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The Differentiating Action of Oxygen-containing Solvents on the
Strengths of Acids

V.I.Dulova, N.V.Lichkova, and L.P.Ivleva

The present review examines the differentiating action of various oxygen-containing solvents on the strength of acids,
chiefly carboxylic acids, and nitrophenols. The strength of the acids in these solvents is characterised by the disso-
ciation constants (dielectric constant of solvent > 10) or by the conversion constants (dielectric constant of solvent
< 10). The constants were determined by the buffer-free indicator method. The bibliography contains 143 references.
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I. INTRODUCTION

In the study of electrolytes in non-aqueous solvents, it
is often found that the change in their strength is different
from that observed in water. This effect of the solvents
is called their "differentiating action".

The differentiating action of solvents on the strength of
electrolytes, in particular acids, is an important problem
in the general theory of solutions. This problem is also
of considerable importance in the examination of the reac-
tivities of substances and the mechanisms of reactions in
solution. The ability of various non-aqueous solvents to
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differentiate the strength of electrolytes is used success-
fully in chemical analysis. Non-aqueous titration has been
finding increasing application in recent years, as indicated
by the large number of papers devoted to this topic. These
papers have been reviewed by Palit and coworkers1 and by
Kreshkov and coworkers2"4.

A number of workers have studied the theory of the dif-
ferentiating action of non-aqueous solvents on the strength
of electrolytes. The concept of differentiating and level-
ling solvents was first introduced by Walden5»6.

Considerable advances in the theory of electrolyte solu-
tions and in particular the theory of the differentiating ac-
tion of non-aqueous solvents on the strength of electrolytes
have also been made by Soviet workers, particularly Iz-
mailov and coworkers, who have continued the creative
development of Mendeleev's ideas on the chemistry of dis-
solution and who have also introduced the achievements of
the physical theory of solutions into the development of
general ideas regarding solutions.

Previously, Bronsted7'8, who studied the strength of
acids in non-aqueous solutions, considered that the differ-
entiating action of a solvent depends on its basic strength
and dielectric constant. According to his theory, all
acids with the same charge, even if of different character,
show the same change in strength on going from one sol-
vent to another.

Izmailov9 showed that the strength of acids with the
same charge but of different character (carboxylic acids
and nitrophenols) change in different ways on going from
water to various non-aqueous solvents. The magnitude of
the relative change in the strength of the given acids char-
acterises the differentiating action of the solvents.

According to Izmailov's quantitative theory of the influ-
ence of solvents on the strength of electrolytes1 0"1 6, it is
necessary, in the examination of the differentiating action
of solvents on the strength of acids, to take account of the
composition of the products of the reaction of the acid with
the solvent, the dielectric constant (DC) and acid-base
properties of the solvent, and the solvation of the anions of
the acid by solvent molecules.

Hydroxyl-containing solvents may give reaction products
with the 1:1 composition (with nitrophenols) or the 1: 2
composition (with carboxylic acids). Solvents which do
not contain hydroxyl can give reaction products with the
1:1 composition with both types of acid. The difference
in the compositions of the products of the reactions of these
solvents with acids of different character, compared with
those for water, is responsible for their differentiating
action. The differentiating action of solvents increases
with decrease in the DC and with increase in the acidity of
the solvents, and also with change in the energy of solva-
tion of the anions of carboxylic acids.

An extensive review of papers on the differentiating ac-
tion of non-aqueous solvents on the strength of electrolytes
has been made by Izmailov17»18. Where necessary, we
used material from this review in the examination of the
differentiating action of oxygen-containing solvents on the
strength of acids.

The present review examines chiefly oxygen-containing
solvents of four classes: alcohols, ethers, ketones, and
esters; the differentiating properties of acetic anhydride
are also examined. The differentiating action of carboxy-
lic acids as solvents was studied in detail by Izmailov and
Shkodin19"23. They showed that the differentiating action
of these solvents on the strength of acids depends chiefly
on their DC. This class of solvent will not be examined
in the present review.

II. DETERMINATION OF THE STRENGTH OF ACIDS IN
SOLUTION

According to Izmailov's theory1 0"1 6, the behaviour of
acids in a solvent can be represented as follows:

M ^ MH+ + A7 ^ MH+ . A~ .
tl

HA + (m + η) Μ r± HAMn

The strength of an acid is characterised by the dissocia-
tion constant. Electrometric methods, however, measure
only the value of Kfoim, which is equal to

- . (2)

The symbols in Eqn. (2) correspond to scheme (1); γ re-
presents the mean activity coefficient of the ions.

In solvents with high DC, there are almost no associ-
ates, so that in these solvents the effective quantity /fform
and the dissociation constant Κάϊ%% are equal:

= Kiis
C-[MH + ] T '

(3)

where C is the total concentration of acid. In solvents
with high DC, electrometric, spectrophotometric, and in-
dicator methods give the same values for the dissociation
constants of acids.

In solvents with low DC, however, some of the ions are
combined in ion pairs, and these cannot be detected by
electrometric measurements. The formation of ion pairs
is taken into account in spectrophotometric and indicator
methods for determining the strength of acids, where they
are regarded as free ions. This explains why in solvents
with low DC the values of the dissociation constants of
acids and bases determined by electrometric methods are
smaller than the values of these constants found by spec-
trophotometric and indicator methods. This is illustrated
in Table 1.

Table 1. pK values for acids in n-butanol.

Acids

Acetic
Monochloroaeetic
Dichloioacetic
Trichloioacetic
Benzoic
o-Nitrobenzoic
m-Nitrobenzoic
p-Nitrobenzoic
a-Dinitrophenol*
Picric

pK, electrometric
method

(Refs.l7and 18)

10.35
8.50
7.30
6.30

10.24
8.50
9.15
9.10
8.36
4.50

pAT, indicator
method

(Ref.24)

9.22
7.31
6,09
5.11
9.18
7.27
7.66
7.74
6.92
3.21

* Presumably 2,6-dinitrophenol, here and subsequently
(Ed. of Translation).

The dissociation constants of acids determined by Iz-
mailov using an electrometric method in 50% aqueous ace-
tone are close to the values obtained using the indicator
method25, but in pure acetone9»25 the two methods give dif-
ferent values. For all acids the dissociation constants
determined by the electrometric method are slightly less
than the constants obtained by the indicator method (see
Table 2). A similar difference was observed by Izmailov
and Gurevich26 in the values of the dissociation constants
of picric acid in butanol, found by electrometric and spec-
trophotometric methods.
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In solvents with high dielectric constant, the dissocia-
tion constant of an acid is determined by the expression

( C - [ H * 1 ) T H A

where y is the mean activity coefficient of the ions of the
acid. 7HA, as the activity coefficient of a non-electrolyte,
is close to unity. Since experimental measurements give
not [H+] but [H+]y, and since for most non-aqueous solu-
tions the values of y are unknown, it is necessary to make
the approximation of replacing [H+] by [H+]y in the equation
for the dissociation constant of the acid. This can be done
for dilute solutions, in which y does not differ greatly from
unity. When these approximations are introduced, we ob-
tain for the dissociation constant the expression

(4)
C-[H+]T

Table 2.

Acids

Formic
Acetic
Monochloroacetic
Dichloroacetic
Trichloroacetic
Salicylic

50% aqueous acetone

pJC, electro-
metricmethod

(Ref.17)

5.23
6.26
4,28

2,20
4.18

pK, indicator
method
(Ref.25)

5.06
5.86
4,41
3.17
2.19
4.3.9

Acetone

pK, electro-
metricmethod

(Ref.17)

12.55
9.80

9.53

pK, indicator
method
(Ref.25)

9.57
10.6

9.21
7.70
6.51
9.08

For a basic indicator in a solution of an acid, we have
the equilibrium

iB + H t ϋ I n d He" · (5)

The constant for this equilibrium—the conversion constant
of the indicator—is given by the relationship

~~ [IndH+]x

where IB is the basic form of the indicator, IndH* the acid
form of the indicator, and κ the activity coefficient of the
ions of the indicator.

It follows from Eqn. (6) that [H+]y =Kl

a, where
[lndH*>a=~wr'

We then have

K ^ (*Iq> . (7)
"* C—Kla'

The value of K1 can be found27"29 by solving Eqn. (7) for
two acid concentrations Cx and C2J at which ax =1.2 and
a2 = 0.8. It should be noted that the value of C deter-
mined colorimetrically is more accurate, the closer it is
to unity. When the values of Cx and C2 are close to one
another, it may be assumed that the mean activity coeffici-
ents of the ions of the acid are equal at these concentra-
tions. In this instance we have for Kl the expression

The determination of Κ is carried out in dilute solutions
of strong acids. The calculation of the dissociation con-
stant of a monobasic acid in determinations with an indica-
tor for which Kl has been found is carried out from Eqn.(7)
for the acid concentration at which a = 1. The following
relationship then yields the required constant Κ UA-

/(HA == •

C—K'
(9)

If the acid being studied is much weaker than the acid
IndHt, [H*] « C in the equation for the dissociation con-
stant. In this instance the dissociation constant is calcu-
lated using the equation

Most dissociation constants given by the data of the
authors of the present review were obtained for the condi-
tions indicated above. These conditions were achieved by
choosing suitable indicators.

