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A semiempirical method has been developed for calculation of the polarizability tensor
components of diatomic homonuclear molecules as functions of the internuclear separation R € [0, ).
The method is based on the known polarizability function of a molecule for small R, the values of
polarizability and its derivatives for the equilibrium configuration, and improved polarizability functions
of oriented interacting atoms at large R. The latter accounts for multipole interactions between the atoms
and for the change in atomic polarizabilities as atoms approach each other. The atomic multipole
interactions are taken into account using a model of two interacting dielectric spheres. The method
proposed has been tested with the Hy molecule as a case study and was applied to calculation of the

polarizability functions of the Ny and Oy molecules.

Introduction

The dependence of molecular electronic polarizability
tensor components on the spatial position of nuclei in a
molecule is one of the fundamental characteristics,
which, along with the dipole moment function,
determines optical and electric properties of a molecule.
It is too a complicated problem to find this dependence
even for diatomic molecules, whose electronic polarizability
tensor has only two independent components and,
correspondingly, there are only two polarizability
functions a,,(R) and o, (R) = a,,(R), where R is the
internuclear separation, and the axis Z coincides with
the molecular axis.

The current concepts of polarizability functions of
diatomic molecules are based on analytical description of
these functions for some ranges of internuclear separations
and on the results of ab initio calculations. Thus, in the
range of small R, the polarizability function can be
described analytically through united atom treatment.!
Near the equilibrium configuration of the nuclei, the
polarizability function is usually specified by a Taylor
series, whose parameters (derivatives of the polarizability
tensor components) can be determined experimentally
from Raman spectra.?2 To describe the polarizability
functions at large R, the classical Silberstein’s
electrosctatic model is used, which considers the
interacting atoms as point dipoles induced by an external
electric field that are localized on the molecular nuclei.3:4
Such an approach allows the molecular polarizability
functions to be calculated from known values of the
polarizability of atoms forming the molecule.

Later on the Silberstein’s model was improved in
Refs. 5 and 6. This improvement consisted in accounting
for the changes in the polarizability of atoms as they
approach each other. The quantum-chemistry calculations
of the polarizability functions are usually conducted for
relatively narrow ranges of the internuclear separation
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near the equilibrium separation R, for diatomic molecules
(see, for example, Refs.7 and 8), and only for H,
molecule such calculations were conducted for the whole
range of R (Refs. 9 and 10) with the use of specialized
ab initio methods applicable only to single- and two-
electron molecules. Besides, in a number of papers one
can find ab initio calculations of the polarizability
function for pairs of interacting atoms of noble gases
(for example, Ref. 11 and references therein).

These investigations have attracted the interest in
the development of semiempirical methods suitable for
calculation of the polarizability functions of any diatomic
molecules at an arbitrary internuclear separation. Now
we know three such methods!2~14 that differ by the
degree and ways of using the available information. Thus,
formulas suggested in Ref. 12, though giving the general
idea of the polarizability functions of N, molecule, do
not provide physically correct description of their
behavior neither at small nor at large internuclear
separations.

The method for constructing the polarizability
functions used in Ref. 13 is based on the empirical
regularities of their behavior near peaks and on the
known asymptotic dependence at large R (Refs. 5 and 6).
However, this method does not describe correctly
behavior of the polarizability functions at small R, and
the versatility of the correlations found there raises
certain doubts. The method for calculation of the
polarizability functions used in Ref. 14 is based on their
asymptotic at small! and large34 R and derivatives in
the equilibrium. Disadvantages of this method are, first
of all, underestimation of the polarizability functions in
the range of medium R.

In this paper, refining the behavior of the
polarizability functions in the range of medium R by
taking into account the multipole interactions between
atoms and the change in the polarizability as atoms
approach each other develops a semiempirical method
proposed in Ref. 14.
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Polarizability of a couple
of interacting dielectric spheres

To take into account the multipole interactions
between two identical atoms, let us use the model of
two interacting dielectric spheres.15:16 In this model,
the polarizability of two dielectric spheres of radius 7
located on the axis Z of the Cartesian coordinate
system at the distance R from each other in the static
electric field can be presented as!6
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where ¢ is the dielectric constant of the sphere; ay is
the sphere polarizability; cosh ng = R/ (2ry), and the
coefficients xflp)(R) and (nflp)(R) are specified by
cumbersome recurrences (27)—(35) in Ref. 16. Within
this model, Eqs. (1) and (2) are exact in the range
R € (2rg, »), but the polarizability can be calculated
by them only numerically, because they include infinite
weakly convergent series.

