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Abstract—An expression based on the Fröhlich theorem is given for the anisotropic inertial solvation potential 
of solutions. The principle of the additivity of the anisotropic inertial solvation potentials of solution 
components is put forward and substantiated. A model thermodynamic function of the anisotropic inertial 
solvation potential of a binary solution is suggested. The effect of formation of 1 : 1 complexes and bimolecular 
associates on the anisotropic inertial solvation potential of a binary solution is analyzed. The composition 
dependences of the anisotropic inertial solvation potentials of binary solutions of nitrobenzene, acetonitrile, 
nitromethane, and tetrachloromethane in associated and nonassociated polar and nonpolar solvents and in water 
are determined. The dependences obtained are compared to the corresponding model functions. Changes in the 
contribution of specific intermolecular interactions to the anisotropic inertial term of the Helmholtz energy of 
solvation of binary solutions are revealed by this method. Previously unknown anisotropic inertial solvation 
potentials are obtained for associated and polar nonassociated liquids in relation to their content in hexane. 
Conclusions on the magnitude and character of changes in the microstructure of solutions are made. The 
transformation of the anisotropic inertial to isotropic noninertial term of the Helmholtz energy of solvation is 
noted by the example of a solution with the ethanol volume fraction in hexane of 0.13.  

the potentials of intermolecular interactions are 
determined exclusively by Coulomb forces, but it is 
well known that in this case the dependences of both 
the attraction and repulsion forces on the distance 
should have the same dimension. Different character of 
these dependences is caused by replacement of actual 
distribution functions of the electron and nuclear 
density in a condensed medium by their rough 
approximation involving the use of one or two 
effective radii. The continual approach based on 
Onsager’s model [1] does not use empirical pair 
potentials and eliminates the need for solving complex 
problems associated with their further summation. 
Even in the initial step of its application [2] it reduces 
to a minimum the number of empirical microparam-
eters. In the next step [3–8], when it is based not on 
Onsager’s model but on the electrostatic Fröhlich 
theorem [9], it does not involve empirical 
microparameters in calculation of the inertial 
anisotropic (dipole–dipole) term of the Helmholtz 
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The development of methods for studying the 
structure and properties of liquid solutions is one of 
basic problems of physical chemistry. This problem is 
extremely sophisticated, because the properties of 
solutions can differ essentially from those of their 
components owing to the occurrence of both universal 
and specific intermolecular interactions. All the known 
procedures for describing and calculating solution 
properties are based on certain models. Two different 
approaches, discrete and continual, can be 
distinguished in construction of these models.  

The discrete approach usually implies setting the 
potentials of pair intermolecular interactions, written in 
the form of attraction and repulsion forces as functions 
of coordinates. It should be noted that all the numerous 
equations of interaction forces between pairs of 
molecules of the Lennard–Jones, Stockmeyer, 
Buckingham, Kihara, Kitaigorodskii, and other types 
are empirical, with no physical substantiation. Indeed, 
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energy of solvation of molecules, associates, and 
complexes in solution. This version of the continual 
approach offers fundamentally new possibilities for 
optimizing physicochemical heterolytic reactions and 
revealing the mechanism of homeostasis and self-
regulation of biological processes [10–13]. The 
possibility of operational separation of the solvation 
energy in liquids and solutions into the anisotropic and 
isotropic terms was substantiated in [3, 5, 7]. The 
possibility of rigorous calculation of the anisotropic 
inertial term of the solvation energy in solutions allows 
this term to be singled out and compared to model 
thermodynamic functions.  

In [7] I presented an expression for the anisotropic 
inertial solvation potential of a liquid isotropic 
dielectric (Ian). In what follows, as in [7], it is often 
termed simply the anisotropic solvation potential 

  Ian ≡ (εs – n2)(2εs + n2)3RT/εs(n
2 + 2)2

.
          (1)   

Here εs and n are, respectively, the static dielectric 
constant and refractive index (n ≈ nD ≈ 
≈ nf) of the liquid.       

It should be particularly emphasized that, according 
to the Fröhlich theorem [9], the expression obtained is 
universal and can be applied to both nonassociated and 
associated liquids (mixtures of monomers and 
associates), and also to solutions. 

