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The evaluation of the mixed solvent effect by means of the Kirkwood and Born functions of the 
relative permittivity of the mixed solvent has been criticized as a thermodynamically inconsistent 
procedure. A procedure has been sugested to estimate the composition of solvation sphere 
around dipolar molecules or transition states in binary mixtures of a polar and a nonpolar 
solvents. 

Since 1941, when Glasstone, Laidler, and Eyringl used the Kirkwood and Born methods 
also for evaluation of mixed solvent effects on reaction rates, this procedure working 
with relative permittivity of mixed solvents has become quite common and is recom
mended by authorities (see e.g.2 - 5) as a method for obtaining quantitative informa
tion about the nature of dipolar particles (the Kirkwood6-Be1l7 method) and ions 
(the Born methodS) in solution. The aim of this present communication is to show 
that the application of relative permittivity of mixed solvent in the Ki.rkwood-Bell 
and Born methods is thermodynamically inconsistent and, furthermore, to show how 
a study of effects of solvent mixtures upon spectra and reaction rates can be used 
for evaluation of solvation of dipolar molecules and/or transition states in mixed 
solvents. 

RESULTS AND DISCUSSION 

The change in Gibbs energy connected with the transition of the particle studied 
from vacuum into the solvent (A G) is a consequence of the interactions between this 
particle and the solvent molecules in solvation layers. The following relations (1) 
and (2) were derived by Kirkwood6 and BornB, respectively, for the magnitude of 
this change in the case of a dipolar particle and ion, respectively. 

(1) 

The Kirkwood (-Bell) eq uation 
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(2) 

The Born equation 

In these equations z means the ion valence, r means the ion radius or the radius of 
the cavity around the dipolar molecule, er stands for relative permittivity of solvent, 
eo is the permittivity of vacuum, and jl is the dipole moment of dipolar molecule. 
Both the equations are used for the purposes of correlation and evaluation of the 
depth of influence of medium upon the property studied as well as for estimation 
of properties of the dissolved particles, such as e.g. the ion radii in solution or the 
dipole moment of transition state or of excited molecules. 

In the case of a mixed solvent the Gibbs energy of solvation can be expressed as 
a sum of contributions of the Gibbs energy changes of the dissolved particle caused 
by interactions with the individual solvents of the mixture in the solvation layer. 
Thus for a binary mixed solvent (the effects of binary mixed solvents have been 
studied most frequently) composed of solvents A and B the solvation Gibbs energy 
reads as follows: 

(3) 

In Eq. (3) «JA and «JB mean the volume fractions of these solvents in the solvation 
layer, and fl.G A and fl.GB stand for the solvation Gibbs energy of the dissolved particle 
in the pure solvents A and B, respectively. 

In real systems, «JA and «JB in solvation layer are different from the corresponding 
values in the binary solvent used (the solvent sorting), and fl.GA and fl.GB are not 
constant but depend on the composition of binary solvent. However, for the purpose 
of analysis of the problem of applicability of relative permittivity of mixtures in the 
Kirkwood or Born method, let us introduce the following simplifying presumptions: 
1) The ratio «JA/«JB in the solvation layer is identical with that in the mixed solvent, 
i.e. no specific solvation of solute (preferent solvation by one of the solvents) takes 
place in the solution. 2) The solvents A and B form mutually ideal solution within 
the whole concentration region, hence for the relative permittivity of this mixture it is 
erAB = «JAerA + «JBerB' 3) Only nonspecific interactions (i.e. those whose effect on 
the properties of solute is evaluated by the Kirkwood or Born equation) are possible 
between the particle dissolved and both solvents. 

Introducing Eq. (1) into Eq. (3) we obtain Eq. (4) for the Gibbs energy change 
connected with the transition of dipolar molecule from vacuum into this mixed 
solvent. 

(4) 
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An analogous equation can be obtained, on introducing Eq. (2) into Eq. (3), for the 
transition of the ion from vacuum into the mixed solvent. 

In terms of Eq. (4), the accepted presumptions (1)-(3) being fulfilled, thus the 
solvation Gibbs energy of a dipolar molecule in a mixed solvent should be propor
tional to the sum of the Kirkwood functions of relative functions of relative permit
tivities of the pure solvents in such a ratio in which these solvents are present in the 
mixture. Since, in addition, it is ({J A + ({JB = 1, L\G and, hence, also the property 
studied should exhibit a linear dependence on the solvent composition. In this sense, 
the deviations from this linear dependence were also used for evaluation of specific 
solvation of solutes in binary mixed solvents3 • 

However, the procedure currently used for evaluation of mixed solvent effects 
adopts Eqs (1) and (2) in such a way that the relative permittivities of mixed solvents 
are introduced thereinto, hence the Kirkwood equation is used in the form: 