To present the polarizability functions a,,(R) and
o (R) analytically, Egs. (1) and (2) are to be
expanded into a series over powers of the small
parameter & = 9/ R, and after summation over p and n
the following simple asymptotic equations are obtained:
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Using the equation
ag = g1 e, (5)
€+2

we can write Egs. (3) and (4) in a more convenient form:
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It is seen from Egs.(6) and (7) that the
polarizability functions of a couple of interacting
dielectric spheres include, besides the well known terms
of the Silberstein’s model, additional terms caused by
the multipole interaction. Note that at & — o the
equations obtained correspond to the model of metal

spheres. 17

Method for construction
of the polarizability functions

The method for construction of the polarizability
functions of diatomic molecules comprises three stages.

1. At small R, the polarizability functions are
specified as!

;i (R) = off + A;R* + ByR® + C;R", (8)

where ocl(lo) are the components of the polarizability
tensor of the united atom in the corresponding state,
while A;;, Bj;, and C; are the constants for this
molecular electronic state, which can be found from the
known components of the polarizability tensor (o;;).
and their first (aj;), and second (aj;), derivatives with
respect to £ =(R - R.)/R. at R=R. (Refs. 1 and
14). The united atom term can be determined following
known rules of correlation between the molecular terms
and the terms of united atoms.

2. At large R, the molecular polarizability function
is specified as
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where (x% are the components of the polarizability tensor
of atoms of the molecule!4 and the sphere polarizability
o is equal to the mean polarizability of each of these
atoms. The terms in Egs. (9) and (10) including the Van
der Waals interaction coefficient Cg and the mean second
hyperpolarizability y were introduced by Buckingham
in Ref. 6; they reflect the change in the polarizability
of atoms as they approach each other due to dispersion
interaction.

3.The polarizability functions specified by
Egs. (8)—(10) are joined with the use of fifth-order
polynomials, whose coefficients can be found from the
conditions of equal values of the polynomials and
polarizability functions, as well as their first and second
derivatives at joining points (r; and 7y). The joining
points can be selected with some arbitrariness, but this
leads to minor changes in the polarizability functions
between the joining points.

Polarizability functions of Hy, Ny, and
0, molecules

The method described above was tested on the Hy
molecule, for which reliable ab initio calculations of
the polarizability functions are available.!0 Figure 1
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depicts the calculated polarizability functions of the Hy
molecule that differ in the degree, the interactions are
taken into account in Egs. (9) and (10).

o, 10724 cm3 aom
. "

1

o 1 2 3

I . I ,
4 R, 108 cm

Fig. 1. Polarizability functions of the Hy molecule: calculated
in Ref. 14 (dashed curve); this work at 7o = 0 (dotted curve);
this work at 7y #0 (solid curve); ab initio calculation of
Ref. 10 (squares).

The values of atomic and molecular constants used
in calculations are tabulated below.

Table. Parameters for calculation of the polarizability functions of Hy, N3, and Oy molecules

Molecule H, Ny (e}
Term 12; 125 32;
(oter)e A” 0.679 2 1.53 (Ref. 2) 1.25 (Ref. 2)
(0e)er A” 0.669 1.12 (Ref. 2) 0.70 (Ref. 2)
(0f)e, A® 0.121 & 0.33 (Ref. 2) 0.80
(0:.), A? 0.947 2.24 (Ref. 2) 2.33 (Ref. 2)
(), A 1.372 2 3.35 (Ref. 2) 3.89 (Ref. 2)
(o), A? 1.2212 2.93 (Ref. 2) 8.60
United atom He Si S
Term 1S D (M, =0) 3p (M, = 0)
oD A3 0.205 (Ref. 18)  5.62 (Ref. 19) 2.68 (Ref. 19)
ol A3 0.205 (Ref. 18)  7.50 (Ref. 19) 3.35 (Ref. 19)
Isolated atom H N O
Term 's 1S 3P(Mp=0) 3P (M =%1)
ol A3 0.6668 (Ref. 18) 1.101 ¢ 0.755 ¢ 0.825 ¢
o, A3 0.6668 (Ref. 18) 1.101 ¢ 0.895 © 0.755 ¢
ag, A? 0.6668 1.101 0.802
ro, A 1.1 (Ref. 20) 1.5 (Ref. 20) 1.4 (Ref. 20)
g 4.014 2.454 224 4
vCg, A 4.18¢ 10.51 ¢ 5.03 ¢
r, A 1.0 1.1 1.2
9, A 1.9 2.0 2.0

