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1fiho irury oi Acid Diissociation in Solution. N. A. Izmaylov, (Journal of
Pysical (Ihemistry. Vol. XXVIII, Issue 11, 1954. pp. 2047-2o661.

Tranmlatmd bv q/6 Charles T. Ostertag Jr.

On the basis of a new theory of acid dissociation, an equation has been
worked out which characterizes the deoendency of acid strength on the physical
and chemical propereies of the solvents. The derived equation makes it poss-
ible, on the basis of independent data. to evaluate quantitatively the influ-
ence of solvents on the streneth of acids and to estimate the maenitude of the
differentiated actior, of s.-1vents on acid strength.

1Rouilibrium Constants and Acid Strength in Solution

An was shown by us in a number of works li, acid dissociation into ions in
solution deoends on a number of oonjugated equilibria. It can be imagined
that initially there takes place a reaction between the acid and the solvent
with the formation of addition compounds of different composition and differ-
ent polarity C2-41

HA ± aM -- lAMa.

The compound HAHn. as a resilt of eubs"qn molva!ion, ditsociates with the
formatio-n of solvated ions:

+ s01 + A;-ol.

The ions formed in solvents with a low dielectric constant interact between
themselves with the formation of ion pairs [4.

14~+ A;0 1 -,0 MR+ 0 A,

The relationship between concentrations (activities) of products of thesp
reactions HA, HAR,. Hol, A 01 , MR+ 1. A 0 1 deends on the nrooerties of RA
and M; that Is, on the properties of the acid and the solvent, and also on
their concentrat ions.

In many cases, the prooess of acid association is accompanied by a change
in the ratio of acid and solvent, i.e., accomoanied by the reactions*

*H~ shA,

MtM _.i+ N.

However, the effect of these equilibria on the acid strength is appreciable
only in concentrated solutions. In dilute solutions, in which the thermody-
namic constants are known, the next to last reaction (ion pairing) goes on uD
to infinite dilution, but the last reaction (dimerization or association)
practically doesn't get started. For example, in very concentrated aqueous
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solutions the molecules of nitric acid are associated; with the addition of
water the ansociates are renlaced by the products of the interaction of itric
acid and water with the composition H 2 • H0 [i and H% ' 3110 31".
simultaneously the degree of associationof water changes. During subsequent
dilution these products dissociate into solvated ions. If during this process
the dielectric constant of the solution is not great, then this takes the plaoe

of a solvent such as dioxane in the mixture, and the ions of nitric acid form

"ion molecules" or ion Dairs.

The eouilibrium constants in the above diluted reactions may be expressed
as follows: the constant of the first reaction - instability constant

The index * over a shows that the activities are relative to the infinitely

dilute solution of HA in the solvent M; the value a M - the number of solvent

moles - is introduced into the constant as a constant value in the diluted
solution. For the second equilibrium constant, also considering the constancy

of the value a& , we will express the following eouation:

* (2)
HAi

and finally, for the third equilibrium constant we will put down

-IM H "  4"
1<Sol GO1K ~ I- -

4SS 4

The acid dissociation constant is determined by the usual methods from
data on electrical conductivity or from data on cell potentials with and with-
out transference (1e), that is, with the help of methods which evaluate
directly the activity of the ions and determine the activity of the remaining
substances (which do not take part in the transfer of ions and do not determine
the potentials of the electrodes) based on differenme; it presents the

relationshipt ~ H~a

in which the value a of the nondissociated substance is determined by the sum
of the activities of the free acid molecules, the activity cf the products of

combination, and the activity of the ion pairs, that is

2.



&., ,j<. V -, I- Jl 5, 1 A HA MA,,,

Inc

Such an wndition is based on the fact that in the diluted solutions to which
the thermodynamic constants refer, aA ? and y* . . Then

4-, + + -

I-I, -

HA H M-
HA #-  t Ho Iso  l H M

Havine expresqed in equation (4) the activities "'HA , I . and
mqX"I 1,-, over the activity of the solvated ions with the help of equations

(1), (2), and (31. we zet

a* +
"1vSci li

* a A----a

MNs-, Ascg MH A,~ s' H A
"*M i  , C tai 1;C1 o, So si

K .,,_ _ _ _ S s + 4 IS

K * 1 4_ _ _ _

dJ,; il hit. h Sg "ef ~ SS K cd K77I

For convenience we will write the resulting equation in the iorm.

05= 4 .L/KJ;s L_5(5

From the ecuation it follows that the inverse valu;; of the common dis-
sociation constant (association constant) in the sum of the invariant values

characterizing the conversion of ions in the nondissociated molecules EA and

HM, and in the on Pairs consequently it is an invariant value.

In a number of Darticular cases. the equation (5) is simplified and used

in that form.

In solvents with a high dielectric con tant (more than 20) there is a lack
of ion association and i :< ' ̂ - :lJ; in media with a very low dielectric

constant since(

3.



It Is. usually erroneously assumed that acids become strong, when r--e

-! /,(0-))/(n realitvy acids just like any other electrolytes, become
strong whent1(- 0 , and X,,, =0 , that is, when in the solution there is a
lack of molecules , and ion associatesk.,-"o)

Derivation of the Basic Xquation for the Dependency of Acid Strength on the

Properties of the Solvents

We will look at the influence of solvents with a comparatively high dielec-
tric constaat, in which there is no association of ions (6<c--). In this case

/ - K'd, (6)+i

We will examine first the influenoe of the solvent on the value of the

dissociation constant *

For this we will put down the reaction constant HA H4+ - , takine slace
in a medium with an infinitely high dielectric constant and chemically not
reacting with the substance RA. The reaction constant, expressed in activity
units (see below), and relative to this standard medium

has the significance of the intrinsic acidity constant of the substance and
characterizes the ability of the substaice H4 to liberate its proton regardless
of the medium.

