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A comparative study of the methods of interpretation of solvent influences on electric properties of molecules was conducted based on experimental dielectric properties of dilute solutions of organic substances of various polarity. It was shown that the solvent effect estimated via London—Debye—Keesom pairwise interaction potentials is best accounted for by theories of polarization of condense media which develop the anzatzes of reactive field and
local dielectric permittivity.
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1. Iuutrοductίοα

The dipole moment of a molecule in a condensed phase (condensate) μ,
differs from the dipole of a free molecule μο by the contribution μ,,d induced by
the electric field Ε(τ) of N neighboring molecules

where dr is an element of the configuration space which characterizes the position
and orientation of the molecule with dynamic polarízabílíty α; W is the total potential energy of the particle, consisting of the potential energy of the molecule in
the external field Ε produced by distant neighbors and the energy of interparticle
interactions with the nearer ones UN: W = UN — μο Ε. Unfortunately, there exists
no universal practical scheme which would allow for the calculation of all contributions to W. This still remains the central and the most difficult goal of condensed
phase physics. On the one hand, it is possible to study the polarízability of polar
(419)
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media by statistical physics techniques, and, thus in principle to determine the nature and extent of the interparticle interactions influencing dielectric properties.
Well-known statistical theories of Kirkwood-Frohlich, Harris-Older, and Buckingham introduce empirical potentials to model the nearest order dipole—dipole
couplings and give a general approach to such studies. On the other hand, in spite
of all the advantages inherent consistency, rigorous theoretical foundations, there
is necessity to know only microscopic parameters of these methods as well as the
quantum mechanical ones are not applicable to the majority of practically relevant cases. It is clear that without reliable stuctural information the values of
Ε and W, and, hence, μ c cannot be accurately calculated. This complexity inevitably leads to approximation schemes incorporating various models. Although
continuum theories are limited a priori in the sense that they do not consider interparticle interactions explicitly, they can be thought of as a first approximation
to the exact description of the polarization of polar fluids. In the Onsager model of
the internal fleld Ε e and its components, the cavity field G and the reactive field
R, the energy W in (1) is set equal to the potential energy of a molecule in the
field Εe . Based on this assumption a straightforward analytic relationship between
μ0 and micro and macroscopic parameters of a medium is derived as a solution
to a typical boundary problem in the electrostatics of dielectrics and leads to the
direct comparison of theory with experimental results.
Rigorous determination of the potential energy of interacting particles is a
complicated many-body problem. It has been solved exactly for very few cases.
The vast majority of computations assume additivity of independent electrostatic
energies of pairwise interactions, though it is tue only for Coulomb fields of single atoms. Empirical potentials used in such computations are analogous to the
orientationally averaged adiabatic quantum mechanical potentials of electrostatically interacting particles calculated by various perturbation theories leading to
the multipole expansion in a series of powers of 1/r under the assumption of
non-overlapping charge distributions. In first order, the energy of multipole couplings is determined by the unretarded pairwise electrostatic van-der-Waals interactions (Keesom—Rayganum forces) omitting the Kazimir-Polder retardation
effect. In second order, the Debye-Falkenhagen—Margenau inductive and dispersive forces describe the polarization energy. The first term in the expansion of
this energy is the well-known London—Margenau relation, which expresses the dispersion constant C6 as a function of dynamic polarizabilities and first ionization
potentials Ι1. These would be substituted for effective oscillator strengths in a
quantum mechanical formalism. Let us note here that the London formula gives
the lower limit of the dispersion interaction energy, while the upper limit can be
calculated within the limits of the Slater—Kirkwood approach.
As widely presented in the literature, qualitative and quantitative estimates
of the influence of interparticle van-der-Waals interactions on resonance, spectral,
thermodynamic and other characteristics of gases, carried out under the approximation of pairwise couplings, do agree well with experimental data. A similar
treatment of condensed phases encounters substantial difficulties, the most cucial one being the necessity to include higher-order perturbations to account adequately for nonadditivity of many-particle interactions. Ηigher-order terms in
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the multipole expansion terms are complicated many-variable functions with limited applicability in analytical approaches. Computational experiments, such as
numerical Monte Carlo and molecular dynamics simulations with semi-empirical
atom-atom potentials, can be applied to systems with a relatively small number
of particles (10 3 compared to the Avogadro number 1023).
We undertook to establish relationships between the interparticle interactions in a condensate and its polarization properties. We used various continuum theories of liquid media to estimate gaseous phase dipole moments of solutes
on the basis of dielectric properties measurements on binary solutions of organic
compounds and then compared calculated dipole moments with the experimental
gaseous phase values.
2. Interparticle pairwise interactions and dipole polarization
in solutions