(5) 

The presumptions (1)-(3) being fulfilled, this Eq. (5) can be rewritten in terms of 
composition and relative permittivities of the pure components in the following form: 

ji ({J AerA + ({JBerB - 1 ----
21teor 3 • 2({J AerA + 2({JBerB + 1 

(6) 

If Eq. (5) were thermodynamically consistent and, hence, if it were possible to use 
the relative permittivity of mixed solvent in the Kirkwood equation, then the Eq. 
(6), and hence also Eq. (5), should be transferable into the consistent form of Eq. 
(3). Using the above-mentioned presumptions (1) - (3) and the condition ({J A + ({JB = 

1, however, we can transform Eq. (6) gradually into Eq. (9): 

(7) 

(8) 

6.G = ({J A 6.G A 2erA + 1 + ({JB 6.GB 2BrB + 1 
2erAB + 1 2erAD + 1 

(9) 

The Eq. (9) obtained, of course, differs from Eq. (3), namely by the presence of the 
terms (2erA + 1)/(2erAB + 1) and (2erB + 1)/(2erAB + 1). Hence the application of 
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relative permittivity of mixed solvent in the Kirkwood equation leads to a different 
and thus thermodynamically inconsistent dependence of the solvation Gibbs energy 
of the dissolved dipolar particle on the solvation Gibbs energies of this particle in the 
pure solvents. The difference consists in the presence of the terms (2SrA + 1)/ 
/(2SrAB + 1) and (2SrB + 1)/(2srAB + 1) in Eq. (9). On the other hand, however, the 
presence of these terms in Eq. (9) explains the well-known fact (which also makes 
mixed solvents so popular for studies of medium effects) of mostly linear dependences 
of I1G on the Kirkwood (or Born) function of relative permittivity. It is possible to 
consider the telms (2SrA + 1)/(2srAB + 1) and (2crB + 1)/(2srAB + 1) to represent 
reasonable characteristics of specific solvation of the particle dissolved in a mixed 
solvent, i.e. of the wieght of the contribution of I1G A and 11GB to the overall solvation 
Gibbs energy. An analogous analysis of the Born equation again gives an equation 
different from Eq. (3); in this case the terms causing the inconsistence have the form 
of CrA/SrAB and SrB/SrAB. 

I n real systems, however, the general presumptions (1) - (3), which were used to 
prove thermodynamic inconsistence of application of relative permittivity of mix
tures in the Kirkwood and/or Born methods, are no more valid. As far as the first 
two presumptions are concerned, not only CPA a.nd CPB are different in the surroundings 
of the particle dissolved and in the mixed solvent as a consequence of specific solva
tion (the so-called solvent sorting) but also the relative permittivity of the individual 
solvents in the mixture depends on its composition. The third presumption concerning 
nonspecific interactions between solute and solvent can be fulfilled experimentally, 
however, this presumption deserves an analysis with respect to the concept of so-called 
collision complexes9 -11, and it will be dealt with in the last section of this present 
comm unication. 

The problem of dependence of relative permittivity on composition, can be quanti
tatively evaluated for mixtures of a polar solvent (11 "# 0) with a nonpolar one 
(ji = 0): the relative permittivity of nonpolar solvent is equal to the square of its 
refractive index n, Sr = n2 • 

Tn the overall polarizability of polar solvents usually predominant is the contribu
tion of their orientational polarizability which is greater than their deformation 
polarizability. The differences between refractive indexes or their squares of polar 
and nonpolar solvents are much smaller than those between their relative permittivi
ties. Moreover, it is possible, from the standpoint of the Kirkwood or Born function, 
to presume a linear dependence of refractive index on composition for many mix
tures, particuliuly those composed of solvents with close refractive indexes. Hence 
the orientational polarizability of these molecules is predominantly responsible for 
the dependence of relative permittivity of a polar solvent on the composition of 
mixed solvent. Figure 1 shows the dependence of relative permittivity and refractive 
index of the mixture cyclohexane-t ,2-dichloroethane on the composition of this 
mixture over the entire concentration region. This is a mixture of solvents whose 
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refractive indexes are very close, viz. 1·426 and 1·441. Hence, if the deviations from 
the relation BrAB = cP ABrA + CPBBrB are due to the orientational polarizability of the 
polar solvent in a mixture, then it is possible, on the other hand, to calculate the rela
tive permittivity of this more polar solvent from this relation - directly from the 
experimental value BrAB and relative permittivity of the nonpolar component which 
is equal to the square of refractive index in the whole concentration range. Table I 
presents the values thus obtained for relative permitivity of 1,2-dichloroethane 
in its mixtures with cyclohexane, and Fig. 1 shows the dependence of the relative 
permittivity of 1,2-dichloroethane on the composition of the mixture (curve 3). 
Hence for evaluations of effects of real mixtures composed of a polar and a nonpolar 
solvents we should use, in the Kirkwood or Born method, the relative permittivity 
of the polar solvent in the sense of Eqs (3) and (4). 