The relationshiM between this constant K2_ and the dissociation constant
is established by exchanging the unit activity _ with the product of

the activities , *, relative tek the infinitely diluted solution in the given
medium M as well as to the standard medium in the activity coefficiente 1
that is the product of aYa- . then T

M 4 Y ,.. +T -,,

Tn eauation (8) there is no other relationship of the activity ' than
Consenuent ly,



0o HAMtl .

Kg ' " HSrioA-i (9)

The common neutral activity coefficients Y^V , in contrast to the utual
concentration activity coefficients Y , characterize the energy changes of
ions not in connection with a change in their concentratioa but in connection
with a change of the solvent. They are coefficients of transition from the

usual activities ,*, relative to the infinitely dilute solution, as well as
to the standard, and to the activities a-, which are relative to a common

standard condition, that is 0-= z, 01 . The saperscript 00 denotes
a selected standard medium (the dielectric constant equals 00 ); the silhcript

o shovs that the activity coefficients y' are orotortioaal to the concen-
tration activities a.* from this, it follows that all the constants considered
here are thermodynamic constants.

Tn order to solve equation (9), we analyze the significance of the value of

/iY'"for the ions and molecules.

The activity coefficients 'r' , just as any other activity coefficients,
are determined by the process of traneferringthe substances (molecules or ions)
from the standard medium with an infinitely high dielectric constant into the
given medium, that in a,

100 in roe=esA--4 =/AL
and consequently -,- (the relates to one molecule or to
one ion). V !

According to Born [6], the change of the potential energy of the ion, when
it is transferred into the medium M with a dielectric constant E , is expressed
thus:

A 4
h a N -

However, our subsequent research showed [6-8 that the activity coefficients
To are determined, not only by the energy chanie of the ions in connection with
the change of the dielectric constant D , but also with the energy change of ions
in connection with the solvation of the ions with the dipole molecules of the
solvents, that issalso, of the value Ai which depends on the dipole moment
and the structure of the molecules in the solvent. In this manner, the energy

change of an anion when it is transferred from a standard medium to the given

medium M is determined by ths sum of , t4 1  and

In T 00 + ) (10)
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Tn determinine the activity coefficient Yv of the proton ( ion ,,1H )

it is nfecesnarv to consider that a chemical reaction takes place between the

nroton and the molecules of the solvent with the formation of an M N]*ion

acrording to the reaction A'tH M H +  . The MH 6 ion. In its tu rn. is

Polvated by the solvent; therefore the energy change of the proton when it is

transferred from the medium with the infinitely ereat dielectric constant D,

to the given medium is determined not only by the sum of the process An I.A+l ,

but also by the chemical process A. Yof adding the proton to the molecules M

IhY - X h SC I

The sum of the operations Rh't Aci is expressed just the same for the anion
A ,that is

The energy of the chemical reaction will be determined by the maximum work

involved in the reaction +i+. M A M H +

in which H represents the acidity constant of the lyonium lons

of the solvent and characterizes the stability with which the proton lyonium ion

M Ht is held in the standard medium. As the activity coefficients are related

to the oeration of transformine the proton into a lyonium ion, at tbeir

numerically equal concentrations (activities)(H and M H +) tim equation

for JX takes the form:

&X = 4 7- 7.,' .: . - M / e

anc the value hi deteruined by the evore.uion

MH) Ti. H(n

'Phe activity coefficients of the uncharxed addition compound RA M. mav be
exuresoed by )co La and determined by the operation of converting the sub-

stance HA into the Putance HAN (hist ax oreviously under the conditions

of a numerical e.uality of the concentrations Nh and NALM )

in as much as

6.



71 HCAM (12)

The sense of the activity coeff icient rHf4,, may also be described in
the following manner. Assume that and y 0 ' aro ecual unit@,
then equation (9) will take the form iz C

0 HAMt

and consequently, yc H Am reuresents the coefficient, which thows how the
canacity of the substancei HAN~for isolatin-v the flolvated Droton is changed
in comparison with the capacity of substance HA to isolate the Drotoa, that 1
it shows the change in the intrinsic acidity of substance ~-~under the Infh-
once of salvation, thus

'YC 11A M A *u4 ,rqIA -

ip

Thy making a lnzarithmic equation (9) and substituting the value i i

WeAI~ cot_0.4_

P PTr - _ __

io 1 16T

or

h,~~ + 111, (.

+ __ I -S i )(

l e ut

and the common dissociation constant tewithout a calculation of ion ausoa

tior, is written

ML M .~

finally, by notentiatin and substituting the result obtained in equation (5)

once ~ ~ ~ v gotovtln tu

7.



kT ' (1?7)

By placine in eQuatiOn (17) the expression fO! K 4ss in agreement with

Bjerum's Theory, we finally get

- ± i~)-Ikk M T

(18)) (J
1606

where g. - N - d' , and in which

and with thi) V the distance between ions, and a, a the Gsm of the ions'

radii.

The DependencY of the nissociatioA flonstant 
on the Properties of the Solvent

and the Acid

Tt is difficult to comtare the equation that 
was brouht out with experi-

mental data. in as much as it is impossible to determine experimentally the value

of the activity coefficients " * relative to a medium with an infinitely

great dielectric constant and the value of the natural acidity constant k,

We can only make qualitative conclusion* on how the properties of the solvents

have an influence on the value of individual 
members in the equations (16) and

(17) on the strenoth of the acide.

Influence of the Dielectric Gonstant of the 
Solvent

The influence of the dielectric constant 
of the solvent is related both in

connection with the change in ion avsociation 
and in connection with a change in

ion energy.

Tn media with a higch dielectric constant, the value for the thermodynamic

constant is 0 , in as much as association Is neglgible [9j.

In any case this takes place in aqueous solutions 
(the dielectric constant equals

80).

Strictly sDeakine, at infinite dilution (to 
which state the thermodynamic

constants rerer) the association doesn't appear 
in any solvent. However, as

numerous research [10) and our calculations [l]show. 
association originats in

8.



solvents with a low d.leleoLrin oonstant even whfco very otltongly d1l s.e hloh
must be looked at as eaturated r]i]utionm.