a Calculated based on data from Ref. 10; P values refined in Ref. 2; ¢ borrowed from
Ref. 14; 4 calculated by Eq. (5); € the values of y and Cg for H are taken from Ref. 6, y for N
and O are taken from Ref. 21, Cg for N and O are taken from Ref. 22.
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Analysis of the dependences obtained shows that
consideration of the dispersion and multipole interactions
between the hydrogen atoms markedly improves the
polarizability function at medium R as compared with
that from Ref. 14 and its values become closer to the
accurate ab initio values.10 In this case, the o,,(R) function
is more sensitive to consideration of the dispersion and
multipole interactions than a,,(R). It should be noted
that within this model it is impossible to obtain the
coincidence with the ab initio calculations because of
neglect of the exchange interactions between the atoms.

The method proposed for calculation of the
polarizability function was also applied to the Ny and
0O, molecules (Figs. 2—5), and for the oxygen molecule
both channels of its decomposition were considered. The
polarizability functions found for these molecules show
that the consideration of the dispersion and multipole
interactions also leads to the increase of their values at
the internuclear separation from 1 to 3 A.
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\
\
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0 1 2 3 4 R, 108 cm
Fig. 2. Polarizability function o, (R) of the N, molecule:
calculated in Ref. 14 (dashed curve); this work at 7y =0
(dotted curve); this work at 7y # 0 (solid curve); calculated in
Ref. 13 (dot-and-dash curve).

10 a, 10724 ¢cm3

0 Il Il Il 1 1
1 2 3 4 R, 108 cm

Fig. 3. Polarizability function a,,(R) of the N molecule:
calculated in Ref. 14 (dashed curve); this work at 7y =10
(dotted curve); this work at 7y # 0 (solid curve); calculated in
Ref. 13 (dot-and-dash curve).
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Fig. 4. Polarizability functions of the Oy molecule (atoms O
in the states with ‘ML|= 1): calculated in Ref. 14 (dashed
curve); this work at 7y = 0 (dotted curve); this work at 7 # 0
(solid curve).
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Fig. 5. Polarizability functions of the Oy molecule (atoms O
in the states with ‘ML|= 0): calculated in Ref. 14 (dashed
curve); this work at 7y = 0 (dotted curve); this work at 7 # 0
(solid curve).

Based on analysis of the polarizability functions of
Hy molecule, we assume that the polarizability functions
obtained for Ny and O, molecules at medium R-values
also must be considered as their low boundary values.
Some differences between the obtained polarizability
functions and those from Ref. 14 at small R are connected
with the fact that the polarizabilities of the united atoms
Si and S in this paper are different.

It seems interesting to compare the obtained
polarizability functions of N; molecules with those
calculated by an alternative method, in which an attempt
was undertaken to take into account the exchange
interactions using the found correlations.!3 Apart from



756  Atmos. Oceanic Opt. /September 2002,/ Vol. 15, No. 9

some differences in the polarizability functions at small

R due to different values of (x,(c(])c) and a§§) of the Si atom,

to be noted is the unjustified underestimation of o, (R)
for R~1—-3A (see Fig. 2). This is caused, in our
opinion, by unfounded application of the correlations
found for molecules consisting largely of the first-group
atoms to the nitrogen atoms. The polarizability
functions from Ref. 12 are omitted in Figs. 2 and 3,
because they are only of historic interest now.

Conclusion

In this paper it is shown that the refinement of the
semiempirical method for calculation of the polarizability
functions proposed in Ref. 14 considerably improves the
polarizability function at the medium R values. This
refinement is in the account for the dispersion and
multipole interactions between the atoms. Unfortunately,
the use of the model of a pair of dielectric spheres to
take into account the multipole interactions between
atoms restricts the applicability of this method to only
diatomic homonuclear molecules. In spite of the fact
that the method proposed is oriented at the molecules
decomposing into atoms in the S states, it can give
reasonable results for the case of atoms without
spherically symmetric charge distribution (for example,
the oxygen molecule).
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