To determine the value of Κ HA in media with low DC,
use has been made3 0 of the equation

ΛΗΑ ==
C-Kla

(10)

I _ 1.44C3 —0.64C,

0.384
/g\

where η is a coefficient which takes account of the associa-
tion of the indicator and acid species. For a = 1, an = 1
for all values of n, so that the value of Κ HA in this instance
is also given by expression (9).

It is better to determine the values of a with a spectro-
photometer than with a colorimeter, particularly for a two-
colour indicator. When the basic form of the indicator
exhibits appreciable absorption at the maximum of the
spectroscopic curve of the acid form, it is suggested that
a correction be introduced in the calculation27»28 or that
the method of Komar'3 1 be used.

The determination of the dissociation constants of bases
can be carried out analogously32.

The method which we proposed for determining the con-
version constants of indicators and the dissociation con-
stants of acids and bases was verified for aqueous solu-
tions " J 2 8 . The agreement in the values found with several
acids indicates that the determination of the conversion
constant of the indicator in a given solvent is correct.
Table 3 gives as examples the values of the conversion con-
stants of indicators obtained with various acids in ethylene
glycol.

Several indicators are usually employed to determine
reliably the dissociation constant of an acid in a given sol-
vent. The values of pfC for the dissociation of a given acid
in a given solvent, obtained using different indicators and
hence at different concentrations of the acid, differed in
our determinations by not more than 0.2 pK unit. This is
illustrated in Table 4. The reliability of the determination
of dissociation constants by the indicator method which we
proposed is also confirmed by the fact that the observed
values of the constants differ little from the values mea-
sured using the spectrophotometric method (see Table 5).

The buffer-free indicator method for determining the
dissociation constants of acids and bases has a number of
advantages over other indicator methods. This method
makes it possible to determine the dissociation constants
of acids and bases and the conversion constants of indica-
tors when none of these quantities are known.

The buffer-free indicator method in non-aqueous solu-
tions should find wider application than the buffer method,
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since many salts are sparingly soluble in non-aqueous sol-
vents. Moreover, the ionic strength has a significant in-
fluence on the determination in non-aqueous solvents at
ionic concentrations at which in water its influence could
be neglected. It therefore becomes necessary to take
account of the activity coefficients of the ions, but for most
non-aqueous solvents these quantities are unknown. An
advantage of the indicator method which we have proposed
is that with slight approximation it becomes unnecessary
to know the activity coefficients of the ions in a given sol-
vent.

Table 3. Determination of the conversion constants of indicators
with respect to various acids in ethylene glycol33.

Acid

Naphthalene-2-
sulphonic

Dichloroacetic
Trichloioacetic
Picric

Indicator

Naphthyl
Red

3.50.10'*
3.20-10-*
3.80-10-4

Quinoline
Blue

2.30-10-*

2.43·ΙΟ"*

Table 4. Dissociation constants of acids in ethylene glycol33.

Formic
Acetic
Monochloro-

acetic
Dichloroacetic
Benzoic

p-Nitrobenzoic

m-Nitrobenzoic
Salicylic
Qi-Dinitrophenol
jJ-Dinitrophenol*
Boric

ATHA relative to

Quinoline Blue

(2.42±0.38)-10->
(2.50±0 17)-10"·

(7.97±1.12)-10-'
—

(6.40±0.04)-10-·

1.98-10-s

1.85-ΙΟ"»
(8.47+0.9)· ΙΟ"5

(5.33+0.38)· 10"6

(5.0l + 0.3)-10-»
(2.74 ±0.06)-10"·

« H A Native to
Naphthyl Orange

(6.65+0.01)· 10"5

—
—

-

_

(5.50±0.66)-10" 6

—
—

ATHA relative to

Methyl Yellow

—
(9.77±0.03)-10-4

—

-

_

—
—

Mean

*HA

2.4-10"6

2.5-10-·

7.3-10-'
9.810-»
6.4-10"·
2.0· ΙΟ"5

1.9-10-»
7.0-10-*
5.3·ΙΟ"»
5.0-10-*
2.7-10"·

oK

4.62
5.60

4.14
3.01
5.19

4.70

4.72
4.15
4.28
4.30
5.57

ΔρΑΓ

0.87
0.84

1,27
1.71
0.99

1.28

1.28
1.18
0.16
0.53

-3.69

Note. ApK is the difference between the pK values found for the given
acid in the solvent used and in water.

* Presumably 3,5-dinitrophenol, here and subsequently
(Ed. of Translation).

Table 5. pK values for picric acid.

Alcohol

t-Butyl34

n-Hexyl34

n-Butyl24

Spectro-
photo-
metric

method

4.43
4.23
3.26*

Indicator
method

4.75
4.36
3.21

; Value obtained by Izmailov and Gurevich26.

It should be noted that the graphical method usually em-
ployed to determine the conversion constants of indicators
and the dissociation constants of acids or bases is difficult
in solvents with low DC, since the regular features of the
change in the ratio [IndH+]/[Ind] with change in acid con-
centration is complicated by the phenomena of ion associa-
tion. In solvents with low dielectric constant the strength

of acids is characterised by the equilibrium constant for
the formation of ion pairs from molecules of the acid:

HA^H+A7 . (11)

Following Izmailov, the constant Κη for equilibrium (11)
is called the transformation constant (see scheme 1).
These equilibrium constants for acids were determined by
Kolthoff and Bruckenstein35, using the indicator method.
They examined the following equilibrium between acid and
indicator:

ΙΒ + ΗΑ^ΙΗ+-Α7 . (12)

This equilibrium is established in an indifferent solvent,
but in a non-indifferent solvent the following equilibrium is
energetically more probable:

IB+H+-A7 •; IH+-A7 (13)

It is evident that the constant for equilibrium (12) depends
on the strength of the acid. We proposed a method29»36

for determining the strength of an acid using the constant
for equilibrium (13), that is, the transformation constant
of the indicator K\x, which is independent of the strength
of the acid with which the determination is carried out.

Solvents whose DC are low, but not too low, contain
both free ions and ion pairs. For the separate determina-
tion of these species, and hence the determination of the
constants Kai% and Ku, it is necessary to use both electro-
metric and spectrophotometric or indicator methods. In
non-aqueous solvents, particularly those with low DC, the
electrometric measurements are often difficult, and com-
paratively few data are available for these solvents. Dif-
ficulties are also encountered in the spectrophotometric
determinations, due to the fact that the absorption maxima
of the acids or their ions and the solvent are close together,
or due to photolysis.

The data obtained by the authors of the present review
on the determination of the strength of acids by the indica-
tor method are conditional. Since methods were not avail-
able for the separate measurement of the concentrations of
free ions and ion pairs, conditional values of the dissocia-
tion constants were calculated from the data obtained in
solvents with DC > 10, and for solvents with DC < 10 the
overall effect was related to the conditional value of the
transformation constant of the acid.

1. Alcohols and Ethers

Data on the strength of acids in various alcohols have
been obtained by a variety of methods17'18»37"46. In an
analysis of published data on the strength of acids in meth-
anol, ethanol, and n-butanol, obtained from electrometric
measurements, Izmailov17»18 concluded that alcohols pro-
duce a marked decrease in the dissociation constants of all
acids, but that the decrease in strength in alcohols com-
pared with water is not quite the same for carboxylic acids
and nitrophenols. Izmailov noted that the specific influ-
ence of alcohols on the strength of acids is shown more
clearly in n-butanol. Thus alcohols differentiate the
strength of acids to a slight extent, although they are typi-
cal levelling solvents with respect to salts9»6»47. The
slight increase in the differentiating action of alcohols on
the strength of acids in the series methanol (DC = 31.5),
ethanol (DC = 24.0), and n-butanol (DC = 17.0) was attri-
buted to the decrease in the DC of the alcohols in this
series.
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Acids

Formic
Acetic

Monochloroacetic
Dichloroacetic

Trichloroacetic

Benzoic

o-Nitrobenzoic
m-Nitrobenzoic

p-Nitrobenzoic
Salicylic

a-Dinitrophenol
/J-Dinitrophenol
Picric

Boric

Table 6. pK values for acids in hydroxyl-containing solvents.