A nolvent with a high basicity and a high diolectric constant ifor owkv
i-

Ple, hydrazins) will chanee any, even wank, tolds into @tronp eacltroltefl
The changing of acids into true electrolytes alpo takee place in basei folvents
with a low dielectric constant (for example, in pyridine). This is evidenced

by the formation of salts with these baser. (for examnle, with ammonla, pyridine.
and aniline) and acids,and their complete ionization in media with a high
dieloctic constant (for example, in water). However, in media with a low dielec-

tric constant, in contrast to media with a high dielectric constant, K i" 1. not
eaual to zero, and this causes a weakening of acid strength and the deviation

of the classical dissociation constant (K )from zero. The value of the con-
sthnt in these solutions will be determined only by a constant opr.oeits to the
ion association constant.

In as much as all acids in a given solvent have a common cation .. a lyonium
ion - the difference in the ion association of the acids depends on the differ-
ence in the radii of their anions. in media with a low dielectric co ntaxt,

thip leads to a differentiation of acid strengths.

These reasons cause a differentiation of salt strengths so considerable

that In differentiated solvants - in acetone and others - we succeeded in per-
forming a separate titration of a mixture of two bromides or iodides by oreoig.
itation.

In order of magnitude. tue values or the acid association Constants sould
be equal to the salt association constants. However, usually the acid conetante

(in other words the lyonlum salts) are noticeably lower than slts with liAor-

ganie cations or salts of quaternary ammonia bases, but closer to the conotants

of mono-. di-. and tri- Pubstituted bases with free hydrogen capable of forming
a hydrogen bond. Thus, in pyridine (dielectric constant eauals 12.5) the pK

value of tetraethylammonium piorateim 2.9, of dietbylamaonu plrate-341, ad
of pyridine piorate (a soltlon of piorlo aod in pyridlao)-3.65, that Is of

the same order as diethylammonium pieirate. This reduction of the pK takes place
at the expense of the formation of a hydrogen bond between the ions. The pK
values of other strong acids in the same solvent are not great C1. lij and are
strongly differentiated:

hydrogen fluoride .................. KD 8.3
hydrogen chloride ....................... pK = 5.4
hydrogen bromide ....................... pK 4.0
hydrogen iodide ....................... .K 323
perchlorle acid .................... ,P = 3.12
tetraethylammonium iodide .......... #... PK 3.28
tetraethylammoniLum chlorate ............. PK 3.16

No lees shorn is the difference between the diseociation constants of sub-

atannon (includinv acids) canable of hydrogen bonding and those that, cannot
form them in aniline ( D- 7.2).

9.



The reduction of the dielectric constant explains not only the formation
of ion as.gociations but also the increase of ion energies ezt . This

leads to an increase in the value of the exponenatia term in equation (17),
that is, to an increase in -.1 and conseoauent~v to a weakening of acid
strenoth. This weakening occurs in solvents with dielectric constants ( ia i
"reater than 20) where association still doesn't occur. In reality, during
the transfer from water to ethanol, in which the association of ions of stronr
electrolytes in dilute solutions is still lackina there is observed a consid-
erable weakening of acid strengths (12] and a considerable increase in the
activity coefficients -: 6J

The Effect of Molecules in the Solvents on the Solvation of Acid Ions

The influence of the dielectric constant on the pro-erties of ions cannot
be examined separately from the effect of solvation. The ion energy depends on
both values, which are introduced into the exponential member of the equation

Ie_ 'C  4 The energy of solvation 4,t hap a nerative sign in

relation to the energy of the ions. Therefore, the energy of the ions grows
just as much with a decrease in the dielectric constant as with P decrease of
the energy of solvation, that is, the less the value of / , the greater

the energy of the ions. Consequently the value of the exponent .4kr, --

more or less determines the significance of the value of " On the other
hand, this value drovs with an increase in solvation and dielectric constant.
In the event of a large numerical value for A s, and a high dielectric con-
stant, the exoonent rayidly approacea zero. and the entire exnonential term
approaches unity.

Probably a high energy value of ion solvation by solvents containing
hydroxyl groups is the reason that in alcohols the acid dissociation constants
are usually greater than in solvents with the very same basicity and dielectric
constant but not containing hydroxyl groups [7, -Vl.

Control of the Natural Basicity of a Solvent and the Natural Acidity of an
Acid KL$4)and R

Unfortunately, naitbhr one nor the other value can be readily observed in
as much as it is imuossible to measure them in media in which a Drotolytic
equilibrium is realized.

From the preoeding section it follows that the values for the natural acid-
ity of the acid and the solvent should determine the status of the Drotolytic
equilibrium, espeolally in meila with a high dielectric constant and a high
cavability for solvation in as much as in this case, the exponential term in
the equation (17) strives for unity and ion association is absent. In these
media

a.(M)(ki hstlb

Ka-

1.0.



Yrom "he Ou:itiof, it follows that the constant ke.,;will increase in connection

with an Increase in the natural acidity constant of the acid (that is, its

cenability to lose a proton), and with a decrease in the acidity of the solvent

or an increase of its basicity (that is, its capability to add a proton). At

the present time we can not evaluate the significance of these constants by
exoerimental means but it is Poseible to successfully comnute them theoretically.
Exoerlyhental evaluation is possible only relative to the constantsfbr the natur-
al t;cidity (tasicity) of the solvents. We will examine this method in the

section devoted to the evaluation of the change in acid strength during the
transfer from solvent to solvent.