According to the approach being developed [3–8], a 
sphere containing in aggregate NA molecules of 
components is mentally cut out from a solution that is 
a liquid homogeneous dielectric. In formation of a 
solution owing to intermolecular interactions of 
various kinds, the number of components in the sphere 
can change. The anisotropic inertial potential of a 
solution of the initial jth composition [Ian(j)] always 
actually corresponds to the new composition and new 
structure of particles in the sphere cut out. It should be 
noted that the anisotropic inertial solvation potential of 
the sphere cut out is independent of the number of 
component particles in it. To simplify calculations, it is 
assumed that, in formation of a solution, the volume of 
the sphere incorporating NA initial molecules remains 
constant, despite changes in the number and structure 
of the incorporated particles. Variation of Ian(j) of the 
sphere for different solution compositions is fully 
determined only by the new values of the dipole 
moments of all the particles incorporated in the sphere. 
The error arising from this assumption is insignificant. 

As shown previously in [3], the electrooptical 
functions of solutions and components are interrelated 
by Eq. (2): 

Σφi(εs(j) – ni(j)
2)(2εs(j) + ni(j)

2)/εs(j)   

                   = Σφi(j)(εi(j) – ni(j)
2)(2ε(j)i + ni(j)

2 )/εi(j) ,                        (2)  

where φi(j) is the volume fraction of ith component in 
solution of jth composition; εs(j), εi(j), and ni(j) are the 
static dielectric constants of solution of jth 
composition and of its components and the refractive 
indices of the components in the states corresponding 
to a given composition. If εs(j) noticeably exceeds ni(j)

2 
for any solution composition and the quantities ni are 
close to each other, so that ni(j) ~ n(j), expression (2) can 
be transformed into a simpler form: 

(εs(j) – n(j)
2)(2εs(j) + n(j)

2)/εs(j)  

                   = Σφi(j)(εi(j) – ni(j)
2)(2εi(j) + ni(j)

2)/εi(j),                          (3) 

where n(j) is the refractive index of jth solution. 

According to [3], relationship (3) can be 
represented as the sum of anisotropic potentials.  

  Ian(j) = ΣφiIan,i(j) .                                                      (4)  

Here  

Ian,i(j) ≡ (εi(j) – ni(j)
2)(2εi(j) + ni(j)

2)3RT/εi(j)(ni(j)
2 + 2)2.         (5) 

 Ian(j) is the aggregate anisotropic solvation potential 
of NA initial component molecules (taking into account 
all the forms of their coexistence) occurring in the 
mentally cut out spherical volume; Ian,i(j) is the 
anisotropic solvation potential of NA particles of ith 
component: in the form of molecules, associates, or 
complexes in the state exactly corresponding to their 
state in the jth solution composition. Expressions (2)–
(4) physically substantiate the suggested principle of 
additivity of the anisotropic solvation potentials of the 
components in solution.  

Consider the case of binary solutions consisting of 
components a and b, in which index i ≡ a or b. 
Practically the composition dependence of the 
anisotropic solvation potential of a binary solution 
[expression (4)] is given by empirical relationship (6): 

 Ian(j) = Σφi0(j) Ian,i(j),                                              (6) 
                              

where Ian(j) is the aggregate anisotropic solvation 
potential of a binary solution of jth composition; φi0(j) 
is the initial volume fraction of ith component in 
solution of jth composition.   
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The model thermodynamic function of the aniso-
tropic solvation potential of a binary solution (Ian(φ)) 
has  form (7): 

  Ian(j) ≡ Σφi0(j)Ian,i
,
                                            (7)  

where φi0(j) are the initial volume fractions of ith 
component in solution of jth composition; Ian,i are the 
anisotropic solvation potentials of NA molecules of 
components a and b in the state of pure liquids: 

Ian,a ≡ (εs,a – na
2)(2εs,a + na

2)3RT/εs,a(n a
2 + 2)2, 

Ian,b ≡ (εs,b – nb
2)(2εs,b + nb

2)3RT/εs,b(nb
2 + 2)2. 

Here εs,a, na and εs,b, nb are the static dielectric 
constants and refractive indices of components a and b. 
Here and hereinafter, the anisotropic solvation 
potential of NA molecules of a model thermodynamic 
function of the solution is printed bold. Equation (7), 
in contrast to (6), is strictly linear. Nonlinearity of 
experimental dependence (6) on the solution 
composition is indicative of changes in the 
contributions of various kinds of specific 
intermolecular interactions to the composition and 
energy of the solution formed. The value by which Ian(j) 
differs from Ian(j) allows calculation of changes in the 
contribution of specific intermolecular interactions to 
the energy of anisotropic solvation.   

