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Effect of the vibrational dependence of intermolecular potential
on the spectral line shifts for the case of diatomic molecules
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Equations have been derived that allow for the dependence of intermolecular potential on the
level of vibrational excitation of an absorbing molecule in calculations of the spectral line shifts. The
intermolecular potential in the form of a sum of atom-atom Lennard—Jones intermolecular potentials is
used. Equations for calculation of matrix elements of the intermolecular potential with the allowance
made for the vibrational dependence are obtained for diatomic and triatomic molecules. The contribution
coming from the vibrational addition of the intermolecular potential to the Ar-pressure induced shift of

HF spectral lines is assessed.

Introduction

Characteristics of the intermolecular interaction
potential are of interest when calculating relaxation
parameters of a spectral line profile: halfwidth, line
shifts, and cross-relaxation parameters, as well as in
studying intermolecular interactions. Various forms of
the intermolecular potential (IMP) are wused in
calculations of spectral line shifts. In Refs. 1-3, long-
range electrostatic dipole-dipole, dipole-quadrupole,
quadrupole-quadrupole, and other interactions are
considered. Labany et al. in Ref. 4 use the summed IMP:
long-range electrostatic part and short-range potential
represented by a sum of coupled atom-atom Lennard —
Jones potentials. In our earlier papers,5>7 we took the
summed IMP in the following form: long-range
electrostatic part and polarization (induction and
dispersion) interactions. In Refs. 8 and 9, the IMP is
taken as a sum of long-range electrostatic, short-range
atom-atom, and polarization parts. At the same time, no
one paper considered the dependence of IMP
characteristics on the degree of vibrational excitation of
a molecule and the constants of various forms of the
IMP were thought independent of vibrational quantum
numbers.

Earlier it was shown®7 that polarization
interactions make the major contribution to line shifts
in the near-IR and visible regions. For example, in
Refs. 5-7 the contribution to shifts of HoO, NO,, and
SO, spectral lines induced by Nj, O,, and noble gas
pressure makes up 75—85% for lines due to transitions to
highly excited states. Therefore, the problem of the
account for the vibrational dependence of IMP
characteristics is still urgent. In Ref. 10, we have
developed the method for taking into account the
dependence of constants of the Lennard—Jones potential
on the degree of vibrational excitation of an absorbing
molecule. This work is devoted to further development of
the approach proposed in Ref. 10.
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Intermolecular potential within the
framework of Robert—Bonamy theory

In Ref. 4, Labany et al. have developed an
approach to description of the IMP by taking it as a
sum of long-range electrostatic and short-range parts.
The short-range part of the IMP was represented as a
sum of atom-atom Lennard — Jones potentials for every
pair of colliding molecules. Analytical equations were
derived for halfwidth and line shift within the
framework of the spectral broadening theory.? The IMP
V' for a system of colliding molecules was represented
as a sum of electrostatic and atom-atom parts:

Vtot _ Velec + Vat*at. (1)

The short-range part of the IMP V™" was expressed
as a sum of Lennard —Jones potentials for every pair of
colliding atoms. In the case of collision of a diatomic
molecule with an atom, the short-range part of the IMP
was written as

2 Hop' (0p°O
Vat—at:4 i A L ’

where €;, and o; are characteristics of the Lennard —
Jones potential to the ith pair of atoms; #; is the
intermolecular separation (separation between the
centers of gravity of the ith atom of the absorbing
molecule and the disturbing atom).

It should be noted that Eq. (2) is the general form
of the IMP, because it includes both the repulsive part
(the term in braces proportional to 1,/712), and the
attractive one (the term in braces proportional to
1/75). Then the isotropic part of the IMP was
separated out through averaging over orientations of
the colliding particles. As a result, the isotropic part of
the IMP was represented as a series over inverse powers
of the separation R between the centers of gravity of
the colliding particles:

(2)
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Here By, are constants including the equilibrium
separations between the centers of gravity and the
parameters €; and o; of the Lennard — Jones potential.
The anisotropic part of the short-range potential parat
was ignored in Ref. 4. To calculate the matrix elements
of Vi, and then halfwidths, the constants B were fitted
to the experimental values of the Lennard—Jones
potential. The obtained effective values of the constants
B were used for calculation of halfwidths. It should be
noted that the approach developed in Ref. 4 ignores
oscillations of atoms of the absorbing molecule about
the equilibrium position, the dependence of the
separation R on the degree of vibrational excitation,
and the vibrational dependence of the IMP.