Solvents

DC

°C

~S

%

25

3.75

4,75
2.86

1.30

0.70
4.20
2.17

3,49
3.40

2.97
4.02

3.80
0.80
9.24**

17.1

20±2

8.03
9.22

7.31

6.09
5,11

9.18
7.27

7.66

7.74
7.51
6.92

6.92
3.21

ft
13.9

20±2

_

7.85
6.46

5.47

9.53
8.17

8.53
_

8.14
7.49

7.24

3.92

13.3

20±2

7.92

9.26

7.24

6.29
5.51

9.11
7.22

7.85

7.52

7.48
6.89
6.85

4.36

12.0

20±2

__

6.35

5.76
4.88

8.40
6.90
7.16

_

6.71
6.11

5.90
3.70

as

10.34

20±2

_

7.48

6.53

8.77
9.77

_

9.33
8.74

8.23

4.29

-

2O±2

_

_

3.34*
2.62*

—

_
_

—
_

—

1.21*

t l
.§•1
17.7

20+2

8.85
10.35

8.11
6,85
5.62

10.20

8.37
—

8.78

8.25
7.54

7.54

3.96

is
o

pe
n

ty
l

a
lc

o
h

o
l4

8

15.5

20±2

8.92
10.51

8.48
7.07
5,32

10.92
_

9.17

9.07

8.50
7.89

7.82

4.30

3
£ l
•I s

10.9

27+2

8.82

10.30
8.51

7.20
6.82

9.80
8.57

9.20

9.44

8.66
7.30
6.89

4.70

ο

Λ&!
15.0

27 + 2

9.02

10.68

8.60
7,19
6.04

11.34

8.70

9.40
9.58

8.78
7.58

8.10

3.57

be
n

zy
l

a
lc

o
h

o
l4

9

13.1

20+2

8.34
9.71

7.88
6.43

5.37
9.62

_

8.60
8.38

8.10
8.34

8.38

4.42

I
9.78

50±2

5.17

6.58

4.85

6.80

4,75

6.15
5.70

5.30
7.04

6.62
_

II
37.70

20±2

4.62

5.60

4.14
3.01

5.19
—

4.72
4.70

4.15
4.28

4.28
—

5.57

| |

25.80

20±2

_

7.72

5.55
_

7.68
—

6.43
6.49

5.42
6.15

6.25
_

—

31.7

20±2

6.64

7.35

5.82
4.38

2.82
6.96

_

5.64
6.24

5.82
5.48

5.48

3.12
—
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18.2

20±2

_

_

—

7.60

6.39

—

—
—

—

8.43

8.43
—

—

Table 7. ApK = pK^ a l c o n o i - pKin

3_
G ο | l

4-8 h

Fonnic
Acetic
Monochloioacetic
Dichloroacetic
Trichloroacetic
Benzoic
o-Nitrobenzoic
m-Nitrobenzoic
p-Nitrobenzoic
Salicylic
Qt-Dinitrophenol
p-Dinitrophenol
Picric
Boric

4.28
4.47
4.45
4.79
4.41
4.98
5.10
4.17
4.32
4.54
2.90
3.12
2.41

4.98
5.16
4.77
5.33
5.97
5.06

5.17
3.47
3.44
3.12

4.17
4.50
4.37
4.99
4.81
4.91
5.02
4.36
4.12
4.51
2.87
3.05
3.56

3.49
4.46
4.18
4.20
4.73
4.67

3.74
2.09
2.f0
2.90

5,83

6.18
5.83

6.60
6.28

6.36
4.72
4.43
3.49

5.10
5.59
5.24
5.55
4.92
6.00
6.20

5.38
5.28
3.52
3.74
3.16

5,17
5,75
5.61
5.77
4.62
6.72

5.68
5.67
5.53
3.87
4.02
3.50

5.07

5,64
5.90
6.12
5,60
6.37
5.71
6.04
5.69
3.28
3.09
3.90

5,27
5.92
5.73
5.98
5.34
7.14
6.50
5.91
6.17
5.80
3.55
4.30
2.77

4.59
4.95
5.01
5.13
4.67
5.42

5.11
4.96
5.12
4.32
4.58
3.62

1.42
1.82
2.00

2.60
2.20
2.68
2.30
2.32
2.94
2.85

0.87
0.84
1.27
1.71

0.99

1.28
1.28
1,18
0.16
0.53

2.96
2.68

3.48

2.96
3.07
2.45
2.13
2.41

2.89
2.59
2.95
3.08
2.12
2.76

2 15
2.84
2.85
1.46
1.68

6.30
5.69

4.41
4.63

3.67 —

We used the buffer-free indicator method to study the
strengths of a series of acids of different character in var-
ious primary, iso-, secondary, and tertiary alcohols, and
also in alcohols with two functional groups: ethylene gly-
col, 2-chloroethanol, diethylene glycol, and diacetone al-
cohol24»33»34»48"53. In alcohols with intermediate DC values,
the dissociation constants of the acids were calculated, and
in alcohols with DC less than 10, the transformation con-
stants were calculated. The results are given in Table 6,
which also gives the p/C values for the acids in water17»18.
The decrease in the strengths of carboxylic acids in alco-
hols relative to their strengths in water is different for
different acids; the strengths of nitrophenols change to a
smaller extent.

The change in the strength of acids on going from water
to a non-aqueous solvent is characterised by the quantity
ΔρΚ = p/C in alcohol - pK in water. The greater the quantity ΔρΚ,
the greater the decrease in the strength of acids in the
given solvent compared with water. The values of ΔρίΓ
obtained for the alcohols studied are given in Table 7. The
decrease in the strength of o-nitrobenzoic acid on going
from water to alcohols is greater than the decrease in
strength shown by all other carboxylic acids. This phe-
nomenon can be explained on the basis of the steric effects

arising in the reaction of the molecules and ions of this
acid with the solvent. In the o-nitrobenzoic acid mole-
cule, an intramolecular hydrogen bond may be formed be-
tween the NO2 and COOH groups, and this is broken on
interaction with the solvent. Thus the reaction of the
molecules of this acid with the solvent depends on steric
effects to a greater extent than the reaction of other car-
boxylic acids whose molecules do not contain an intramo-
lecular hydrogen bond. For salicylic acid, whose mole-
cule contains a hydroxyl group in the orf&o-position, an
effect similar to that observed for o-nitrobenzoic acid
should have been found. However, the decrease in the
strength of this acid on going from water to alcohols was
found to be approximately the same as that for other car-
boxylic acids. As noted above, the strength of an acid
depends on the reaction of the acid with the solvent and on
the subsequent solvation of the ions formed. Thus the ob-
served contradictions are apparently explained by the sug-
gestion54"57 that the salicylate ion formed on ionisation of
the acid contains an intramolecular hydrogen bond and is
stable.

The decrease in the strength of nitrophenols on going
from water to alcohols with two functional groups is slightly
smaller than that observed for carboxylic acids, but the
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decrease in strengths is almost the same in diethylene
glycol.

It is convenient to estimate the differentiating action of
solvents from graphs giving the dependence of p/f for the
acids in alcohol on their p/C values in water. As already
noted17, different straight lines are obtained graphically
for acids of different character (carboxylic acids and nitro-
phenols) in differentiating solvents. For some acids, par-
ticularly o-nitrobenzoic acid, the p/f values do not lie di-
rectly on the straight line for carboxylic acids, because of
the specific interaction of the acid with the solvent. The
differentiating properties of a given solvent can be esti-
mated from the distance between the straight lines on the
graph of the dependence of p/C for the acids in the non-aque-
ous solvent on the τρΚ values for the acids in water. This
distance (Δ'ρ/Ο, expressed in p/C units, gives the differ-
ence between the change in the strength for acids of differ-
ent chemical character on going from water to the non-
aqueous solvent expressed in orders of magnitude. The
Δ'ρ/f values obtained from data on the strength of acids in
alcohols (Table 6) are given in Table 8.

Table 8. Differentiating action of alcohols.

Alcohols

Benzyl
n-Butyl
n-Pentyl
n-Hexyl
n-Heptyl
n-Octyl
n-Decyl
t-Butyl

DC

13.1
17.1
13.9
13.3
12.0
10.34

< 1 0
17.7

(from
graphs)

1.0
1.8
1.9
1.5
1.7
2.0
1.6*
1.9

Alcohols

Isopentyl
t-Butyl
Phenol
Cyclohexanol
Ethylene glycol
Diethylene glycol
2-Chloroethanol
Diacetone

DC

15.5
10.9
10
15.0
37.70
31.69
25.8
18.2

(from
graphs)_

1.9
2.4

—0.8*
2.5

1.1
0.8
1.6*

* Estimated approximately from the data in Table 6.

On going from n-butanol to n-octanol in the series of
normal alcohols, the differentiating properties change
little, although the DC values of the alcohols decrease.
Thus the differentiating properties of these alcohols cannot
be attributed to the influence of their DC.