As an example of this approach, for solutions in 
which 1 : 1 complexes ab and associates b2 are formed, 
let us compare the Ian(φ) values with the model function 
Ian(j). Consider the effect of formation of the complex 
ab in solution (by the scheme a + b  с) on the shape 
of the dependence of its potential Ian(j) on the 
composition. According to (4), we have  

   Ian(j) = φa(j)Ian,a + φb(j)Ian,b + φс(j)Ian,c,                          (8) 

where φa(φ), φb(φ), and φс(φ) are the volume fractions of 
the components and complex in the solution; Ian,c is the 
anisotropic solvation potential of the complex. The 
volume fractions of molecules of components a and b 
in the solution can be given by expressions (9): 

    φb(j) = φb0(j) – φbс(j) and φa(j) = φa0(j) – φaс(j),                      (9) 

where φaс and φbс are the volume fractions 
corresponding to the components in the complexes. 
Substituting (9) in (8), we obtain Eq. (10): 

Ian(j) = φa0(j)Ian,a + φb0(j)Ian,b + φс(j)[Ian,c – (φaс(j)/φс(j))Ian,a   
                             – (φbс(j)/φс(j))Ian,b].                                 (10) 

Correspondingly, the volume fractions of the 
components and complex can be presented in the form 
of expressions (11) and (12): 

                      φa0(j) = Na0(j)Ma/ρaVΣ(j),                                   (11) 
                               φb0(j) = Nb0(j)Mb/ρbVΣ(j),                                    (12) 

where Na0(j) and Nb0(j) are the initial mole fractions of 
the component molecules in the cut-out volume VΣ(j) of 
jth solution.  

VΣ(j) = [Na(j)Ma/ρa + Nb(j)Mb/ρb + Nc(j)(Ma + Mb)/ρc] 
                         Na(j) + Nb(j) + Nc(j) = 1.                              (13) 

Here VΣ(j) is equal to the volume of sphere in solution 
of jth composition, incorporating 1 mol of particles of 
the initial components а0(j) and b0(j) (the sphere volume 
depends on the solution composition); ρa, ρb, and ρc are 
the densities of the components and complex; Ma and 
Mb are the molecular weights of the components. 

ρc = (Ma + Mb)/(Ma/ρa + Mb/ρb),                     (14)          

                    φс(j) = Nc(j)(Ma + Mb)/ρcVΣ(j),                                      (15)          

                           φaс(j) = Nc(j)Ma/ρaVΣ(j),                                            (16)          
                     φbс(j) = Nс(j)Mb/ρbVΣ(j).                                            (17)       

Here Nс(j) is the mole fraction of the complex.  

It should be noted that the ratios (φaс(j)/φс(j)) and 
(φbс(j)/φс(j)) are composition-independent. Using rela-
tionships (8)–(17), we obtain 

Ian(j) = φa0(j)Ian,a + φb0(j)Ian,b + φс(j){Ian,c   
 – [ρcMa/(Ma + Mb)ρa)Ian,a – (ρc Mb/(Ma + Mb)ρb]Ian,b}.     (18) 

The complexation constant is given in the form  

  Kc = [cс](j)/([ca,0](j) – [cc](j))([cb,0](j) – [cc](j)),          (19) 

where [cc](j), [ca0](j), and [cb0](j) are the molar 
concentrations of the complex and components in jth 
solution, equal to: [cc](j) = Nc(j)/VΣ(j)[ca0](j) = Na0(j)/VΣ(j), 
[cb0](j) =  Nb0(j)/VΣ(j). 

Transforming expression (19) taking into account 
(11)–(13) and (15), we obtain 

Kc(Ma + Mb)ρaρb/MaMbρc  
                      = φс(j)/(φa0(j) – φс(j))(φb0(j) – φс(j)).                 (20) 

Introducing a new designation 

 Kφ ≡ φс(j)/(φa0(j) – φс(j))(φb0(j) – φс(j)).               (21)  

    and combining (20) and (21), we obtain 

  Kφ = Kc(Ma + Mb)ρaρb/(MaMb)ρc.                            (22) 

    Note that Kφ and Kc have similar properties, i.e., 
are concentration-independent. By solving Eq. (21) for 
φс, we obtain 

φc(j) = [(1 + Kφ)/(2Kφ)] – {[(1 + Kφ)/(2Kφ)]
2  

                                   – φa0(j)*φb0(j)}
0.5.                                               (23) 
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Fig. 1. Dependences of the difference between the 
functions of the anisotropic solvation potentials of binary 
systems in the case of formation of 1:1 complexes and 
those of their model potentials on the solution composition 
and complexation constant Kφ. Kφ: (1) 1, (2) 10, and (3) 100. 