The relative permittivities and refractive indexes of both components of a mixed 
solvent being known, it is of course possible to calculate the proportions of both 
solvents in the solvation layer of the solute from the experimental data on the effects 
of the pure solvents and the solvent mixture considered on some of the solute pro
perties. Here the starting relation is Eq. (3), in which the volume fractions of com
ponents of the solvent mixture have the meaning of the volume fractions of these 
components in the solvation (cYbotactic) layer around the solute and in the fol
lowing text they will be denoted as cP~ and (P~. The IlGA and IlGB values of this 
equation can then be expressed, in the sense of Eq. (4), by some of the so-called 
semi-empirical equations for evaluation of solvent effects, e.g. the Kirkwood or 
the Born equations. Thus it is possible by the iteration procedure to obtain informa-

12.----.-----.----.----.-----. 

6 

2 

o 0'4 1·0 

FIG. 1 

The dependence of relative permittivity (I:r ) 

of the mixture cyclohexane ('A)-1,2-dichloro
ethane (B) (1), that of the square of refrac
tive index (n2 ) of this mixture (2), and that 
of relative permittivity of 1,2-dichloro
ethane (3) upon the composition (w) of this 
mixture 
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tion about average composition of the solvation layer around the dissolved molecule 
(e.g. from the data about the mixed solvent effects upon electronic spectra) or the 
transition state (from the data about the mixed solvent effects on rate constants). 

Table I presents the results of calculation of the cybotactic layer around 1-nitro
-2-(4'-dimethylaminophenyl)ethene and around the transition state of reaction of 
triethylamine with ethyl iodide in the solvent mixture of cycIohexane and 1,2-di
chloroethane. For this calculation we have used the relative permittivity of 1,2-di
chloroethane in its mixture with cycIohexane (SrB in Table I) and the dependence of 
wavenumber of the absorption maximum of I-nitro-2-(4'-dimethylaminophenyl)
ethene and the rate constant of reaction of triethylamine with ethyl iodide on the 
relative permittivity and refractive index of the pure solvents and, finally, the data 
about the effect of the mixed solvent cycIohexane-l,2-dichloroethane on the proper
ties mentioned 13 -15. The correlation equations used for the pure solvents have the 
form: 

V. 10- 3 (cm- 1) = 28·22 - l1'90f(sr)af(n2)B R = 0·986 n = 39 (10) 

log k = -10,43 + 70'98f(sr)Kf(n2)K R = 0·987 n = 10. (11) 

The subscripts Band Kin Eqs (10) and (11) denote the Born and Kirkwood func
tions, respectively, of relative permittivity and refractive index of the pure solvents. 

TABLE r 
The relative permittivi ty12 (GrAB) and the square of refractive index15 (niB) of cyclohexane-l,2-
-dichloroethane mixture, the relative permittivity of 1,2-dichloroethane (GrB) in this mixture, the 
wavenumber of absorption maximum of I-nitro-2-(4'-dimethylaminophenyl)ethane (v), and 
logarithm of rate constants of the reaction of triethylamine with ethyl iodide at 298 K (log k) 
in cycIohexane-l,2-dichloroethane mixture15 , and the calculated volume fractions of 1,2-di
chloroethane in the solvation layer of I-nitro-2-( 4' -dimethylaminophenyl)ethene tp~(v) and of 
the transition state of the above-mentioned reaction tp~(Iog k) 

tpBa 0'00 0'20 0'40 0'60 0'80 1'00 

GrAB 2'02 2'80 4'00 5'70 7'80 10'65 

n2 2'03 2'04 2'05 2·06 2'07 2'08 

GrB 5'92 6'97 8·15 9·25 10'65 
v.IO- 3 ,cm- 1 25'22 24'10 23'64 23'20 22'88 22'67 

tp~ 0'465 0'64 0'80 0'915 1'00 

log k -7'52 -6'10 -5'37 -4,76 -4'27 -3'92 

tp~(Iog k) 0'44 0'64 0'79 0'91 1'00 

a The volume fraction of 1,2-dichloroethane in the mixed solvent. 
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For a mixed solvent composed of a nonpolar solvent A and a polar solvent B 
we can rewrite Eqs (10) and (11) to the forms from which the composition of cybo
tactic layer, IP~ and IP~, is calculated. 

v. 10- 3 (em-I) = 28·22 - 11·9f(BrA)Bf(n~h IP~ -

- 11·9f(BrB)Bf(n~)B cp~ 

log k = -10·43 + 70· 98f(BrA)Kf(nl)K IP~ + 

+ 70· 98f( BrB)K f( n~)K IP~ . 