To define the gaseous phase electric dipole moment of a solute molecule we
follow our earlier paper [1]. According to it the Fröhlich moment Μ0 (which is
the dipole moment of a polarized sphere of volume V0 in a densely packed fluid
medium) due to the external field Ε0 is calculated on a macroscopic level involving
the refraction index n of the medium
where ε is the dielectric constant of the medium. To describe a binary solution
we introduce the notation: xi are mole fractions, pi and Μ are densities and
molecular weights, and i = 0, 1, 2 denote solution, solvent and solute respectively.
In a reasonably dilute binary solution (x2 is less than 0.01) without substantial
concentrational fluctuations the first solvation shells surrounding a solute molecule
include only solvent molecules. The following formulas hold:
In accordance with [1] the gaseous phase dipole moment of a solute molecule
(i = 2) can be deduced from the dielectric characteristics of the solution and its
components
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NA, kB and T are Avogadro's number, Boltzmann's constant and absolute temperature, respectively. The expressions for the cavity and reactive field factors g and
i

ti and their derivatives with respect to the concentration of the solute (in the limit
of x2 = 0) are given in [2]. Reference [3] discusses the expression for the Onsager
volumes: α13/,i(=0w.8h6er±;a3)t*vn-dWlsriofet
and solute molecules.
It was shown in [4] that the potential energy of interparticle van-der-Waals
interactions in a dense molecular medium can be approximated by a sum of the
energies due to pairwise long range forces of dipole, inductive and dispersive origins. The expected systematic influence of the interactions on the calculated values
of μ is estimated by means of the corresponding London-Debye-Keesom (LDK)
potentials. For this purpose we express the molecular interaction energy averaged
over spacial configurations energy in a binary solution of polar components as [5]:

Here Zm is the effective number of molecules in the m-th solvation shell of the
radius Rm surrounding a particle of a solute, deflned as the ratio of the area of the
shell to the cross-section of a solvent molecule; A is a constant, averaged over δj
and introduced to account for nonadditivity of LDK potentials Φj ; hi and αi are
the first ionization potentials and dynamic polarizabilities of molecules (i = 1, 2);
V, V,n and Vatom are molar, molecular, and atomic volumes; R i denotes the radius
of the sphere occupied by a single molecule at a given temperature T; and Íi* is
the packing coefficient.
In agreement with (1) it is natural to assume that any molecular property
(μ in our case) of a substance changes during the gas-liquid phase transition
proportionally to (U12) τ. For the first coordination shell (m = 1, K* = 0.74) in a
binary system this fact can be expressed as
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for the solution with μι # 0 and μ2 # Ο.
Our earlier analysis [6] of essentially all the available literature data on dipole
moments of organic molecules with a single substituent measured both in gaseous
and liquid phases showed that for a polar substance dissolved in a series of similar
apolar solvents the correlation (6) holds reasonably well in the covered range of
Ζ1 and α1
Experiments on dielectric properties of analogous solutions with solutes containing
several substituents, such as 1-methoxy-2-nitrobenzene and N,N dimethyl-2-nitro
aniline, as well as those which exhibit intramolecular H-bonding, such as 2-nitro
phenol and 2-hydroxybenzaldehyde, allowed us to extend the correlation to more
complex substances. Meanwhile binary mixtures (μι = 0) with solutes that show
speciflc interactions do not conform to (8). It is not a drawback of the model
potentials used in (5), but arises rather because of the approximate character
of the expression for the total potential energy of a condensate molecule, which
accounts only for the long-range forces.
Comparing the outcomes of using various models of dipole polarization applied to the problem of determinating gaseous phase electric moments of molecules
in a condensed phase, we notice that the approximations involving the concepts
of local (vs. Heaviside type) dielectric permittivity of a medium, reactive field
and bulk molecular polarization are superior to the others. It seems valuable to
complement this observation with the qualitative analysis of the role of the universal interparticle interactions in such predictions. Moreover, another simple way
to estimate gaseous phase dipole moments follows from the experimentally tested
expression (6). That is, mentally reducing the interaction energy of solvent and
solute molecules (under the assumption that their stuctural and physical properties do not vary), we effectively transform a liquid into a gas. Thus, extrapolation
of the functional dependence of (8) to zero argument Ζα can be considered to be
a method to obtain μ g 2 .
3. Dipole polarization of dilute solutions of polar substances
in apolar solVents
•