Finally, we obtain 

Ian(j) = φa0(j)Ian, a + φb0(j)Ian, b   
+ ([(1 + Kφ)/(2Kφ)] – {[(1 + Kφ)/(2Kφ)]

2 – φa0(j)*φb0(j)}
0.5)· 

{Ian, c – [ρc Ma/(Ma + Mb)ρa]Ian, a   
                          – [ρc Mb/(Ma + Mb)ρb]Ian, b}.                    (24) 

The sought-for expression determining the 
difference of the potentials of solutions in which 
complexes are formed from the model functions is as 
follows:  

    ΔIan(j) = Ian(j) – Ian(j).                                         (25) 

Using (7) and (18), we obtain for the case of 
formation of complex ab (assuming that the free 
component molecules in solutions of different 
compositions do not change their anisotropic 
potentials) 

ΔIan(j)/{Ian, с – [ρc Ma/(Ma + Mb)ρa]Ian, a   
                   – [ρc Mb/(Ma + Mb)ρb]Ian, b} = φc(j).                          (26) 

As seen from relationships (26), the shape of the 
dependence of ΔIan(j) on the solution composition is 
described by function φc(j). In the form normalized 
with respect to maximum, relationship (26) takes the 
form 

ΔIan(j)/ΔIan, max = ([(1 + Kφ)/(2Kφ)] – {[(1 + Kφ)/(2Kφ)]
2  

– φa0(j)φb0(j)}
0.5)/([(1 + Kφ)/(2Kφ)]   

                – {[(1 + Kφ)/(2Kφ)]
2 – 0.25}0.5).                  (27) 

Here  

ΔIan, max = ([(1 + Kφ)/(2Kφ)] – {[(1 + Kφ)/(2Kφ)]
2 – 0.25}0.5)· 

{Ian, c – [ρc Ma/(Ma + Mb)ρa]Ian, a   
                           – [ρc Mb/(Ma + Mb)ρb]Ian, b}.                   (28) 

The quantities Kφ and Ian, c in the case of formation 
of complex ab can be estimated by least-squares fitting 
of the experimental and theoretical composition 
dependences [relationships (26) and (27)] . 

The dependences of ΔIan(j) on the solution 
composition at various Kφ [calculated from Eqs. (23) 
and (26)] are plotted in Fig. 1. It can be seen that an 
increase in Kφ leads to a change from the bell-shaped 
to pyramidal dependence. The coordinate of the 
maximum remains constant and equal to 0.5. When 
only 2:1 or only 1:2 complexes are formed in solution, 
the position of the maximum shifts toward φb0 0.25 or 
0.75.  

Consider an example when one of the components 
can form associates by the scheme b + b  b2. Let us 
note an important feature of associated liquids: the 
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capability to change the ratio of monomers and 
associates and hence the anisotropic solvation potential 
in solutions of various compositions. The composition 
dependence of Ian(j) of solution in this example is 
described by Eq. (29) based on the principle of 
additivity of the anisotropic solvation potentials of all 
the components: 

   Ian(j) = φa0(j)Ian, a + φb1(j)Ian, b1 + φb2(j)Ian, b2,               (29)    

where φb1(j) and Ian, b1 are the volume fraction and 
anisotropic solvation potential of the monomer, and 
φb2(j) and Ian, b2 are those of the dimer. 

Taking into account that φb0(j) = φb2(j) + φb1(j), we 
obtain 

 Ian(j) = φa0(j)Ian, a + φb0(j)Ian, b1 + φb2(j)(Ian, b2 – Ian, b1).     (30) 

The quantity ΔIan(j) in the above example is given by 

ΔIan(j) = φa0(j)Ian, a + φb0(j)Ian, b1  
                           + φb2(j)(Ian, b2 – Ian, b1) – Ian(j),                   (31) 

Ian(j) = φa0(j)Ian, a + φb0(j)Ian, b(j).            

In this relationship, the variable Ian,b(j) is given by 
Eq. (32) based on the additivity principle: 

   Ian, b(j) = φb1(j=1)Ian, b1 + φb2(j=1)Ian, b2,                          (32) 

where φb1(j=1) and φb2(j=1) are the volume fractions of 
the monomer and dimer in component b as a pure 
liquid. By combining (31) and (32), we obtain the 
sought-for relationship for the jth solution composition 
in the case when component b forms dimers:  

ΔIan(j) = (Ian, b2 – Ian, b1)(φb2(j) – φb0(φ)φb2(φ=1)).          (33) 
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Fig. 2. Dependences of the difference between the 
functions of the anisotropic solvation potentials of the 
binary systems in the case of dimer formation and those of 
their model potentials on the solution composition and 
association constant. Kφ: (1) 1, (2) 10, and (3) 100. 