The differentiating properties of alcohols are influenced
by their acid-base properties. The acidity of simple ali-
phatic alcohols decreases with increase in the electron-
donating properties of the alkyl group58. Work by Gerrard
and Madden5 9"6 1 on the solubility of hydrogen chloride in
alcohols showed, however, that n-butanol, n-hexanol, n-
heptanol, and n-octanol have almost identical electron-
donating properties. Thus for the example of these nor-
mal alcohols it is possible to follow the influence of one
predominant factor—the increase in the length of the alkyl
radical of the alcohol—on the differentiating properties of
the alcohol.

It can be seen from the results obtained that the increase
in the length of the alcohol radical from butanol to decanol
has little influence on the differentiating properties of the
alcohol, since the increase in the radical of the primary
alcohol hardly affects the screening of the functional group
of the alcohol and does not produce any significant steric
effects in the reaction of the molecules of these solvents
with carboxylic acid dimers.

Comparison of the differentiating properties of the nor-
mal alcohols and iso-alcohols leads to the conclusion that

branching of the radical in the alcohol molecule at a carbon
atom which is not joined to a hydroxyl group produces little
change in the differentiating properties of the alcohols.

Of the alcohols with one functional group which we
studied, benzyl alcohol shows the weakest differentiating
properties. The DC of this alcohol is almost the same as
that of n-hexanol. The weak differentiating properties of
benzyl alcohol can probably be attributed to the fact that it
exhibits stronger acidic properties than the other normal
alcohols, and its radical has little steric effect on the reac-
tion of two molecules of the alcohol with a molecule of the
carboxylic acid. Thus carboxylic acids are stronger acids
in benzyl alcohol than in other alcohols.

The more acidic solvent, phenol, with a planar radical,
produces a change in the relative strength of acids which
is the opposite of that observed for alcohols, in spite of
the fact that phenol has a low DC. The decrease in the
strength of carboxylic acids in phenol is less than that
shown by nitrophenols.

The secondary alcohol cyclohexanol is a differentiating
solvent, although its DC is of the same order of magnitude
as the DC of normal alcohols, iso-alcohols, and benzyl
alcohol. It is also a more basic solvent than the alcohols
already considered. Thus the marked differentiating ac-
tion of this alcohol on the strength of acids is apparently
related to the spatial complexity of its radical.

t-Butyl alcohol is also a strongly differentiating solvent.
It may be concluded that the differentiating properties

of secondary and tertiary alcohols are related to the spatial
complexity of the radicals of these alcohols close to their
functional groups; this creates considerable steric hin-
drance in the reaction of the molecules of these alcohols
with carboxylic acid dimers.

Of the alcohols studied, ethylene glycol has the highest
DC, so that it should exhibit weaker differentiating proper-
ties than the other alcohols. The data obtained, however,
indicate that ethylene glycol is a slightly stronger differen-
tiating solvent than benzyl alcohol and 2-chloroethanol—
solvents with smaller DC.

Published data 5 8 ' 7 0 show that all the alcohols studied
differ little in acid-base properties, with the exception of
ethylene glycol and 2-chloroethanol.

2-Chloroethanol is the most strongly acidic of the alco-
hols studied, so that despite the fact that its radical is more
complex than the radical of benzyl alcohol, it exhibits
weaker differentiating properties.

Although ethylene glycol has a high DC and is a more
acidic solvent than benzyl alcohol, its differentiating action
on the strength of acids is approximately the same, so that
its radical produces greater steric hindrance in the reac-
tion with carboxylic acid dimers than benzyl alcohol. The
strength of boric acid has been determined in ethylene gly-
col; boric acid reacts with this solvent to form a complex
which behaves as a monobasic acid7 1.

Diethylene glycol is 0j3'-dihydroxydiethyl ether. The
presence of the ether group explains why it is a stronger
base than ethylene glycol. The oxygen of this ether group
can react with acids. This atom is screened to a greater
extent, however, than the oxygen of the hydroxyl group, so
that the differentiating properties of diethylene glycol are
stronger than those of ethylene glycol.

From its DC, the differentiating properties of diacetone
alcohol should be the same as those of isobutyl alcohol,
but on the basis of the structure of its radical it should ex-
hibit stronger differentiating properties than all other alco-
hols. According to the studies of Badger and Bauer72»73,
diacetone alcohol contains an intramolecular hydrogen bond.
These authors also compare the structure of this alcohol
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with that of t-pentyl alcohol. Thus the molecule of this al-
cohol should create greater steric hindrance in its reac-
tions not only with carboxylic acids but also with nitrophe-
nols. As a result, the change in the relative strength of
acids of different character is approximately the same in
this solvent as in isobutyl alcohol.

As noted above, one of the factors influencing the differ-
entiating properties of solvents is the difference in the sol-
vation of the anions of acids of different character by these
solvents. Izmailov and coworkers7 4 '7 8 showed that on
going from water to levelling solvents the change in the
solvation energy of the molecules becomes greater than the
change in the solvation energy of the ions; in differentia-
ting solvents, however, the opposite relationship is ob-
served. Thus in the examination of the differentiating
properties of solvents it is necessary to take into account
the reaction of both the ions and the molecules of the acid
with the molecules of the solvent.

To obtain information on the relative change in the ener-
gy of solvation of the anions of carboxylic acids and nitro-
phenols in the alcohols studied, we determined the heats of
dissolution of the diethylammonium salts of carboxylic
acids and nitrophenols79"81. The heats of solvation of the
ions in different solvents are fairly close, but, as shown
by Izmailov82, even slight differences in the values lead to
a marked change in the strength of the acid.

Table 9. Heats of dissolution AH, kcal mole"1, of diethylammonium salts
in alcohols and cyclohexane79"81.

Diethylammonium

Chloride
Bromide
Trichloroacetate
Salicylate
Benzoate
Acetate
a-Dinitrophenolate
β-Dinitiophenolate
Picrate

Water
(276C)

0,3
1.8
1.8
2.8
*

—0.8
—4.1

4.6
4.7

Water
<41*O

2.6
3.8
5.3
5.9
0.8

—4.9
10.5
8.7
8.0

—2.0
0.7
1.7

—0.8
—1.4

1.1
2.9
3.5
3.0

0.7
1.9
2.2
2.6
2.2
2.7
4.4
4.9
2.9

2.1
3.5
3.6
3.8
2.9
3.6
5.4
6.0
5.1

I!
2.1
2.0
3.0
1.4

3.3

4.0
2.4
8.6
5.2

10,9
8.2
7.7

II

7.5
4.5
8.1

9.1

0.2
5.6
5.6
4.5
5.2
8.7
5.7
5.4
3.5

heats of solvation are not large. Thus the differentiating
properties of cyclohexanol are related to the fact that the
heats of solvation of the anions of carboxylic acids are
smaller in cyclohexanol than in water.

The heats of solvation of the salicylate ion in different
alcohols are approximately the same (judging from the
heats of dissolution of diethylammonium salicylate, given
in Table 9). This can be attributed to the fact that the
salicylate ion contains an intramolecular hydrogen bond,
so that it reacts weakly with the OH group of the solvent
and the spatial complexity of the radical of the solvent has
no significant influence on the heat of solvation of this ion.

As already noted, in the examination of the differentia-
ting properties of solvents it is necessary to take into ac-
count the reaction of not only the ions but also the molecules of
the acid with the molecules of the solvent. Izmailov
showed that the energy of solvation of the molecules of
acids depends on the strength of the complex formed be-
tween the acid and the solvent. If the solvent is more ba-
sic, the energy of solvation of the molecules will be greater,
and the solvation will become more exothermic. On the
basis of the data which we obtained79 (Table 10) it may be
concluded that the change in the integral heats of dissolu-
tion of benzoic and salicylic acids and α-dinitrophenol on
going from the levelling solvent benzyl alcohol to the dif-
ferentiating solvent cyclohexanone (a ketone) is not large.
The energy of the reaction of the molecules of the acids
with cyclohexanone is greater than that for benzyl alcohol,
since cyclohexanone is a slightly more basic solvent than
benzyl alcohol.

Table 10. Integral heats of dissolution of acids79 (27°C).

Acids

Benzoic
Salicylic
a-Dinitiophenol

&H, kcal mole"1

cyclo-
hexanone

3.5
2.1
3.9

benzyl
alcohol

4.7
3.8
5.3

* Sparingly soluble salt.

In the analysis of the data in Table 9 it is necessary to
take into account the familiar ideas of physical chemistry,
according to which an increase in the exothermicity of the
dissolution of a given salt in different solvents is due to an
increase in the energy of solvation of its ions.