The Effect of the InteraPtion of Nondissociated Acid Molecules with the
Solv e.nt (ik , nra, .'" ) an d & j< 0

The interaction of acids with a solvent has been established by numerous
methods of physico-chemical analysis and by optical methods. Our cryoscopic
investigations showed 22) that carboxylic acids with alcohols (methanol, etha-
nol, butanol) form compounds with a composition of 1:2, and with differentiated

solvents (acetone(12 - aoetonitrije, nitrobanzens 133 ) 1:1; phenols with
alcohols and with differentiatedsolventsibrm compounds with a composition of
1:1,

Investigation of the aboorbtion spectrum and the fluorescence spectrum [14J,
and also the Reman spectra Cl5J , of the Products of combining acids with sol-
vtnts in benzene and in pure solvents showed their identity; this indicates the
enoli1sions about composition, made on the basis of Investigating benzene solu-
tions, being justified also Jr pmre solvents.

The instability constants KiTak of the products from the combination of
acids with acetone L2] . acetonitrile, and altobesons 133 , measured in
benzene. have approximately the value of 0.5 x 10 "3 for carboxylic acids and
0.5 x 10-2 for phenols. The instability constants for the products of the
interaction of carboxylic acids with alcohols in benzene have the values
5 x 10".5 and for the phenols with alcohols. 1 x 10-1.

Yrom the instability constants. it follows that (k'*tb~+I) ; ,I and

/~ In pure nonsoiqaeous solvents with a dielectric constant eaual
to 20, the constants are Probably greater than in benzene with a dielectric
constant eoual to 2. which can lead to a considerable value for the term

However, the formation of combination products durize the equivalent relations
of the acid and the solvent during the physico-chemical analysis of similar
systems indicates completely the conversion of acid into a solvated form in
dilute solutions. Our optical investigations 1 4. l0 aima confirm this. Thus,
in the laan spectra of carboxylic acids [153 in alcohols (containing as little
as 10 mole vercent), there is displapd only oe frequonoy of tm CXL
group, approximately the same in all alcohols and homoloroupt to the freouency
of the group in the tmbinat ion product of the COMpoitlon HA MZ

Thus, in all Probability, there takes place in dilute aqueous and alcoholic
solutions a complete transition of the H molecules into a solvated form. Tn

this case, k, :~.« I and Ih (', ) returns to zero.

11.



Now we will dis.:ues the influence of the solvent In the chancine of the
intrinsic acidity, that is we will discusR the valueAD<. Our investigations
of the Haman enectra with acids Li9 show that in contrast to hydroxyl contain-
Ing solvents, in solvents not containing hydroxyl wroups. the C=O group In
characterized not by one. but by several frequencies, different from the fre-
quencies in water and in alcohols, but aulte near for the given acid in this

series of Polvents.

There is orecisely the same distribution of energy in the fluorescence
soectra and the absorbtion sTectra of salicylic acid in various alcohols are
completely identical, but are distinguished from the soectra in solvents not

containina hydroxyl grouos. in which they Are also close L14] . Consequentlyj

in solvents of a certain tyoe, the acids of a certain chemical eroun form
combination oroducts not only of the same comnosition but of the same struc-
ture and close Dolarity. Thus. for examole, carboxvlic acids form combination
ornducts with a composition of 1:2 with the following structure:

O.., H 0

In this comnound, the canability of the hydrogen of the carboxylic xroun for
dissociation d enenda also on the dipole moment of the bond

which in its turn depends on the stability of this bond, and on the dipole mom-
ent of the combined molecule. The caability of this complex molecule for the
separation of a lyornlum ion will be sharoly disttnguished from the capability
for the separation of a lyonium ion by a molecule of acid, located in a solvent
not capable of interacting with a carbonyl group, that Is, on the caability
of searating the lyonium ion by the molecule

/ 3

Consequently, in solvents of an identical nature, the chanpe of tae acidity of
one acid group should be of one and the same order, an. the value~k will change
slightly within the limits of one group of solvents and acids.

The greatest change in intrinsio acidity (A .) m at be exuoted in sol-
vents interaoting not only with the acid proton, Which Is the carrier of the
acid pronerties, but with other of its active groups. It Is possible to detect
the change of natural acidity under the effeot of solvents only by a method
cf comoaring the strength of acids of various tpoes in solvents with various
chemical groups. By such a comparison, we detected a differentiated reaction
of the solvents on the strength of the acids G, 12, 1aJ whih is one of the
reasons for the change in intrinsic acidity.

12.



It in interesting to note that the value e4 in eauation 117) arises only

in connection with the exuresuion of concentration in molalities ( a-, 1 - the
number of eram molecules of solution in 1000 grams) with the expression of
concentration in mole fractions 11-=1

From everything said. it follows that durinr a decrease of the dielectric
constant of the solvent, its basicityand its capability for solvatinR ions
and molecules, the strength of the acids drops; on the contrarY, with an In-

crease of the dielectric constant and an increase in the basicity and capa-
bility for solvation, the rtrength of the acids increases. Within a limit,

when K< - I -_0 .eX 2 f s/I-- , i,<<Z

the strength of the acids depends on and t . if durina thift
K-2/
K - tendR to zero, and the acid becomes a strone acid.

Changes in Acid Strength Under the Influence of Solvents

It is oossible to conduct a quantitative evaluation of the correctness of
the exoounded equation (17) bY a comparison of acid strength in different sol-

vents, that is. by observing the change of acid strength during the transfer
from one solvent, taken ai the standard one (usually water It selected as such

a solvent), to any nonaQusous solvent. Then the change in acid strength can be
compared with indenendent dataj that isj with single activity coefficients 're,
compared to an aqueous solution in its capacity as a standard state.

for acooapl3toihn quoh a OoawLmeoVeV witll euuees *he value 9f anid
streonths in OK values, ?or simplicity we will emame dissociation in solveats
with a relatively high dielectric constant, in which there is an absence of ion
association, that it. we will examine the value K Accepting that

K:4j l K 'from eouation (16) we cet

S i :3ID K -r". ±),3-AT (19)

The difference of the PK values in two solvents) for example in the solvent AA

and in water ("1~o is expressed

HIAJ< (.9

13.9



Prom eo'iations (10) and (11) it follows that in this equation, the sum of the
first four members represent the difference of the average activity coefficients

"Y of the ions A and -Mts I in a nonaoueous solvent and in water.
This difference represents none other than the sum of the logarithms of the
activity coefficients 'Yr' of the acid ions in the given solvent CM) while
aonroachink infinite dilution, relative to the infinitely diluted aqueous sol-
ution as well as to the standard

6 __C__ H.o , - -....