Let us transform Eq. (33) to the form 

 ΔIan(φ)/(Ian, b2 – Ian, b1) = (φb2(φ) – φb0(φ)·φb2(φ=1)).       (34) 

The quantity φb2 in expression (34) is given by 

φb2(j) = Nc(j)2Mb/ρbVΣ(j) .                                    (35)  

The association constant in this case is defined as 

 Kс = [cb2](j)/([cb0](j) – 2[cb2](j))
2.                               (36) 

The factor 2 in Eqs. (35) and (36) takes into 
account the fact that one associate particle is formed 
from two molecules of component b. 

By transformations similar to (19)–(22), we obtain 
Eq. (37): 

Kφ = φb2(j)/(φb0(j) – φb2(j))
2 = Kс2ρb/Mb,                       (37) 

whence follows 

 φb2(j) = (φb0(j) + 1/2 Kφ) – [(φb0(j) + 1/2 Kφ)
2 – φb0(j)

2]0.5.   (38) 

The quantity Kφ can be calculated by least-squares 
fitting of the experimental and theoretical dependences 
of ΔIan(φ) on the composition in the case of association.  

The model dependences under consideration are 
shown in Fig. 2. According to (34) and (38), these 
functions are unsymmetrical, and the position of the 
maximum is shifted with increasing Kφ. For example, 
at Kφ 1 the maximum is observed at φb0 0.40, and at Kφ 
10 and 100, at φb0 0.48 and 0.50, respectively. In 
contrast to the dependences observed in the case of 
formation of a complex (Fig. 1), the ordinate of the 
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maximum of the functions under consideration [Eq. 
(34)] decreases with increasing Kφ, tending to zero. 

For the passive component a, the anisotropic 
solvation potential Ian,a remains constant at all the 
compositions, and Ian,b(j) can be determined by Eq. 
(39). 

   Ian, b(j) = [Ian(j) – Ian, a(1 – φb0(j)]/φb0(j) .                      (39) 

Here the quantity Ian, b(j) is described by an expression 
similar to (4): 

Ian, b (j) = Σω~ 
i b(j)Ian,i(j)   

≡ NA[ω~ 1b(j)(μ2/rstr
3)1b + …+ ω~ 1n(j)(μ2/rstr

3)nb], (i = [1…n]), (40)  

where (μ2/rstr
3)1b and (μ2/rstr

3)nb are the mean ratios 
of the squares of the dipole moments of the monomer 
and associates consisting of two to n molecules to the 
cubes of the corresponding structural radii (with 
averaging performed over all possible isomers); ω~ 1b(j), 
…,ω~ nb(j) are the probabilities of their occurrence in the 
jth solution.  

Let us consider in more detail the physical sense of 
the parameter Ian, b(j). For this purpose, let us multiply 
and divide term by term the right side of Eq. (40) by 
the ratio rstr,1b

3/rstr,1b
3 and take the factor 1/rstr,1b

3 outside 
the common brackets. Then, taking into account that 
the ratio rstr,ib

3/rstr,1b
3 within the error limits is equal to 

the number of molecules in the associate, we obtain 
expression (41): 

NA
–1Ian, b(j) = [ω~ 1b(j)μ1b

2
 + ω~ 2b(j)(μ2b

2/2) +…+ ω~ 1n(j)(μn b
2/n)]/rstr,1b

3  
                     = <μ1b

2 >(j) /rstr,1b
3 ≡ μ1b

2/αan1b(j)
3 ,                           (41) 

where <μ1b
2>(j) is the mean dipole moment squared 

(counting on vacuum) per molecule b in solution, 
taking into account all its possible species, μ1b is the 
dipole moment of molecule b in a vacuum, and αan1b(j) 
is its effective radius of anisotropic intermolecular 
interactions in jth solution (Onsager radius).  

To check the efficiency of this approach, let us 
compare (assuming the additivity of the anisotropic 
potentials of the solution components) the 
concentration dependences of the quantities Ian(j) found 
experimentally using Eq. (4) and of the quantities Ian(j) 
(model) calculated by Eq. (7). Figures 3–6 show the 
experimental dependences of Ian(j) on the compositions 
of solutions of polar and nonpolar associated and 
nonassociated organic liquids and of water in 
nitrobenzene, acetonitrile, nitromethane, and 
tetrachloromethane at room temperatures, obtained on 
the basis of reference data [14, 15]. It should be 
reminded that the relative accuracy of determining Ian 
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Fig. 3. Composition dependences of the anisotropic 
solvation potentials of solutions of nitrobenzene in organic 
liquids: (1) aniline, (2) hexane, (3) cyclohexane, and (4) p-
xylene.  