We measured dielectric properties of a series of dilute solutions with concentrations which satisfy relations (3). The technique and equipment are described
elsewhere [7]. The solvents were of similar nature (I11, α = const), namely, paraffins, cycloparaffins and their halogen derivatives, cyclic ethers and thioethers,
alkylbenzenes and some inorganic compounds. The physical characteristics of the
solvents are given in Table I, where σ is the scaling factor of the Lennard-Jones
potential, ω denotes the Pitzer parameter [8] indicating how much aspherical a
molecule is, = is the average static polarizability, γ squared is molecular anisotropy
of a condensate [9], and Ι1 is the first ionization potential of a molecule [10].
Substances of the following classes were used as solutes: oxygen, nitrogen and
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halogen derivatives of benzene, alkylbenzenes, paraffins and cycloparaffins; and
ketones, nitriles and some heterocyclic compounds (Table II). The calculated
values of gaseous phase dipole moments of solute molecules 2k were obtained
within the limits of the original Onsager model [11], k = 1, its modification [12],
k = 2, and our approach [1], k = 3. The results are shown in Table II and, in
part, in Figs. 1 and 2. The coordinate axes of the plots are Δμk and Ζα , where
Ζ = Ζα x 10 -18 , [Ζα] = [cm3 ]; Δμk = |μg 2 — μ 2k |/μg2 , Δ μk = |μg2 - μ2k|/μg 2 ;
μe denotes gas phase dipole moment of a solute molecule found by extrapolating
the function Δμk (Ζα ) to zero argument Ζα = 0. In the cases when experimental
gas phase dipole moments are not available corresponding μ2 3 were used instead.
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Interpreting the experimental data and theoretical results, we notice the following. First, Eq. (8) for the function Δμk(Ζα ) holds in a substantial range of
dipole moments of solute molecules: from μ23 = 1.2 D for chloroform to μ23 =
7.17 D for N,N-dimethyl-4-nitroaniline, independent of the model for the internal field. Second, pairwise interactions of solute molecules, including those with
several polar substituents (C7H7O3Ν, C8H10N2O2) ) and intermolecular hydrogen
bonds (o-nitrophenol, 2-hydroxybenzaldehyde), with the surrounding particles of
a solvent are clearly anisotropic for a wide range of stuctural and polarizational characteristics of solvent and solute molecules. Thus, for solvents the Pitzer
asymmetry parameter ω varies from 0.115 for carbon sulflde to 0.361 for hep
γć changes from 2.83 Α6 for C418O2 to-tane,whilmocurstpy
76.13 Α6 for carbon sulfide. The corresponding numbers for solutes are ω = 0.190
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(2-methyl-2-chloropropane) and ω = 0.440 (C6 H 5 OH); γ,2 = 2.6 A 6 (acetone) and
= 200.0 Ǻ 6 (C 6 H 5 ΝO 2 ). A minor scatter of Δμk values is observed for solutions
of practically all substances in tetrachloromethane, dioxane and benzene. This
must have arisen from the deviations of the true ionization potentials of these
compounds from the statistically averaged value I» = 10.05 eV (Table I). The
dependence of the derivative of the function Δμ k (Z α ), which is directly related
to the coefficient Β12(I1 α, μ) in (6), on the magnitudes of the dipole moments of
solutes supports the correlation (5) between the magnitudes of dipole moments of
the solutes and the energies of solute-solvent pairwise interactions. For example,
the derivatives of Δμk calculated according to [11] exhibit consistent behavior
changing t g from 5 x 10 -3 for the N, N-dimethyl-4-nitroaniline in polar solvents
to 8 x 10 -4 for the chloroform in non-polar solvents, as shown in FigS. 1 and 3,
and where the derivative corresponds to the units of the axes. For the majority of
solutes dissolved in CCl 4 and C4H8O2, whicl usually do not follow general trends,
,
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our studies of the "dipole-induced dipole" and dispersive contributions to the total
energy of interparticle solvent-solute interactions (5) argue against the existence of
hydrogen bonded complexes between these solvents and the solutes containing A-H
groups, as well as against the importance of any coupling of group dipole moments
in dilute solutions of these solvents [13]. It appears that Δμk of CHCl 3, C6 Η5 SΗ,
, C 6 Η5 OΗ, CΗ3COSH and C 6 Η5 ΝΗ2 , which are apt to form hydrogen bonds with
solvent molecules, do obey (6). This shows that the influence of specific interactions
(e.g. H-bonding) on the electric properties of these substances is greater than the
influence of an isotropic medium.
Differences in the models of dipole polarization of a condensate are reflected
in the variations of the extrapolated gaseous phase dipole moments of solutes.
First of all, the Heaviside step function, originally used by Onsager to describe
the cavity-continuum border region, has been substituted for the exponential [12]
and oscillating [2] functions. As a result the discrepancy between μg2 and μ2 de-