( I Mg ~ + i~ r )Msc . Sot -Y0S

CI OM + C~~rA1 - ~ 169 (20)

Upon introduction of the average activity coefficients " of the aciM
ions, the first four members in equation (20) reoresent none other than

The expression is~ ('jogAiC o

taken with an opposite sign, in its turn, represents the difference of the act-
ivity coefficient. of the nondisesociated molecules 1A in the solvent M

and in Wter , that is, it represents the activity coefficients of the acidH A
in the medium M, relative to the infinitelv dilute solution compared to the
standard, that is.

-log-r.,o,(,) log - o(.o 00o%
~-I 70e. 0rea( Io ( H9) c en ) e shortene (21)

Generally the expression (19) can be shortened

Ark> c/0g /o- 0 Y (22)

14.



The oqwttion (22) can also be derived directly from an examination of the
acid trainsfer from one solvent (for example,-water) to another (nonaqueous)
solvent with the help of common activity coefficients Y j related to the
infinitely dilute Akueous solution, comoared to the standard.

In reality, the effect of the solvents on a common dissociation constant can
be expressed by the equation

.l6( - - A (,. ( 211

from where

r Cg O1 log Y rh (24e)

It is interesting ta note that the equation (19), in its turn, can be de-
rived from eauatiort (21), in as much as the terms for the ions are derived
indenendently from the investigation of the effect of the solvent on the activ-
ity of the acid ions, and iosT-r-g is from the investigation of the

effect of the solvent on the activity of a nondiusociated substance.

In reality, from the oreceeding works 6-81 we, as a result of theoretical
considerations, established that Jeer' of the ions is determined by the
expression

in which ' =r represents the constant of proton exchange

between the lyonium ion and the hydronium ion M H ++ 147 0 --* Ho++ M

measured in the medium Ml . We factored the Ior *yO 1n term into the

term fo - ''0 /o + , , deoendent oaly on the
Aj

proton exhange reaction, and into the term ' (
dependent on the electrostatic interaction of the ions with the solvent. Under
the very same conditions we worked out methods for the experimental determination
of the values /a; an their separation into /.-rebare and e /

We also showedL7j that Ie p-.*j is determined by the exrression:

l•/ l_( - / (25)
Aa(kra) Mst"tai, ki,.0)t

and established methods of determining them.
1';



The equation (22) can also be derived directly from an examination of the
acid transfer from one solvent (for example, water) to another (nonaqueous)
solvent with the help of common activity coefficients Tv j related to the
infinitely dilute aqueous solution, comoared to the standard.

In reality, the effect of the solvents on a common dissociation constant can
be expressed by the equation

":: M (2.

IId

from where

fpK, pk 1 6  C2 log - ,,- /o$ T'1 ,,(24. )

It is interesting to note that the equation (19), in its turn, can be de-
rived from eauatiot (21), in as much as the terms for the ions are derived
indenendently from the investigation of the effect of the solvent on the activ-
ity of the acid ions, and iogr I  is from the investigation of the

effect of the solvent on the activity of a nondiesociated substance.

In reality, from the vreceeding works 6-81 we, as a result of theoretical
considerations. established that of the ions is determined by the
expression

J 
&VA

in which 1r " represents the constant of proton exchange

between the lyonium ion and the hydronium ion M H + H304) _ 0++ Al

measured in the medium Ml . We factored the log- -r, term into the

terms /og ,as t/oe / +1/12 , , deoendent only on the

proton exhange reaction, and into the term -,

dependent on the electrostatic interaction of the ions with the solvent. Under
the very same conditions we worked out methods for the experimental determination
of the values /o- anA their separation into /-e~S...hoe and -

We also showedE7J that is determined by the expression:

YOAO A K '~ j It  ) /OS e"

and established methods of determining them.
1';.
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B4) 1,A Jq 1:t- st .i Ii K I \ ? and 11 ofwu in onu

(24) Iff V.,01 1 qila O1 I i0n. (2G)

Ar . //g k J-l :s <";<' - ,l:

J k r ) A (26)

which is i1dentical to equation (19), in, that ( k f~Km)

In reality by substituting the expression for

we rpcejve .. ,

The experimentally measured value r. is distinguished from this value in that
it is net determined in a medium with an infinitely large dielectric constant,
but in medium M , During the quantitative evaluation of the chango in acid
strength under the influence of the solvents over *Y-, j this doesn' t play a sub-
stan-tiaJ role, in that tne smai differences between the values are quantia-
tively compensated by the difference in other members areI * ) , and
that the sum of the termsys bce _/"),,£, / is detesmined independently.

The produced conclusion opens the possibility of the quantitative checking of
equation (19) with the help of data about the /kg- values of ions and mole.
culss. The term 4 also enables the comparative acidity or
basicity of the solvents" to be evaluated.

Appraisal. of the Change of Acid Strength from Independent Data
(Comparison of A,.rk and /gr )

Appraisal of the influence of solvents on acid strength and on the relat-
ionship in. their strength on the basis of the * og r, value of ions and
/eff of molecules which are arrived at independently will be done in

subsequent works where we will also examine the change in acid strength from
the/, , , and valus,

As an example in 'the present work, we mill examine only 'the simplest case
of such a computation from independent data where the effect of the solvent on
the acid strength depends mainly on the energy change of the lyoniumi ion and
the acid anion.