Fig. 4. Composition dependences of the anisotropic 
solvation potentials of solutions of acetonitrile in organic 
liquids: (1) water, (2) methanol, (3) ethanol, (4) 1-pro-
panol, (5) benzene, (6) acetone, and (7) tetrachloro-
methane. 

Fig. 5. Composition dependences of the anisotropic 
solvation potentials of solutions of nitromethane in organic 
liquids: (1) benzene, (2) methanol, (3) ethanol, and (4) 1-
propanol. 

in a liquid and Ian,b(j) in a solution depends on the 
accuracy of determining εs and even for low-polarity 
substances usually does not exceed 2%, decreasing 
with an increase in the polarity.  

For nitrobenzene solutions (Fig. 3), the concentra-
tion dependences of Ian(j) are mostly linear, except the 
solutions in aniline and p-xylene. However, even for 
solutions of nitrobenzene in aniline, with quite 
opposite chemical properties of the components, the 
maximal value of ΔIan(j) does not exceed kT. The shape 
of the composition dependence of ΔIan for the solutions 
in aniline, with a maximum at approximately φb0 ~0.5, 
suggests both the formation of weak complexes with 
the Ian,ab value lower than in nitrobenzene and the 
decomposition of weak associates. Final conclusions 
cannot be made without more detailed concentration 
dependences. The results obtained show that αan

3, the 
cube of the Onsager radius of nitrobenzene, remains 
approximately constant in the solutions under 
consideration. The changes do not exceed 10% even 
for solutions in aniline.  

As seen from Fig. 4, the experimental dependences 
of Ian(j) for solutions of acetonitrile in water and 
organic liquids are linear. However, small positive 
deviations (within kT) are observed with water at φb0 
~0.2. Apparently, in these solutions the number of 
cyclic associates of water decreases. Comparison of 
the dependences for the solutions in acetonitrile and 
nitromethane, which are close in polarity (the 
anisotropic solvation potentials of these liquids are 
36.8 and 35.9 kJ mol–1, respectively), shows that they 
are essentially different (Fig. 5). For example, 
nitromethane owing to its acid properties forms weak 
1:1 complexes with all the alcohols, with the strongest 
complexes formed with 1-propanol. The quantities ΔIan

(j) for the solutions under consideration are given in 
Table 1. However, it can be seen that the strongest 
changes in Ian(j) are observed with benzene rather than 
with alcohols. The results obtained suggest formation 
of a charge-transfer complex of type II [16–18].  

The concentration dependence of Ian(j) for chloro-
form, tetranitromethane, and benzene in tetrachloro-
methane (Fig. 6) are linear. These facts confirm the 
applicability of the principle of additivity of 
anisotropic potentials to solutions formed by 
components of very low polarity such as, e.g., CCl4, 
whose nonzero polarity is caused by the presence of 
molecules in an excited vibration state with the 
nonzero dipole moment. In solutions of 
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Table 1. Difference between the experimental and 
calculated values of ΔIan (kJ mol–1) for solutions of nitro-
methane in organic solvents at 20°С 

Volume 
fraction of 

nitromethane 
in solution 

Benzene Methanol Ethanol 1-Propanol 

0 0.00 0.00 0.00 0.00 

0.2 –2.15 –0.90 –0.28 –2.02 

0.4 –3.16 –1.74 –0.63 –2.95 

0.6 –3.94 –1.63 –0.77 –2.96 

0.8 –2.54 –1.40 –0.60 –2.06 

1 –0.01 0.00 0.00 0.00 

Fig. 6. Composition dependences of the anisotropic 
solvation potentials of solutions of tetrachloromethane in 
(1) benzene, (2) tetranitromethane, and (3) chloroform. 
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tetranitromethane in CCl4, the concentration 
dependences also suggest the presence of polar species 
formed by partial dissociation of tetranitromethane 
even in the neat liquid [19]. 