{
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creased. Consistently incorporating the notions of high and low frequency molecular polarizations induced by the reactive field into the model [1] and regarding the
Onsager cavity as a sphere containing a polarizable medium and a freely rotating
rigid dipole in its center we were able to model the particle-environment electrostatic interaction energy more accurately. These new features lead to notable
changes in the behavior of the function Δμk(Ζα ), as shown in Table II, and Figs. 1
and 2. Namely, Δμ 1 > Δμ2 > Δμ3 and tgξ1 > tgξ2 > t ξ 3 for the ranges of po
larizational, stuctural and physical-chemical properties of studied solutions. And
finally, the graphical illustrations presented here convince us that extrapolation of
the solute dipole moments μ? to Z α —i 0 can give good predictions for the gaseous
phase dipole moments only within the limits of the approach developed in [1]. All
other approaches result in a substantial repulsive interaction energy (Usum > 0)
remaining in the limit ΖαΡ = 0 and larger errors in the predicted dipole moments
e2>1μ3. his result becomes particularly important when extrapoΔT
lation is the only means to determine μ eg2, for example in the cases of limitedly
soluble substances and those which cannot be transformed into a gas. Thus, model
description of dipole polarization of dilute solutions of polar substances in apolar
solvents presented earlier [1] agrees sufficiently well with the proposed approximate expression (5) for the energy of nonspecific intermolecular interactions given
in terms of pairwise London—Falkenhagen-Debye potentials.
4. Dipole polarization of dilute solution of polar compounds
in polar solvents

Next we studied corresponding characteristics of systems composed of polar
solutes and polar solvents. According to Eqs. (5), (7) the induced contribution to
the molecular dipole moment of a substance dissolved in a series of polar solvents
with similar values of Ι11 and α1 at fixed temperature is proportional to the solvent
parameter Z (Ζμ » Ζα , [Ζμ ] _ [e cm 4], where e is the electronic charge in
CGS units). The solvents that were used for our measurements were nitrile, sulfur,
halogen, and nitrogen derivatives of alkanes (Table III).
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The solutes were nitrile, oxygen, nitrogen and halogen derivatives of benzene (Table III). The technique and conditions of the experiments as well as the
procedure for calculating Δμk, Δμk (k = 1, 2, 3) were the same as those described
above. The results summarized in Table IV and partially presented in Fig. 3 (in
the coordinate system Δμ k (Z α)alowustehfing.Tuctos
μ)k(ΔαcaoreμspnΖdigt l oarmedi qultvy
similar for the magnitudes of Ζμ up to 8 x 10 - 8 a cm -4 , i.e. for solutions with
relatively small energies of dipole-dipole pairwise interactions of polar molecules.
In agreement with Eqs. (1), (5) there exists a direct correlation between the magnitudes of interacting molecular electric moments and the induced contributions
to μ 2c. For example, Δμk values for almost all solutes calculated according to [11]
reach maxima for solutions in acetonitrile. Their relative values increase in pro
portion to μ2 (Table IV, Fig. 3). For the magnitudes of Ζ μ above 8 x 10 -8 e cm -4
the function Δμk(Ζμ ) deviates significantly from linearity. These values of Ζ μ correspond to highly polar solvents (μ 1g > 3 D). Large solute dipole moments μ2 lead
to further increase in the curvature of 6.1k(40. This effect can be interpreted
as a consequence of the developing locality (anisotropy) of electrostatic interparticle interactions. A nonlocal (isotropic, bulk) character of pairwise interactions
can be attributed predominantly to dipole-induced dipole and dispersive forces,
as established in the preceding section. The nonlinear behavior of Δμk(Ζμ ) , Ζμ >
8 x 10 - 8 e cm-4 , independent of polarizational and structural properties of interacting particles, confirms this conclusion. Finally, tabulated and plotted data for
the "polar solnte-polar solvent" systems scatter to a significantly greater extent
than the data for the "polar solute-apolar solvent" systems. In most cases it is attributable to specific interparticle interactions, not considered in (5). For instance,
2-hydroxybenzaldehyde molecules dissolved in (C2H5 )3Ν, CH3 C H 2 ΝHCH 2 CH 3
and HCOΝ(CH 3 ) 2 undergo dissociation of the intramolecular hydrogen bond with
subsequent formation of intermolecular hydrogen bonds of the Ν... O-H type with
solvent molecules. These interactions affect the calculated values of μ2 (Table IV).
The above mentioned deviations from the bulk character of interparticle interaction, such as the formation of complexes due to local (anisotropic) dipole-dipole
interactions, are especially typical of highly polar compounds with several func-
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tional groups, N, Ν-dimethyl-4-nitroaniline and C6 H5 CΗ2 NO2 being particular
examples. Calculated Δμk(Ζμ ) values scatter noticeably for solutions of these substances in all polar solvents (Fig. 3, Table IV).
Two faction determine the quality of the model description of dipole polarization of condensates applied to the experimental dipole moment data for binary
solutions of both types (polar-apolar and polar-polar). These are the internal field
stucture incorporated in the model and the manner in which the model accounts
for the potential energy (5) of a molecule submerged in a solvent. Considering the
influence of only nonspeciflc van-der-Waals interactions on the calculated gaseous
phase dipole moments of polar molecules in a polar condensed systems of the sec-