Such a oa.se, most probably of all., will be appropriato for the appraisal.
of 'the change in one type of aci.d strength in a series of solvents, close in
structure, and especially in water-enrieched maixtures of a nenaqueous solvent
with walteor In these solvents the k ., values are much smayller and are
close to each other. In eonnect:ion with th:i.8, the/ p t,- / )M value

approachec zero. (i< , r
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Th o ,;,rro 1it idI i ng 4 - i . ,v .. ,. coll, . ii't: I I1l:

not gr-lat ill effc .Then in equation (I-)) thie onily igifican fMembe-, Vii I
be the fPirs I' :our mnibers$ oqual to the logni th o: the singl, activity coef-
ficients, that is t ,

Avi H f ( t I

We will examin; to what extent this s:inple rela tionship concurs wi.-th ox-
perimental data. On the basis of data abOLt the enf Of celiS Of strong ,cids
without transference and on the basis of the density of strong acid vapors, we
established the significance of the e value and showed that ics'," for
a number of strong acids in any given solvent practically concurred, depending,
according -to type, only on the properties of the solvent [6]. The result of this

is that in the expression

is a constant term for any acid and the /v aA-, v-alues

for the various simple anions are close and considerably less than M' A1v.( i ,

Stcemwing from the olectromotive force of the ceIl. for hydrogen chloride
witho Lt transference, we found that the value Ic le"' - has the fo.lowi;g values

in various solvents [6, 7 
h

methanol ............. 3s82 formic acid ..... , 8*0

ethanol...............5.00 acetic acid........10,0
butanol...............60 amnmonia ........... *320

As we already said, the,4 , value depends slightly on the acid anion,
therefore we will compare the IcTy,,,, value for HC / in al.cohol with the

A Fl< values of the substituted phenols [12j.

Table 1.
Acids Solvents

________Methanol Ethanol JButanol
I______ RI _;I -1 oc AP/' Jdk A /< 1 4"1_I

Nit -penols 3.97* 3.82 5.44 5,00 5.49 5.2
'I rophole olis 3.82 3,82 4.19 5.00 4.34 5.2
,_e___ ..... o 0 . 4.94 5.2

* Average v. I unt

The comparison with the data, for phenols in alcohols is done because the
greatest accord with experimenta. data vill be observed in solvents of the same
type with regards to the acids, with which they r9act only as acceptors of pro
tons. From the table it follows that the average-A A K value for n.itrophenoLs
Is in good agroeoment with the'l A. 'r. value of hydro-ch-loric *acid, ven though the
individual r 1< values are different fror, the 7 I - value by almost
one pi unit,

17.



)'gl.1 I1 cdo t.' 4:w fi>l:t that thoAr .~doeeI e
a c :i .. I devc hy :he J, j".io,' va-llo. Nu~1dpcstev~~.

ionr W ,otn the ok V.lue of a number of cxbos.ic acids CLT1 and phenols

F~~~f(. i/ .qeu -y-haio ,o "j~ of hydrogen Chloride, . rom f igure 1,

i t fol l.ows that the re:latien A k 61 0 MA ; i) in rea:tity approximsates a
Ulnear rolation. ITsuall], with solutions containing a small percentage of alco-
holy this relation deviates somewhat fromi rectilinearity but subsequenty
bocomfes lineatr. The slope is close to 450 p as is to be W~ ected from theory
For c(mparison on the graph, there i.s a dotted straight line drawn fora/lo-r;

It is located in the middle. It is interesting to note that the points for p-

nitrophenols fall on the straight 13ne for y) / on the points for m-

nit:rophenols are located lower, and the point for carboxylic acids is above the

straight line for A. - *r +M.A T 'he divergence between the location of the
straight lines for the phenols and carborlic acids in ethanol is on the order
of two pK unitsl between the carboxzylic acids, on the order of one pK unit.
Such a oharacteristic relationship of the pK value to d k y,, in mixtures

of aqueous dioxane is depicted in figure 2. The divergence between the curved
lines for carboxylic acids is also on the order of a pC unit.

Figuzi &ica h A _-, VI 4d -*V nhnnn1li.. and fonr

aromatic and aliphatic oarboxrlio acids in alcohols (deferring the average 4fk
valiis t.). From this f igure, it follows thatz 1) the relation between the

' value and j / , , is linear; 2) the value of the sub-

stituted phenols and f- are of the same order; 3) the position

of the tr-aight lines for aliphatic and aromatic carbo,:lic acids is different;
4) all the straight "lines do not pass through the origin which s hews the various

18.



effects on t'e properties of the acid molecules, the alcohol and the water.

The previous calculations of the /- value of hydrogen chloride

in acetone and its mixtures with water which were conducted by V.V. Aleksan-
drov, show that even for acetone, the /Y. -.. c value of the acids determines

to a considerable degree the change of acid strength. This follows from a
comparison of the ; Icj Y c ;o value with the A p k value.

From these facts it follows that, just the same as with alcohol, 1)

cIt are very close to the values of nitrophenols, considerably less

than the A p k values of carboxylic acids, and considerably more than the

pI values of dinitrophenols.

A comparison of the 9 IV- r, ;,values of strong acids with the A fK for

carboxylic acids in various solvents: in a number of alcohols, in aqueous
methanol, ethanol, dioxane and acetone and in other solvents,shows that the
deviation between them is greater than for phenols.

Table 2.
Solvent 1 L A le Atx Abk

carboxylic nitro- dinitro-
a'cid Phenols phenols

5 acetone 0.14 0.8 0.94 1.40 1.00 0.46
9 104 3.28 4.32 5.00 3.61 2.79
1067- 1.68 4.4 6.08 7.20 6.44 4.72
- average values are cited.

The deviation of 4 r'M from the0Io(;o0 ok, value of strong acids may be

the result of the difference of the3i, yr.;e% value of the acids investigated

and a considerabLe Ic%3 Ye value for nondissociated acid molecules. In

order to solve this problem it is necessary to compare the &rk and a /V Y,

values of the acids that were investigated by themselves. Determining the i.L,

values of weak acids becomes possible on the ground that the lc-y. values of

ions of infinitely dilute solutions show, similarly, the mobility of ions at
infinite dilution with additive values.