The quantities Ian,b(j) for solutions of organic 
substances in hexane, calculated by Eq. (39), are given 
in Table 2. It can be seen that significant changes in 
the structure of component b are observed with 
alcohols. With an increase in the volume fraction of 
ethanol from 0 to 0.13, the ethanol molecules form 
cyclic associates of various structures with the dipole 
moment close to zero. The relative content of these 
species is noticeable at φb0 ~0.045, and at φb0 ~0.13 
these species prevail. The formation of cyclic 
associates is also observed in solutions of 1-butanol in 
hexane, with the maximal content at φb0 ~0.10. For 
acetone and benzonitrile, there is a weak but 
characteristic trend toward a decrease in Ian,b(j) with 
increasing volume fraction of the polar component. In 
acetone, the magnitude of this effect is two times 
greater than in benzonitrile, probably because of the 

higher chemical activity of acetone. A decrease in Ian,b(j) 
is due to the formation of weak sandwich-type dimers. 
Nitrobenzene behaves differently, also forming weak 
dimers but of the type of charge-transfer complexes. 

In Table 3, the composition dependences of Ian,b(j) 
for solutions of ethanol in hexane are given at 
essentially different temperatures. It is interesting that, 
in the concentration range where the content of cyclic 
associates is maximal, variation of the temperature 
affects Ian,b(j) very weakly, which suggests a particular, 

Table 2. Dependence of the anisotropic solvation potentials 
Ian,b (kJ mol–1) of organic compounds (b) on the composition 
of solutions in hexane at 20 and 25°C 

Volume 
fraction of 

b 
Ethanol 1-Butanol Acetone Benzonitrile 

Nitro-
benzene 

0.01 9.9     
0.03 5.8     
0.04  3.8    
0.05 5.9  25.6   
0.08      
0.09  3.7    
0.10 9.2     
0.11   25.3   
0.12  3.7    
0.13 0.9     
0.16  4.1    
0.17   24.1   
0.19     24.0 
0.20  5.4  21.0  
0.24   23.3   
0.29  8.0    
0.3      
0.31   22.9   
0.36  10.8    
0.38   22.7   
0.39     24.1 
0.40    20.8  
0.42 17.0     
0.45  12.3    
0.46   22.5   
0.55   22.2   
0.59     24.4 
0.60    20.4  
0.65   19.9   
0.69 20.6     
0.76   21.2   
0.79     25.4 
0.80    19.8  
0.85 21.7     
0.87   20.6   
0.88  14.8    
1.00 22.5 15.0 20.0 19.0 26.2 
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Table 3. Temperature and composition dependences of the 
anisotropic solvation potential of ethanol I an,b (kJ mol–1) in 
hexane solutions 

Volume fraction of 

ethanol 
–80°С 20°С 50°С 

0.007 20.5 9.9 9.4 

0.027 8.5 5.8 6.1 

0.045 8.1 5.9 5.9 

0.105 15.9 9.2 7.8 

0.133 1.3 0.9 0.9 
0.420  17.0 13.8 

0.685 39.4 20.6 17.0 

0.848 41.2 21.7 18.0 

1.000 42.6 22.5 18.9 

nonentropic character of changes in the solution 
structure. In the regions of existence of acyclic 
associates at both low and limiting concentrations of 
ethanol, the energy of anisotropic intermolecular 
interactions varies with temperature significantly. It 
was noted previously that hydrogen bonding makes a 
noticeable contribution to the energy of isotropic 
intermolecular interactions [7, 20]. The formation of 
cyclic associates is accompanied by an appreciable 
decrease in the anisotropic term of the Helmholtz 
energy of intermolecular interactions of ethanol 
molecules with the medium (Fan,b(j)), from –9.5 kJ mol–1 
for the model solution at φb0 0.13 (Λε 422) to –0.2 kJ mol–1 
for the real solution of the same composition (Λε 
0.215). In accordance with the law of energy 
conservation, taking into account a small change in the 
enthalpy of the solution of the composition φb0 0.13, it 
can be stated that the process is accompanied by an 
increase, equal in magnitude, in the isotropic term of 
the solvation energy in solution. The data obtained 
allow estimation of this value. High static dielectric 
constant of associated liquids is largely due to 
correlations in the collective processes of proton 
hopping along hydrogen bonds, but the relaxation time 
of the main polarization processes is determined by the 
slow motion of heavy nuclei of the molecules. 
Noticeable, and equal in magnitude, increase in the 
contribution of the high-frequency noninertial isotropic 
term to the intermolecular interaction energy is caused 
by an increase in the role of excited states of hydrogen 
bonds (at the moment of proton hopping) [21] in cyclic 
alcohol associates. The above-noted change in the 
solution structure at φb0 0.13 can be considered as a 
new phenomenon differing from phase transition of the 
second kind.  