The data in Table 9 indicate that the relative exothermic
nature of the solvation of the anions of acids increases in
the order: t-butyl alcohol, ethylene glycol, diethylene gly-
col, benzyl alcohol, 2-chloroethanol. The most strongly
exothermic process is the solvation of the salts in 2-chlo-
roethanol, and this is evidently related to the fact that the
acidic properties of this alcohol are stronger than those of
the other alcohols. With increase in the acidity of the al-
cohol, the hydrogen bond which it forms with the ions of
the acids studied disappears.

It can be seen from the heats of dissolution of the salts
(Table 9) that the exothermic nature of the solvation of the
anions of the acids decreases considerably on going from
water to cyclohexanol (with the exception of salicylate).
For the salts formed by nitrophenols, the changes in the

It may therefore be concluded that the differences in the
differentiating properties of alcohols are related chiefly
to differences in the energies and heats of solvation of the
anions of carboxylic acids compared with the anions formed
by nitrophenols. The increase in the differentiating action
of the solvents is related to the decrease in the exothermic
nature of the solvation of the ions of the carboxylic acids.
The exothermic nature of the solvation of the anions of car-
boxylic acids in turn decreases with increase in the spatial
complexity of the radicals of the alcohols.

It follows from the foregoing that the differentiating ac-
tion of alcohols on the strength of acids is due to a number
of factors: the spatial complexity of the radicals of the
solvent, the difference in the solvation of the anions of
acids of different character (this also depends on the spa-
tial complexity of the solvent molecules), and the acidity
of the solvent. Both levelling and differentiating solvents
can be found among alcohols, depending on the combination
of these factors.

Like alcohols, ethers contain an alkoxy-oxygen, which
is screened by two radicals. Thus the reaction of ethers
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with acids should be influenced considerably by steric fac-
tors associated with the screening of the functional group
of the ether by the radicals. This is indicated by pub-
lished data8 3"8 6 on the basis of which we should expect that
the differentiating properties of ethers will also depend to
a marked extent on the nature and spatial complexity of
their radicals.

We studied the strength of various carboxylic acids and
nitrophenols in various ethers: diphenyl (diphenyl oxide),
methyl phenyl (anisole), diethyl, dibenzyl, di-(2-chloro-
ethyl) (Chlorex), dibutyl, and di-isopentyl36'87»88. All
these ethers, with the exception of Chlorex, have low di-
electric constants (in the range 2-5), so that the strength
of acids in these solvents should be characterised by the
transformation constants, which we determined by the pro-
posed method. The transformation constants of picric
acid were first determined spectrophotometrically. We
recorded the spectra of solutions of picric acid in the ethers
and with the addition of a strong base in the range 370-
470 nm. The spectra of solutions of picric acid in a given
ether with the addition of an excess of diethylamine or
piperidine coincided. The spectroscopic curves for the
picrate solutions show a slight maximum in the range 400-
420 nm, characteristic of the associated ions of picric
acid8 9. We calculated the values of the transformation
constants for picric acid in ethers from the absorption at
various wavelengths in the spectral range studied. It was
found that the calculated values of the constants remained
almost constant in the wavelength range 440-480 nm. With
decrease in wavelength, however, the values of the con-
stants gradually increased. This is apparently due to the
fact that in this range, absorption by molecules of the acid
increases gradually towards shorter wavelengths, and this
was not taken into account in the calculation. Table 11
therefore gives the mean values of ρΚΐτ for picric acid,
calculated for the wavelength range 440-480 nm. The
calculation of the transformation constants of picric acid
was based on the assumption that the ionic associates ob-
tained by the reaction of picric acid with strong bases (di-
ethylamine or piperidine) and with ethers acting as bases
have the same absorption spectra in the range used for the
calculations; molecules of picric acid do not absorb in this
range. Justification for this assumption is provided by
the agreement observed in the dissociation constants of
picric acid in alcohols, determined by spectrophotometric
and indicator methods. The spectrophotometric deter-
mination of the dissociation constants of this acid was
based on the same assumptions as the determination of its
transformation constants in the ethers. The transforma-
tion constants of the indicators were then determined with
respect to picric acid, and the values were used to deter-
mine the transformation constants of carboxylic acids and
di nitrophenols.

Examination of the pA"tr values for the acids in the ethers
studied (Table 11) shows that the strengths of nitrophenols
in the ethers studied do not differ greatly. The strengths
of carboxylic acids in ethers with different radicals, how-
ever, differ sharply and a correlation is not observed be-
tween the basic strength of the ethers and the strengths of
carboxylic acids in these ethers.

According to published data61»90"95, the ethers studied
can be arranged in the following order of increasing basic
strength: diphenyl oxide < anisole < Chlorex < dibenzyl
ether < diethyl ether < dibutyl ether.

In diphenyl oxide—the ether with the lowest basic
strength—the carboxylic acids are much weaker than in
the more basic diethyl ether, and the value of Kn for tri-
chloroacetic acid is smaller by almost three orders of

magnitude in dibutyl ether than in diphenyl oxide. The
strength of the carboxylic acids decreases with increase
in the spatial complexity of the radicals of the ether
(Table 11). The differentiating action of ethers is charac-
terised by the values of A'p/ftr, found from graphs giving
the dependence of the values of p/Ctrin the corresponding
ether on the pK values in water (Table 12).

Table 1 1 . pi

Acids

Formic
Acetic
Monochloioacetic
Dichloioacetic
Trichloroacetic
Benzoic
Salicylic
o-Nitrobenzoic
m-Nitrobenzoic
p-Nitrobenzoic
a-Dinitiophenol
β-Dinitrophenol
Picric

Kft values for acids in ethers 3 6 · 8 7 · 8 8 .

DC

°c

Solvents

dibutyl
ether

3.06

20±2

3.07

1.09

diethyl
ether

4.34

20±2

5.85
4.52
2.52

5.76
5.12

4.87
4.23
1.52

benzyl
ether

S.I

20±2

5.05

4.54
2.54
2.26

5.20
2.00

anisole

4.33

20±2

4.74
4.85
3.97
2.00
1.00
5.71
4.05
3.67
4.42
4.62
4.24
4.38
1.05

diphenyl
oxide

2.35

30±2

4.04
5.48
3.05
1.82
0.35
5.23
3.41
2.65
3.65
4.08
5.00
4.14
1.57

Chlorex

21.20

20±2

7.47*
0.62*

_
_

5.52*

Table 12.

Diphenyl oxide
Anisole
Dibenzyl
Diethyl
Dibutyl
Chlorex

0
0.3
0.2
1.5
2.0
1.2*

Examination of the results obtained shows that diphenyl
oxide is a levelling solvent and that in this solvent we even
observe a slight relative decrease in the strength of nitro-
phenols compared with carboxylic acids. We observed a
similar but more clearly defined influence on the strength
of acids in phenol. Anisole and dibenzyl ether show a very
slight differentiating action, whereas ethers with saturated
radicals are strongly differentiating solvents, and this
property becomes more marked with increase in the size
of the radicals. Diethylammonium and piperidinium pic-
rates are insoluble in isopentyl ether, so that only the con-
centrations of picric and trichloroacetic acids at which
half of the indicator Naphthyl Red is converted into the acid
form were determined. These data8 8 show that the differ-
entiating properties of di-isopentyl ether are similar to
those of dibutyl ether, that is, di-isopentyl ether is a
strongly differentiating solvent. For Chlorex, Δ'ρ/ί =
1.2, and this characterises it as a differentiating solvent,
although its differentiating properties are weaker than those
of the other ethers having saturated radicals studied.
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Ethers are solvents which cannot act as proton donors,
so that it might be expected that they would all be differen-
tiating solvents. The observed variation between their
differentiating properties, which depend on the structure of
the radicals in the ether molecule, indicates that steric
factors have a marked influence on the reaction of the car-
boxylic acid dimers with the molecules of the ether.

To investigate the factors influencing the differentiating
properties of ethers, we studied the heats of dissolution of
benzoic acid and two dinitrophenols, and also diethylammo-
nium β-dinitrophenolate, benzoate, and trichloroacetate in
anisole, Chlorex, and dibutyl ether. The results8 8 indi-
cate that the relative change in the heats of dissolution of
the acids and their salts on going from a levelling ether to
a differentiating ether is not large, and its nature is such
that it cannot explain the variation in the differentiating
properties of ethers.

Information on the mechanism of the reaction of carboxy-
lic acids with alcohols can be obtained from the infrared
spectra of solutions of these acids in the alcohols.

Izmailov and coworkers89»96»97 previously studied the
reaction of carboxylic acids with alcohols from the Raman
spectra in the range of the i^ax band of the C=O group.
Only the reaction of carboxylic acids with weakly differen-
tiating alcohols was studied.