The additivity of It%. r allows us to find the ley - of the ions of

a weak acid HI( based on the equation:

19 /T o m
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We C:) I=1,10 ( Lis',, Y .vVls (f a sriu: ol' raroNyl V acids in

I(,lthamo] and e'thanol r'rom th l data stath above wi L ru. -, i L. o /&I" 2 r f

hydrogen chloride and to bke r of the silver salts of these carboxylic acids

andwl C We founmd the IAg an k va:lues from d ata on the

3olubility of these salts obta:ined by Kolthoff and Lingane L9] with the aim of
evaluating the effect of sol.vents on the strength of acids,. Ihe claculation was
Carried out according to the formula f78

applied as in the case of the difficultly soluble salts and 2.0

The resulting values of 4 h "ry for carboxylic acids in -table 3 are compared

with the corresponding A p# . From the table, it follows that the differonoce

between them comprises 2-3 logarithmic units. This means that the chmage of
acid strength depends on the ohange of energy of the ions as well as the mole-
cules,

Table 3,

Acid Mehanol Ethanol

acd ~aci At ' KPjr,,
Benzoic 3,22 5.2 1.98 _ 4.04 5.93 1.89

0-irohonzoc : -5= 2.0 _________

M-Nitrobonzoic 2.6 4.81 2.15 " 4 5.81 2.27
P-NIJtrolenzoic 2-2 4j96 AT3 34.15 2*05
Salicylc 2.56 492: 2.36 3,08 5 2
Mricre 1.04 4,00 2.96 1.04 3,9 2 Q

The,OW values determine the change of acid strength both in basic and

acidic solvents. In accordance with the large nogativedk/ ,. value 2 - 3.),4 in

ammonia, all. even the weakest acids (hydrogen sulfide), and even neutral sub-
stances (ureca) become equally strong acids with oK 2-3 fill. Such a pK value
iS ,xplained by the fact that in ammonia with a dielectric constant equal to 20,
a roLiceabl. association of ions takes pLacc. In accordance with the great pas-
:it:i.ve value of I AIN , in acidic solvents rich in water, the acids become

wa]k, Thus , 1 , oy in acetic acid equals 10, Tn accordance with this, the

pIC of' t.ichloroactic acid in acetic acid becomes equal to 11, 041l. ., The
incr(.-'C.SC c(i;llrise 11 1 unlit,,.

In l MI inan,"I' ,ealI nc (1A9) and (22) obtained Mic:1m ; ical y all.m us t(

20),



estimate quantitatively the change of acid strength during the transition
from one solvent to another with the help of, single activity coefficients Yr
of the ions and molecules, which in turn may be obtained from independent data.

Comparison With Bronsted's Quantitative Theory

As it is known, Bronsted's quantitative theory [22] about the influence
of the solvents on acid strength for uncharged acids leads to the expression:

HAA LE ' - (27)

A comparison of our equation (16) with Bronsted's equation (27) shows that
the latter appears as a peculiar case of this equation. His equation is
incomplete moreover in that it doesn't take into account the effect of ion
association. The equation (16) brought out by us differs from Bronsted's equa-
tion by the values

I, ' 4 atL) d - A id The difference in the mem-

ber 1iP% tL arises in connection with the fact that Bronsted's 1<HfA, is differ-

ent from the constant K for the activity (concentration) of the solventX<" ,. i k. w

The incompleteness of Bronsted's equation appears not only as a result of
the incompleteness of the arrangement applied by Bronsted for H FM ?M'A,-
but also as a result of the incompleteness of the significance of the activity
coefficients for the ions which Bronsted used, and also by the fact that he
didn't calculate the activity change of the nondissociated acid molecules under
the influence of the solvent.

From his equation, Bronsted made the conclusion that the logarithms for the
constants of acids of the same charge type should be linear inversely relative to
the value of the dielectric constant.

In reality it follows from (27) that the relative constant k. is expressed
by the equation