On the whole, the results obtained demonstrate new 
opportunities offered by the dielcometric method of 
solution analysis. Namely, it is possible to quanti-
tatively single out and determine the magnitude of 
changes in the contribution to the energy of solvation, 
made by anisotropic specific intermolecular 
interactions, i.e., by intermolecular interactions caused 
by redistribution of the nuclear charge between the 
interacting molecules in the solution. This, in turn, 
furnishes information not only on the possibility of the 
occurrence of a heterolytic reaction in a solution, but 
also on the reaction mechanism [19]. 

REFERENCES 

  1. Onsager, L., J. Am. Chem. Soc., 1936, vol. 58, o. 1486. 

  2. Bakhshiev, N.G., Spektroskopiya mezhmolekulyarnykh 

 vzaimodeistvii (Spectroscopy of Intermolecular Interac-
 tions), Leningrad: Nauka, 1972. 
  3. Sol’vatokhromiya. Problemy i metody (Solvatochro-
 mism: Problems and Methods), Bakhshiev, N.G., Ed., 
 Leningrad: Leningr. Gos. Univ., 1989, p. 224. 
  4. Gorodyskii, V.A., Vestn. S.-Peterb. Gos. Univ., Ser. 4: 
 Fiz., Khim., 1995, issue 4, p. 81. 
  5. Gorodyskii, V.A. and Arkhangel’skaya, A.B., Zh. 
 Obshch. Khim., 1995, vol. 65, no. 1, p. 7. 
  6. Gorodyskii, V.A., Vestn. S.-Peterb. Gos. Univ., Ser. 4: 
 Fiz., Khim., 1997, issue 1, p. 86. 
  7. Gorodyskii, V.A., Zh. Fiz. Khim., 2005, vol. 79, no. 6, 
 p. 1025. 
  8. Gorodyskii, V.A., Zh. Obshch. Khim., 2007, vol. 77, no. 5, 
 p. 752. 
  9. Fröhlich, H., Theory of Dielectrics; Dielectric Constant 
 and Dielectric Loss, Oxford: Clarendon, 1958, 2nd ed. 
 10. Gorodyskii, V.A., Abstracts of Papers, IX Mezhduna-
 rodnaya konferentsiya “Fizika dielektrikov” (IX Int. 
 Conf. “Physics of Dielectrics”), St. Petersburg, 2000, 
 vol. 1, p. 93. 
11. Gorodyskii, V.A., Zh. Obshch. Khim., 2000, vol. 70, no. 7, 
 p. 1071. 
12. Gorodyskii, V.A., Zh. Fiz. Khim., 2002, vol. 76, no. 1, 
 p. 123. 
13. Gorodyskii, V.A., Abstracts of Papers, X Mezhdunarod-
 naya konferentsiya “Fizika dielektrikov” (X Int. Conf. 
 “Physics of Dielectrics”), St. Petersburg, 2004, p. 82. 
14. Akhadov, Ya.Yu., Dielektricheskie svoistva binarnykh 
 rastvorov (Dielectric Properties of Binary Solutions), 
 Moscow: Nauka, 1977. 
 15. Fiziko-khimicheskie svoistva binarnykh rastvoritelei: 
 Spravochnik (Physicochemical Properties of Binary 
 Solutions: Handbook), Leningrad: Khimiya, 1988. 
 16. Gorodyskii, V.A. and Morachevskii, A.G., Zh. Fiz. 
 Khim., 1978, vol. 52, no. 9, p. 2248. 



RUSSIAN  JOURNAL  OF  GENERAL  CHEMISTRY   Vol.  78   No.  6   2008 

GORODYSKII 1154 

17. Gorodyskii, V.A., Zh. Fiz. Khim., 1979, vol. 53, no. 6, 
 p. 2311. 
18. Gorodyskii, V.A. and Fedorenkov, A.L., Zh. Fiz. Khim., 
 1979, vol. 53, no. 6, p. 2315. 
19. Gorodyskii, V.A. and Pozdnyakov, V.P., in Spektro-
 skopiya vnutri- i mezhmolekulyarnykh vzaimodeistvii 
 (Spectroscopy of Intra- and Intermolecular Interactions), 

 Leningrad: Leningr. Gos. Univ., 1975, issue 1, p. 97.  
20. Gorodyskii, V.A. and Moskvicheva, L.A., Vestn. S.-
 Peterb. Gos. Univ., Ser. 4: Fiz., Khim., 1994, issue 1, 
 p. 55. 
 21. Kalnin’sh, K., Elektronnoe vozbuzhdenie v khimii (Elec-
 tronic Excitation in Chemistry), St. Petersburg: S.-
 Peterb. Gos. Univ. Tekhnologii i Dizaina, 1998.  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