Carboxylic acids exist in the form of dimers. The
monomeric form of the acid is produced in solution as a
result of the reaction of the acid dimers with solvent mole-
cules. In the acid dimer, the hydrogen bond between the
hydroxyl group of the acid and the carbonyl oxygen is
stronger than that between this oxygen and the hydroxyl
group of the alcohol which reacts with the acid, because
the hydroxyl group of the acid has a greater tendency to
give up a proton than the hydroxyl group of the alcohol.
Thus breakdown of the dimer should take place as a result
of the reaction of the oxygen of the hydroxyl group of the
alcohol with the hydrogen of the hydroxyl group of the acid.
To determine how carboxylic acids react with levelling and
differentiating alcohols, we studied the infrared spectra of
trichloroacetic acid in various alcohols, examining the
region of the stretching vibrations of the C=O and OH (OD)
groups of the acid9 8.

No significant displacement of the main vmix band due to
the C=O group was observed on going from one alcohol to
another. This indicates that the alcohols which we studied
influence the position of the band due to the carbonyl group
of the acid in the same way.

We assigned the main intense band (~ 1750 cm"1) to the
vibrations of the C=O group of the acid monomers, since
it may be assumed that the carboxylic acid dimers are
broken down in solvents capable of forming a strong hydro-
gen bond with the acid molecule. In this connection it may
be noted that according to data obtained by Izmailov and
coworkers89»97 and ourselves98, the yC=O band of the acid
dimers in the infrared and Raman spectra was observed
only in fairly concentrated solutions of acetic acid in alco-
hols .

In the infrared spectra of solutions of trichloroacetic
acid in strongly differentiating solvents (cyclohexanol and
t-butyl alcohol) we observed a weak band in the range
1700-1715 cm"1, which may be assigned to the vibrations
of the C=O group of the acid dimer. On dilution, the in-
tensity of this band decreased, and the intensity of the band
due to the C=O group of the acid monomers increased. In
the spectra of solutions of trichloroacetic acid in weakly
differentiating alcohols, we did not observe the band due
to the C=O group of the acid dimers. It can evidently be
assumed that the given solvents react more strongly with

trichloroacetic acid than do differentiating solvents. Thus
the quantity of dimers in these solvents is not large and
has no influence on the stretching vibrational band of the
carbonyl group of the acid. This also agrees with the
fact that trichloroacetic acid is a weaker acid in strongly
differentiating alcohols than in levelling alcohols.

Thus the data obtained indicate that the probability of
reaction of carboxylic acids with strongly differentiating
alcohols is less than that for levelling alcohols. This can
be related to the steric effects which must be taken into
account in the reaction of carboxylic acids with differenti-
ating solvents.

We studied the infrared spectra of CC13COOH and
CCI3COOD in anisole and dibutyl ether9 8. These data give
information on the reaction of the carboxylic acid with sol-
vents containing alkoxy-oxygen. Study of the spectra in-
dicated that the hydrogen bond formed by ethers with the
hydroxyl group of the acid is stronger than that formed by
alcohols. The uOE bands for the acid monomers in ethers
lie in the range 2800-3100 cm"1. The corresponding νΟΌ
bands in ethers should be displaced towards lower frequen-
cies99»100; they appear at 2180 cm"1 in dibutyl ether and at
2270 cm"1 in anisole. It can be seen from these data that
the hydrogen bond formed by trichloroacetic acid with di-
butyl ether is stronger than that formed with anisole. This
agrees with the fact that dibutyl ether is a more basic sol-
vent, that is, it has a stronger electron-donating power
than anisole.

The bands observed in the range 2550-2600 cm"1 in the
spectra of CC13COOH were assigned to the vibrations of
the OH group of the acid dimers. In the spectra of
CCI3COOD in ethers the corresponding bands due to the
vibrations of the OD bonds of the acid dimers lie in the
range 2030-2060 cm"1.

The frequency of the stretching vibrations of the C=O
group of the acid in ethers at 1765-1770 cm"1 is slightly
greater than that of the band in alcohols (1750 cm"1); this
can be attributed to the absence of the perturbing influence
of the hydrogen bond on the carbonyl group.

Ginzburg and Abramovich101, in a study of the reaction
of trichloroacetic acid with ethers, showed that in equi-
molar mixtures of the acid and ethers in CC14 the absorp-
tion band of the carbonyl group of the acid dimers appears
in the form of a shoulder. In our studies, carried out in
ethers without an inert solvent, there was almost no trace
of a band due to the acid dimers in this range. The pres-
ence of bands characteristic of hydrogen bonds formed by
the OH (OD) group of the acid, however, indicates that the
solutions studied contain some acid dimers. The relative
concentration of dimers is greater in dibutyl ether than in
anisole, that is, the probability of reaction of the acid with
dibutyl ether is less than that for anisole, although the
hydrogen bond formed by the trichloroacetic acid mole-
cules With dibutyl ether is stronger than that formed with
anisole. This agrees with the data obtained by Ginzburg
and Abramovich101, according to which dibutyl ether, in its
reaction with trichloroacetic acid, appears to exhibit
weaker electron-donating properties than propyl and ethyl
isobutyl ethers. It may therefore be concluded that the
relative decrease in the strength of trichloroacetic acid in
dibutyl ether compared with anisole is due not so much to
the strength of the hydrogen bond between the acid and the
ether as to the probability of its formation.

We also recorded the infrared spectra of diethylammo-
nium trichloroacetate in the alcohols studied98. No signi-
ficant displacement of the band due to the asymmetric
stretching vibrations of the carboxylate ion (1680 cm"1) in
different alcohols was observed. The difference in the
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reactions of the trichloroacetate ion with alcohols apparently
does not influence the frequency of the asymmetric
stretching vibrations of the carboxylate ion.

2. Ketones

The strengths of many acids in acetone and aqueous ace-
tone mixtures were studied by Izmailov and coworkers9,
using electrometric methods. They showed102»103 that the
differentiating action of acetone is due to the formation of
a reaction product with 1:1 composition by the carboxylic
acids and the ketone, in contrast to the product with the
1 : 2 composition obtained in water and alcohols 9V03»104.

The authors cited also showed that the differentiating
action of acetone on the strength of acids is related to a
decrease in the solvation energies of the anions of the car-
boxylic acids compared with their solvation energies in
water. The solvation energies of the anions formed by
nitrophenols in acetone differ comparatively little from
their energies of solvation in water105»106.

We used the buffer-free indicator method to study the
strength of acids in various ketones, including acetone * r107 >108.
The pK values for acids in these solvents, and the values of
ΔρΚ and Δ'ρ/C, are given in Tables 13, 14, and 15 respec-
tively.

the differentiating properties of the corresponding ketones
decrease. Although the effect is weak, ketones apparently
show steric effects in the reaction of the carboxylic acid
dimers with the solvent. The fact that the influence of the
radicals of the ketones on the differentiating properties of
these solvents is slight can be attributed to the fact that the
radicals in ketones are further removed from the oxygen
than in alcohols and ethers.

Table

Acids

Formic
Acetic
Monochloroacetic
Dichloroacetic
Tdchloroacetic
Propionic
Benzoic
Salicylic
o-Nitrobenzoic
m-Nitrobenzoic
p-Nitrobenzoic
Cc-Dinitrophenol
ftDinitrophenol
Picric

14. ApK values for acids.
Solvents

&C61OI1C

5.82
5.86
6.34
6.40
5.81

6.11

3.53
3.97
3.64

aceto-
phenone

4,89
5.27
5.43
6.11
5.56
5.20
5.60
5.17
5.98
5.13
5.32
3.34
3.68
3.75

benzc-
phenone

6.66
5.44

4.49

cyclo-
hexanone

5.08

5.29
5.55
4.96

5.01
6.07
5.19
5.30
3.30
3.53
3.44

acetic
anhydride

5.86
6.54
6.08

5.17

Table 13. pK values for acids in ketones 2 S . 1 0 7 . 1 0 8 and acetic anhydride109.

Acids

Formic
Monochloroacetic
Acetic
Dichloroacetic
Trichloroacetic
Propionic
Benzoic
Salicylic
o-Nitrobenzoic
m-Nitrobenzoic
p-Nitrobenzoic
a-Dinitrophenol
0-Dinitrophenol
Picric

DC

°C

Solvents

acetone

20.7

20±2

9.57
9.21

10.62
7.70
6.51

9.08
—
—
—
7.55
7.77
4.14

acet
phenont

17.39

20±2

8.61
8.31

10.03
7.41
6.26

10.07
9.80
8.14
8.14
8.62
8.72
7.36
7.47
4.55

benzo-
phenone

13.3

53±2

__

7.96
6.14

—
—
—
—

5.29

cyclo-
hexanone

18.3

22±2

8.83
8.16

6.85
5.66

8.01
8.23
8.68
8.70
7.32
7.33
4.24

acetic
anhydride

20.7

22+2

_

8.73

7.84
6.78

—
—
—
—

5.97

The results (Tables 13-15) show that all the ketones
which we studied are differentiating solvents. The basic
strengths of the ketones studied are similar9 0»1 1 0"1 1 2, but
if we nevertheless arrange them in order of increasing
basic strength—benzophenone < acetophenone < acetone <
cyclohexanone—and compare the order with the order of
the p/C values for picric acid in the same solvents, we may
conclude that the strength of picric acid increases in ac-
cordance with the increase in the basic properties of the
ketone. The strengths of carboxylic acids in all the ke-
tones decrease considerably compared with the values for
water, and the decrease is much greater than that for ni-
trophenols .