• t-(A .4=
~~~. lT ~ . )c~ itif (D~28)

in as much as the rptio of the 1 4 constants is fixed.

As we showed, experimental data do not always confirm this relationship
It can also be shown that this equation is a peculiar case of a more general
expression:

21.
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/4 .i /4.

A

-4- ' " 7- . . . C:i r . , v . T % k .. . . ,T

X (29)

Vnich evolves from equation (16). This equation differs from equation (28)
in the last three terms, whereupon the term A- --- /g,.l shows

SAl
the different effect of the solvent dipoles oA properties of the acid anions,
and the last two t erms - the effect of the solvent on the properties of the
nondissociated acid molecules. The equation shows that in a general situation
in accordance with the experiment, the pKr value does not appear as a linear
function of ID.

Only in those cases, when the influence of the solvents on the nondissoci-
ted molecules is equal and the energy of ion solvation is the same (an absence
of differentiating action), as this takes place with respect to acids of the same
type and in a series of solvents of the same composition, then the last three
terms become equal to zero and the pK value is linearly dependent on l/D.

Similarly the comparison of equation (19) with the equation (arising on
the basis of Bronsted's equation)

, = y(.- ,i.t

4 1 , Tvr- 6 PM (30)

showsp that in this equation as in Bronsted's basic equation, there is a com-
plete disregard for the change in the activity of a nondissociated acid during
its transferflrom medium to medium, the solvation of ions, and the originating
association of ions. In connection with this, the equation does not consider
the differentiating action of the solvents on the acid strength and the limited
applicability only during the examination of the effect of solvents of the same
nature on acids of the same chemical group.

The Differentiating Action of a Solvent

In our previous werks, it was established that there were four types of
differentiating action of solvents on acid strength. The proposed treatment of
the process of acid dissociation and the equation developed by us completely
embrace these four types of differentiating action.

22,



w; ,stablished, the first type is the differentiating action of
acl -! ;o' [v.nts on the strength of strong acids. From equation (17) it
foi[ioir:; that such a differentiating action develops in solvents with a large
value for Kj( , thanks to which the first term of the equation (17) becomes
distinct Prom Iero, even durin, the dissociation of substances with a large X
value, that is, strong acids. During this, the strong acids display their own
individual properties, dependent on the j(e,(,)value.

However it must be emphasized that the differentiating action of strong

acids is observed in practice only when their dielectric constants are not

great. Thus acetic acid with a dielectric constant equal to 6 displays a dif-

ferentiating acticn while formic acid with a dielecteic constant equal to 57

does not. In just the same manner, (mono)chloroacetic acid with a dielectric

constant equal to 20 does not display a differentiating action while trichlor-

oacetic acid with a dielectric constant equal to 4.55 differentiates the strength

of strong acids E23]. It is obvious that with acidic solvents, the differen-

tiating action is connected with the emergence of ion association in solvents
with a low diclectric constant.

The second type of differentiating action . the change in the relative

strength of acids of various homologous groups J12, 16 under the influence of
any solvents, particularly those not containing ydroxyl groups. When trans-

ferred to such differentiating solvents, the strength of acids of one homolo-

gous group changes approximately the same but distinct from the change in
strength of acids from another homologous group. Such an action appears as a
result of the fact that the 7er and c,; values are close for acids of

the same type and different for acids of a different type. This change of ion

activity in acids of a different type is explained by the various solvation
energies of ions, /i,,and a different change of activity of the nondissociated
molecules - with the (ioA A/S'4 - aCMz) value which becomes rather

considerable during the transfer from a solvent of one type to a solvent of anot-
her type.

The third type is the differentiating action of basic solvents with a low
dielectric constant. The value of this differentiating action is completely

determined by the difference in ion association and ion pairs and numerically

determined by the difference in the ion association constants (ka. .

The fourth type of differentiating action we call the changing of relative

acid strength as a result of the interaction of the solvent with the substituents

in the acid; radical. Suchp as an example, is the influence of formalin on
the strength of amino acids in connection with the interaction of the amino

groups with formalin. From this examination of the effect of solvents, it

follows that this differentiating action is similar to the differentiating
action of the second type, and in this case it is a result of the changing of

the characteristic acidity of a substance under the influence of the interaction

of the substance with the solvent.
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Conc J.uIi.o nto

J. Aci d disisoc i.ati;on :in so.i:ion 1: ake pl s.co :i onvral s.sue, iArc S ta.-gc1'$
In I, ' LI:-,ct s I ag e lthero i.s ltho :'orm at ion of an arhl.tion prodluct based on i.
reaot:ion , A -1 Y, h! 1-tef4e1 fo in the second star, the folneed ad:ition product,
as a result of subsequent solvati.on, dissociates with the formation of the sol-

atdions Mf111 ---- In media with a low

dielectric constant there also takes place an association of ions into ion pairs

Hi o ,, - " I

The usual dissociation constant appears as the function of the constants of
all the specified constants k". t<% ) (- , in which K t

is the equilibrium constant for the first process, for the second, and
1 as for the third.

2. The full equation brings out the dependency of acid strength on the proper-
ties of the solvent.

"7

according to which the strength of the acid is determined by the natural 1Oidity.
of the, acid ,,- , its change under the influence of the solventKwith
an acidity constant (or basicity) < of the solvent, a dielectric constant
I l tne energy of ion solvation anR UO, vPiu U LI JIJ w .j L . ,,

and ,h ,UU 01 -16'i

3. An equation was brought out, characterizing the change of acid strength
under the influence of the solvents (in the absence of ion association)

A"'k ' ---- -elk*\A

101st ,,-.

kA ti) A k(~

in which Pr is the constant of proton exchange between the molecules of a

nonaqueous solvent and water, 4r-M is the molarity of the solvent in 1000g.

The developed expression can be described by the equation Lrk, h , Ioi l ,,v

This equation makes it possible to determine the change of acid strength during
the transfer from one solvent to anotherp from independent data,

4. On the basis of the additivity of single activity coefficients during an
infinite dilution, a method is submitted for determining the activity coeffic-
ients y-, of ions of weak acids, steming from the activity coefficients'r of
a strong acid and the salts of this strong acid and the corresponding weak
acid with one and the same cation.
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;, I1t s ,hown that lBronsko' ds oquation charatcriring the i.ni'luence of' Lho
;,oi.verl: on the strength of ac-ids is a particular instanco of tl-m equation
brought out by us.

6, On the basis of he oquation that is dcvcloped, there are comments on four
typos of d.ifferentiating act-ions of solvents, which were established by us
earlier. With the help of this equation one can testirinte to what degree the
d:fferentiating action of the solvents depends on the interaction of the Sol-
vent with the nondissociated molecules and ions of the acid.

The A.M. Gorkiy State Submitted

University of Kharkov 21.IV 1954
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4 Aq r,

Figure 1. Relation of A K e, ~ to in aqueous

ethanol: 1. - benzoic, 2 - oh:oroacotiC, 3 - salicylic, 4 - formic acid;

5 p - nitrophenol; G - 2.4 - dinitrophenol; dotted line --- , e

App

4 --

2

Figure 2. Relation of /a al-r*',{ to in aqueous

dioxane, I. - bpr.zo.ow, 2 - propionic, 3 - acetic, 4 - formic, 5 - . h" r,
of hydrogen chloride.

4

F i gJ .u r e .3 . Tih ,! r , i ;,. J ') o f 16 / ( - ' / , n . - .; " -C IH ( e v e n qi ' g e v a l u e )

for mothanoi t ethanol and hut;,orl as a function to : i3 r, . I .aromatic

II

carboxylic acids, 2 - L1.I ph,1L-.Lr car-boxyli~c acids, 3 -phenols.
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