(12) 

(13) 

The composition of cybotactic layer will depend, for a certain property, on the 
nature of the solvents used, particularly of the polar solvent and will exhibit various 
deviations from the composition of mixed solvent. Thus e.g. in the case of the above
-mentioned reaction studied in the mixture cyclohexane-acetonel6 the volume frac
tion of acetone in the cybotactic layer of the transition state has the following values 
(in parenthesis given is the volume fraction of acetone in the mixed solvent): 0·55 
(0·20), 0·70 (0·40), 0·81 (0·60), 0·92 (0·80). The greater differences IP~ - (PB in the 
case of the cyclohexane-acetone mixtures as compared with the effects of cyclo
hexane-l,2-dichloroethane mixtures are in accordance with the higher polarity of 
acetone as compared with 1,2-dichloroethane. 

Applications of the Born or Kirkwood methods or other methods from the field 
of the so-called semi-empirical methods for evaluation of medium effects appear 
to be incorrect from the standpoint of the concept of the so-called collision com
plexes in solution9 - 11 . This concept was developed with the aim of interpreting the 
manifestations of effects of media of both mixed and pure solvents upon infrared 
spectra of phenols predominantly. Allerhand and Schleyerl7, studying the effects 
of perfluorooctane-hexane and perfluorooctane-tetrachloromethane mixtures upon 
the valence vibrations of phenol, found that VO-H exhibits two absorption bands in 
these mixtures. Allerhand and Schleyer interpreted this finding by the existence of 
dusters in these solvent mixtures - hence the phenol molecules exist in two different 
media in these mixed solvents. Horak et al. 9 -11 measured the IR spectra of a number 
of substituted phenols in various solvent mixtures and ascribed the observed dual 
manifestations of OH group in the region of its valence vibrations to the existence 
of weak complexes (they differentiate them from possible strong complexes based 
on hydrogen bonding between the phenolic group and electron-donor solvents) 
between the phenol and solvents even so "inert" as e.g. perfluorooctane, aliphatic 
hydrocarbons, and tetrachloromethane. This interpretation of the medium effects 
upon TR spectra was then generalized by the authors also to the effect of pure 
solvents and to effects on other properties (beside IR spectra) in solution. In terms 
of this concept, solute and solvent molecules form collision complexes at first (most 
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often 1 : 1) - a specific interaction - and these complexes are subsequently solvated 
by further solvent molecules. Hence in a mixed solvent there exist two different 
collision complexes which are further solvated by the solvent mixture. Therefrom 
it follows, however, that interpretations of properties of solutes also in pure solvents 
by means of e.g. the Born or the Kirkwood method are in principle inadmissible 
(unless, of course, we are studying the medium effect upon a complex already formed 
in the solution), because the effect studied here is not a medium effect on the solute 
but that on various complexes formed from the solute and the pure solvent used, 
which contradicts the presumptions of both the Born and the Kirkwood method. 

In my opinion neither the concept of clusters in solvent mixtures nor the concept 
of collision complexes are necessary for explanation of dual manifestation of O~ H 
valence vibrations (or other vibrations) in IR spectrum. The IR spectroscopy 
consists in rapid processes (the excitation takes place within 10- 13 to 10- 14 s) as 
compared with translational motions of molecules in solutions (to- IO s) and reflects 
manifestations of local parts of molecules18 (e.g. the OH group of phenols). There
fore, we can very easily imagine that in a mixed solvent there is a molecule of one or 
the other solvent of the mixture near the group studied (e.g. OH group of phenol). 
These molecules then solvate the phenol near its OH group for at least to- IO s, 
which is a time 103 times longer than that necessary for a vibrational excitation. 
This applies in particular to such mixtures as perfluorooctane-hexane, where the 
relative permittivities of both solvents are very close (hence also the probability of 
solvation of e.g. phenol at the OH group is close for these solvents) and different 
effects of these solvents upon Va _ H are dictated by different refractive indexes of these 
solvents. 

Studies of medium effects of mixed solvents upon electronic spectra - from experi
mental standpoint - throw doubt on the interpretation of medium effects upon JR 
spectra. With respect to the rate of excitation this method is still faster (by one order 
of magnitude) than the vibrational spectroscopy. In contrast to the vibrational 
spectroscopy (and particularly Va-H) the manifestations of molecules in electronic 
spectra are most often a matter of the whole molecule18 and not only of one its 
part. Therefore, electron spectroscopy reflects the solvation changes of the whole 
molecule and not only of some of its part. In accordance therewith, these phenomena 
were not observed in the electronic spectra measured in mixed solvents (see e.g. 
refs3 •19). 
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