The ketones which we studied exhibit similar differenti-
ating properties, but when the methyl radicals in the ace-
tone molecule are replaced by phenyl radicals (Table 15),

To investigate the influence of differences in the solva-
tion of the anions of acids of different character on the dif-
ferentiating properties of ketones, we studied the heats of
dissolution of diethylammonium salts in cyclohexanone.
The results (Table 9) show that in cyclohexanone, as in
acetone, there is a relatively greater decrease in the sol-
vation energy of the anions of carboxylic acids, compared
with the anions of nitrophenols, on going from water to the
ketone.

Table 15. Differentiating action of ketones and acetic anhydride.

Solvent

Acetone
Acetophenone
Benzophenone
Cyclohexanone
Acetic anhydride

ApK

2.5
1.7
1.3
1.6
1.1

All the ketones studied are differentiating solvents and
can be used in non-aqueous titration.

Tables 13-15 also give data on the strength of acids in
acetic anhydride109 and its differentiating properties. The
data show that acetic anhydride is a differentiating solvent,
although its differentiating action is weaker than that of
ketones. Because of the acidic properties of acetic anhy-
dride, acids dissolved in this solvent are slightly weaker
than in ketones.
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Acids

Trichloroacetic
Dichloroacetic

Monochloroacetic
Acetic
Formic

Salicylic
Benzoic
wi-Nitrobenzoic

p-Nitrobenzoic
o-Nitrobenzoic
Picric
Qc~Nitrophenol
ftNitrophenol

hydrochloric
Sulphuric

DC

°c

1

81.0

25

PKdiss
0.70
1.30
2.87
4.76
3.75
2.97
4,20
3,49
3.40
2.20
0.80
4.02
3.80
0.8

—3.0

. a
ce

ta
te

12
0)

bu
ty

l
(R

ef
.

5.01

20±2

PKtr
1.14
3.86
4.98

5.04

—

0.69
4.64
4.66

Table

ac
et

at
e

11
8)

et
h

yl
(R

ef
.

6.02

22±2

PKtr
1.60
3.08
4.78

5.91
4.42

4.95
—

1.12
4.18
3.97

—

16. Values of ρΛ^ and pKdiai for acids in esters.

ίa
ce

ta
te

18
)

be
nz

yl
(R

ef
.l

5.10

22±2

PKtr
2.57
3.75
5.63

6.29
5.38

6.18
6.03

1.82
5.54
5.21

—
1 a

ce
ta

te
19

)
ph

en
y

(R
ef

.l

5.38

22 ± 2

PKtr
1.51 .
3.06
4.00

—

—
—
—

1.33

—
—

tn
on

o-
>a

ce
ta

te
11

9)

et
h

yl
 ι

ch
lo

rc
(R

ef
.l

20

22±2

PKdis,
6.57

8,81

—
8.73

—

8,87

8.84
8.84

—

Solvents

1 &
i a

ac
et

c
es

te
r

(R
ef

15.7

22±2

PKdU.
6.28
7.48
9.04

10.84
9.66
8.24

10.62
9.40
9.37
9.36
4.64
8.25
8.68
—

di
et

h
yl

bo
na

te
 ι

2.82

22±2

pKt,
2.52
4.30
5.77

6.23
3.22
—
—

5.10
1.77
5.92
5.15
—

w
nz

oa
te

18
)

Is
6.06

22±2

PKtr
1.92

5.34
—

6.06
5.35
—

5.81
—

1.60
5,51
5.01

—

to
n
e-

ze
ne

f.
1

1
9

)

w
6.02

22 3:2

pKt,
1.55
2.87
4.48
6.07
5.06
4.11
5.66
4.82
4.85
4.26
1.39
4.26
3.64
—

tia
te

11
9,

12
0)

tr
ib

ut
j

ph
os

pi
(R

ef
s.

7.97

20±2

PKtr
3.32
4.44
5,32

—
4.09
5.07

—
3.85
3.88

0.43
4.01
4,04
1.21
1.46

ti
en

yl
sp

ha
te

f.
1

2
0

)

-

49=fc2

PKtr
2.69
2.25
—
—
—
—
—
—
1

1.31
—
—
—

lu
6.7

20±2

PKtr
—

3 62
—
—
—
—
•—
—
••

1.11
—
—
—

3. Esters

Esters are solvents which contain a carbonyl group,
like ketones, but they also contain alkoxy-oxygen, that is,
they have a compound functional group.

Most workers 113~117 consider that esters react with
acids chiefly through the carbonyl oxygen, but some
authors 114~116 conclude that reaction between the acids and
the alkoxy-oxygen of the ester is also possible.

Esters form reaction products with the 1:1 composition
both with acids and with nitrophenols113. According to
Izmailov's theory, esters should be differentiating solvents.
The oxygen atoms in the ester molecule, however, may be
screened to some extent by the radicals, so that steric
effects may be observed in the reaction with carboxylic
acid dimers. It is therefore to be expected that esters
with different radicals and different structures may show
varying differentiating properties.

We studied the strength of acids (chiefly carboxylic
acids and nitrophenols)118"181 in eleven esters and an ace-
tone-benzene mixture with an acetone mole fraction of
0.305 (DC = 6) 1 2 2 . The strengths of the acids were deter-
mined by the buffer-free indicator methods described
above. In most of the esters with low DC which we studied,
we determined the transformation constants of the acids
and the indicators; in two esters with larger DC values
(ethyl monochloroacetate and acetoacetic ester) we deter-
mined the dissociation constants of the acids. The results
are given in Table 16.

The strengths of the acids depend on the basic strength
of the solvent. The basic nature of the esters was studied
by various methods: from the ionisation potentials1 2 3"1 2 8,
the solubility of HC159»80, the shifts in the infrared spectra
on reaction with the OD group of methanol90»92»129"132, and
the Taft constants133.

On the basis of published data, the esters which we
studied can be arranged in order of decreasing basic strength.
This order is given in Table Π , which also gives the val-
ues of pK" for the transformation of picric and trichloroace-
tic acids.

Table 17.

Esters

Tributyl phosphate
Butyl acetate
Tricresyl phosphate
Ethyl acetate
Triphenyl phosphate
Phenyl acetate
Ethyl benzoate
Diethyl carbonate
Jenzyl acetate
Acetoacetic ester

pATtr for
picric acic

0.44
0.70
1.11
1.12
1.31
1.33
1.60
1.77
1.82
4.65

pKtt for
trichloro-
acetic acid

3.32
1.14

1.60
2.69
1.51
1.92
2.54
2.57
6.28

With decrease in the basic strength of the esters there
is an increase in the value of pff for picric acid, that is,
a decrease in its strength (Table 17). This relationship
is not observed for trichloroacetic acid. For example, in
the most basic ester—tributyl phosphate—ρίΓ» for trichlo-
roacetic acid is greater than the values in other esters
which are less basic. Thus the change in the strength of
nitrophenols in esters is related chiefly to the basic nature
of these solvents, whereas the strengths of carboxylic acids
are determined not only by the basic nature of the ester,
but also by other factors.

In all esters, the decrease in the strengths of carboxylic
acids on going from water to the ester is greater than the
decrease in the strengths of the nitrophenols. This char-
acterises the esters as differentiating solvents. The dif-
ferentiating action of esters is illustrated by Table 18,
which gives the Δ'ρ/f values determined graphically from
the data in Table 16. The results show that the differenti-
ating action of the esters which we studied on the strength
of acids varies between different esters (Table 18). The
differentiating action of esters does not depend on their
dielectric constant.

Although the esters of acetic acid have similar dielectric
constants, their differentiating properties differ consider-
ably. The differentiating action of diethyl carbonate—an
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ester with low dielectric constant—on the strength of acids
is similar to that of ethyl acetate—a solvent with high di-
electric constant. Acetoacetic ester, with high DC, is a
strongly differentiating solvent.

Examination of Table 18 shows that the differentiating
properties of esters depend on the nature and spatial com-
plexity of the radical of the alcohol group.