Electric Polarization of Onsager Fluids. L ... 3 ... 433

ond type, we give preference to the new model [1] as well. Calculated values of
the parameters Δμk Δμk and tgξk of the function Δμk(Ζμ ) obey the inequalities
Δμ3, Δμ3 < Δμ2 , Δ/4 < Δμ 1 , Δμe1 and tgξ3 < tgξ2 < tgξ1 for the whole range of
solute and solvent properties (Table IV, Fig. 3). In addition, as in the case of polar
solutes and apolar solvents, the extrapolated values of μ? reach the experimental
ones (μ g2 ) only if the former are obtained by the model [1]. The predictions of
other models of the internal field, e.g., from Refs. [11] and [12], extrapolated to
Zμ 0 do not lead to zero interaction energy but rather to a positive one, which
is unphysical and cannot represent the transition to the gaseous phase.
,

5. Conclusions
We based our investigation on dielectric properties measurements in dilute
binary solutions having components which cover broad ranges of physical, chemical, structural, and polarizational properties. We were able to set up the limits
for the description of the potential energy of interacting molecules (5) by pairwise London-Debye—Keesom potentials and tested several continuum models for
the electric polarization of fluids. From expression (5) for the total energy of a
molecule in a solution we used these models to estimate gaseous phase dipole mo
ment8 of solvated molecules by extrapolating corresponding liquid phase values to
zero energy of interaction of molecules with their environment. To recapitulate:
1. London—Debye—Keesom potentials have been used to the evaluation of
the influence of pairwise (dispersive, inductive and dipole) molecular interactions
on the polarization properties of a condensate. We have observed linear correlations between the electric molecular moments of solute molecules and the solvent
parameters: Ζ (Ζ = z1α1R-61 ) for solvents having apolar particles with similar dimensions and ionization potentials, and Ζ μ = z1μ1R-61 (Zμ < 8 x 108 e cm -4 ) for
solvents having polar particles with similar dimensions, ionization potentials and
polarizabilities. The temperature is assumed to be constant. The correlations hold
both for solutes which do not exhibit hydrogen bonding or other types of specific
interactions and for solutes with intramolecular hydrogen bonds, if the solvents are
not strong proton acception and cannot destroy these bonds. For solutions with
Ζμ > 8 x 10 8 e cm -4 we see deviations from linearity which tend to increase as
the solution components become more polar.
2. Comparing the models of dipole polarization of condensates, we give preference to approaches which develop the concepts of reactive field and local dielectric permittivity and consider a condensate in a quasi-continuous fashion and introducing an oscillating function to describe a particle with its nearest surroundings,
rather than regarding it as a continuum with the Heaviside type electric induction on the "Onsager cavity—structureless bulk" border. We have shown that this
model is the most successful one when used to account for universal van-der-Waals
interactions. It predicts gaseous phase dipole moments of solvated substances most
accurately.
3. Simple extrapolation of the experimental data for dipole moments of substances dissolved in analogous apolar and polar solvents to vanishing solute—solvent
interactions described within the limits of the model [1] allowed us to estimate
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gaseous phase dipole moments of thirty five organic compounds, most of which
cannot be studied in the gas phase directly.
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