plots of logarithms of the cationic homoconjugation constant for trimethylamine N-oxide as a

function of composition of the binary solvent acetonitrile – acetone at 298.1 K.
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tems studied. In systems with the least basic N-oxides, local minima of the pKa values

have been observed. At the same time it was found that the cationic homoconjugation

constants were determinable over the whole variability region of composition of

these solvent mixtures only in the case of the most basic trimethylamine N-oxide.

Their variations, similar to those of the acid dissociation constants, were non-linear.

With the acetonitrile-acetone mixtures, both the pKa and the cationic homocon-

jugation constant values changed irregularly in the acid-base systems studied and the

character of those variations could not be unambiguously determined. A strictly

non-linear course of the variations of the dissociation constants as a function of com-

position of the solvent mixtures could only be noticed with a cationic acid obtained by

protonation of the least basic 4-nitropyridine N-oxide. In contrast, distinctly non-

linear were variations of the cationic homoconjugation constants for the most basic

N-oxides studied.
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