Table 18. Differentiating action of esters.

Solvents

Butyl acetate
Benzyl acetate
Ethyl acetate
Phenyl acetate
Diethyl carbonate
Ethyl benzoate

DC

5.01
5.10
6.02
5.35
2.82
6.02

A'p«tr

2.0
1.4
1.6
0.6
1.6
1.2

Solvents

Benzene + acetone
Tributyl phosphate
Triphenyl phosphate

Acetoacetic ester
Ethyl monochloroacetate

DC

6.02
7.97

15.70
20.00

ApJftr

1.2
3.2
1.4·

A'pK
2.0
0.8

* Estimated from data in Table 17.

The data in Table 16 show that the strengths of carboxy-
lic acids in esters of acetic acid decrease with increase in
the spatial complexity of the alkoxy-radical. In accor-
dance with this, the differentiating properties of these sol-
vents decrease in the order: butyl acetate > ethyl acetate >
benzyl acetate > phenyl acetate. Thus the reaction of car-
boxylic acids with esters is influenced by steric effects
depending on the size and complexity of the alkyl radical.

Ethyl acetate and diethyl carbonate exhibit the same
differentiating action on the strengths of carboxylic acids
and nitrophejiols. It may be assumed that the identical
differentiating action is determined by the identical degree
of screening of the functional groups of the ester in these
compounds.

Ethyl benzoate is a slightly weaker differentiating sol-
vent than diethyl carbonate and ethyl acetate, since its
acidic group contains the planar phenyl radical. Ethyl
monochloroacetate is a weak differentiating solvent. This
can apparently be attributed to the reduced electron-do-
nating power of its functional group associated with the
presence of the chlorine atom in its molecule134»135.

The data in Table 16 show that the strengths of not only
carboxylic acids, but also nitrophenols, are low in ethyl
monochloroacetate, compared with ethyl acetate and other
esters of carboxylic acids. We also studied the differen-
tiating properties of acetoacetic ester (Table 16), which
under ordinary conditions contains keto- and enol-forms.
In pure acetoacetic ester under normal conditions, the keto
form predominates (93%). This ester is a strongly differ-
entiating solvent (Table 18). We purified acetoacetic ester
in an all-glass distillation apparatus. These distillation
conditions, and also the addition of acids, displace the
equilibrium towards the formation of the enol form. In
the liquid state, as a result of intramolecular hydrogen
bonding, the enol form is present as a chelate compound136

in which there is particularly strong steric hindrance to
the reaction with carboxylic acid dimers. This is appa-
rently also responsible for the differentiating properties of
acetoacetic ester.

Esters of phosphoric acid can be arranged in the fol-
lowing order of decreasing differentiating properties: tri-
butyl phosphate > tricresyl phosphate > triphenyl phos-
phate. The fact that tributyl phosphate has the strongest

differentiating action can be attributed to the spatial com-
plexity of its molecule, resulting from the large butyl radi-
cals arranged at the apices of a tetrahedron137»138. In tri-
phenyl phosphate the planar phenyl radicals also lie at the
apices of a tetrahedron, but in contrast to the situation in
tributyl phosphate, the axes of the phenyl radicals are para-
llel to one another139. This is apparently responsible for
the fact that the steric hindrance to the reaction with car-
boxylic acid dimers is less for triphenyl phosphate than for
tributyl phosphate.

Tributyl phosphate exhibits specific differentiating prop-
erties. Differentiation within the class of carboxylic acids
is observed in this solvent: the chloroacetic acids are
weaker than the nitrobenzoic acids. The behaviour of
mineral acids in tributyl phosphate is also unusual: in this
solvent, hydrochloric and sulphuric acids are weaker than
picric acid1 2 0. In accordance with published data140»141,
we regarded sulphuric acid in tributyl phosphate as a mono-
basic acid. The transformation constants which we ob-
tained120 by the indicator method for hydrochloric and sul-
phuric acids in tributyl phosphate are close to one another.
Hesford and McKay142 determined the dissociation constants
of these acids in tributyl phosphate from their electrical
conductivities. The values which they obtained are also
close to one another. The first dissociation constant of
sulphuric acid was calculated.

The replacement of the butyl radicals by cresyl or
phenyl radicals in the phosphoric acid ester leads to a de-
crease in the differentiating power of the solvent.

The stronger differentiating action of the esters of phos-
phoric acid compared with the esters of acetic acid can be
attributed both to the structure of the molecules of the
phosphoric acid esters and to the nature of phosphoric acid.
The molecules of the esters of phosphoric acid have a
tetrahedral shape, in which one of the apices is occupied
by the phosphoryl oxygen, whereas the molecules of the
esters of acetic acid have a planar structure, with cis-
arrangement of the radicals1 4 3.

Table 19. Integral heats of dissolution of salts 1 2 0 ' 1 2 1 at a dilution
of 1:400 (27°C).

Diethylammonium
salts

Picrate
/3-Dinitrophenolate
Benzoate
Salicylate
Trichloroacetate
Acetate

water

4.8
4.7
insol.
18
1.8

—0.8

ΔΗ, kcal mole"1

benzyl
acetate

5.0
6.9
2.5
4.0
6.6
3.9

tributyl
phosphate

3.1
2.5

10.9
3.8
6.8
9.1

To estimate the influence of the solvation of the anions
of the acids by different esters on the differentiating prop-
erties of the latter, we determined the integral heats of
dissolution of the diethylammonium salts of various car-
boxylic acids and nitrophenols in benzyl acetate (a weakly
differentiating solvent) and tributyl phosphate (the strongest
differentiating solvent)120»121. The results (Table 19) show
that the solvation of the anions of carboxylic acids in esters
is much more endothermic than that in water. The solva-
tion of the anions of nitrophenols in benzyl acetate is
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slightly less exothermic than that in water, whereas in tri-
butyl phosphate the opposite relationship is observed.

Comparison of the heats of solvation of the anions of the
acids in the two esters (Table 19) indicates that the differ-
ence in the differentiating action on the strength of acids
shown by tributyl phosphate and benzyl acetate is related
not only to the factors examined above but also to a differ-
ence in the solvation of the anions of the carboxylic acids.
The decrease in the solvation of the anions of the carboxylic
acids in tributyl phosphate can be attributed to steric effects
in the reaction of these anions with the ester.

Thus the differentiating action of esters depends on
steric effects produced in the reaction of their molecules
with both the molecules and the anions of carboxylic acids.

On the basis of our studies, esters can be recommended
as differentiating solvents for the titration of acids.

Tributyl phosphate is a specific differentiating solvent.
Picric acid and trichloroacetic acid can be determined
separately in the presence of one another in this solvent.
In this solvent it is also possible to determine separately
chloroacetic and nitrobenzoic acids, which have similar
strengths in water. This has been confirmed by our ex-
periments1 2 1 on colorimetric and high-frequency titration.

---0O0- —

The change in the strength of acids of different charac-
ter on going from water to oxygen-containing solvents (al-
cohols, ketones, ethers, and esters) depends on steric
effects in the reaction of the molecules and anions of the
acids with the solvent molecules. Increase in the spatial
complexity of the solvent molecules and increase in the
screening of the oxygen of the functional group lead to a
relative decrease in the strengths of carboxylic acids; this
is responsible for the differentiating action on the strength
of acids in a given solvent.

Steric factors are particularly important in the reaction
of carboxylic acid dimers with the alkoxy-oxygen of the
solvents (alcohols and ethers).

The differentiating action of primary alcohols depends
little on the size and degree of branching of their radical.
Secondary and tertiary alcohols have a stronger differenti-
ating action on the strength of acids than primary alcohols.

Ethers with sterically simple radicals (diphenyl oxide
and anisole) are almost levelling solvents. The differenti-
ating action of ethers with saturated radicals on the strength
of acids increases considerably with increase in the size
and complexity of their radicals.

The difference in the strengths of carboxylic acids in
solvents containing alkoxy-oxygen is determined not so
much by the basic nature of the solvent and hence the
strength of the hydrogen bond formed as a result of the re-
action of the carboxylic acid dimers with the molecules (in
the case of alcohols, with the molecular associates) of the
solvent as by the probability of formation of this bond,
which depends on steric factors.

Ketones and esters are differentiating solvents, but the
differentiating properties of these compounds also depend
on the spatial complexity of their molecules and are deter-
mined by the relative decrease in the strength of carboxy-
lic acids in these solvents.

Examination of the behaviour of the acids which we have
studied in oxygen-containing solvents leads to the general
conclusion that the strengths of acids in solvents depend on
the spatial complexity of both the molecules and the ions of
the acid and the molecules of the solvent. The differenti-
ating properties of a solvent are determined to a consider-
able extent by steric effects in the reaction of the electro-
lyte with the solvent.
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