In Refs. 8 and 9, the obtained IMP in the form (3)
along with the polarization terms was used for
calculation of the shifts of HyO spectral lines induced by
the pressure of Oy, Ny, noble gases, and CO». It should
be noted that Eq. (3) already contains the polarization
(induction and dispersion) interactions, which, according
to Ref. 11, can be written as an infinite perturbation
series over inverse powers of the separation R:

o0 Cn
Viso(R) = Vipg + Vdisp; Viso(R) = z ﬁ . @)
n=6

In Eq. (4), C, are constants depending on the
molecular  constants  of  colliding  molecules:
polarizability, dipole moment, ionization potentials.
Comparison of Egs. (3) and (4) shows that they are
identical. Thus, the terms corresponding to polarization
interactions were taken into account for the second time
in Refs. 8 and 9. This leads to errors about 20% when
comparing the measured shifts of H,O spectral lines
with those calculated with the potential from Refs. 8
and 9. Neglect of the vibrational dependence of the
IMP in calculating line shifts also leads to marked
errors, which may increase strongly at further
vibrational excitation of the absorbing molecule.

General consideration of the
intermolecular interaction potential

Consider the expansion of the potential V'™ (2)
into a Taylor series over normal coordinates g:

Vat_aL(R, Q) = Vo(R) + z Vi(R) q; +
+ Z Vi]'(R) qiqj * - . )
i

Here Vi is the IMP at the equilibrium point; V; are
first derivatives of the IMP with respect to the

V.N. Stroinova

intermolecular separation R; Vi are the second
derivatives of the IMP with respect to R. The line shift
is determined by the difference between the matrix
elements of V™ in the vibrational states i (initial)
and / (final) of the absorbing molecule. For quasi-rigid
triatomic molecules of the C,, symmetry group, like
H,O, the difference between the matrix elements of the
IMP can be presented as

WOV W O WOV 0=V, (V- vy -
n

@k k )
111 v 112 VQD(Vi—V{)—

TOw 1w 20
3kono 0

k122 ;
_DQ& V2+ oy V1D(V§_V§)_
k .
ey Bvivh ®

Here n =1, 2, 3 is the number of a vibration; w, are
the harmonic frequencies; k are the anharmonicity
constants; Vy{ and V, are the first and second
derivatives of V™ with respect to R. Let us restrict
our consideration to the second term in the series (5)

and (6). For diatomic molecules of the C,, symmetry
group, like HF, the difference between the matrix

at—at

elements of V' is written as

at—at at—at
W0V W 0- WOV o=

3k .
= E/Q(R) —73 vme)%(vl - v, 7

Let us consider only the isotropic part of yamat

since the isotropic part of IMP makes the dominant
contribution to the line shift in the near-IR and visible

regions.”7 To analyze numerically the vibrational

dependence of V™7 and determine the contribution to

the line shift, we should find the first and second
derivatives with respect to R. Consider a system of
colliding particles that consists of the absorbing HF
molecule and the disturbing Ar atom (Fig. 1). Rewrite

VA7 (2) for the specific system shown in Fig. 1 as

12 6
) @FA OFA. g
Vat*dt _ 48FA1‘ r r O+

12 6
FAr TFar O

Qng G?IA d
+ dega O — 5 D (®)
O dar 7oA O

The first term here determines the interaction between
the F and Ar atoms, and the second one is for the
interaction between the H and Ar atoms. In Eq. (8) the
following designations are introduced:

Opar = (OF + 0A1) /2; €par = \EF €y -
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Fig. 1. System of colliding particles HF and Ar: R is radius
vector of separation between the centers of gravity of the
colliding particles; ryy and rp are radius-vectors of separations
from the center of gravity of HF molecule to H and F atoms;
rgar and rgae are radius-vectors of separations from H and F
atoms to Ar atom; W is the angle between the axis of HF
molecule and the direction toward Ar atom.

In a polar coordinate system, the separations and
the angle in Fig. 1 can be written in terms of the
radius-vector and the azimuth angle:

R —rp=rpp, R-rg=r1pp; W=W00, ¢). (9)

According to the cosine theorem, the separations
between the atoms can be written as

TFAr = ‘/R2 + 7F2 - 2Rrg cosW
(10)

THAr = ‘/RZ + r]?{ —2Rry cosW

The separations between the atoms of the
absorbing molecule and the disturbing atom in Fig. 1
depend on the amplitude of atomic vibrations in the
absorbing molecule. Let us determine the separation
between the Ar atom and the H and F atoms using the
equilibrium distance 7¢ and the vibrational addition Ar.
The higher is the vibrational excitation of the HF
molecule, the larger the deviations Ar from the
equilibrium separation 7¢:

r=re+Ar, rp=rp+ &g, rg=rg+Arg. (1)

Expand the potential (8) into Taylor series over the
vibrational separations Arg and Aryg using Egs. (10)
and (11). The coefficients of the Taylor series are the
derivatives of V3™ with respect to Arg and Arg at
Argp =0 and Arg = 0. Restricting our consideration to
the second term of the series, we obtain the following
equation for the coefficients of the series:

12
OFAr

K
H[‘/RZ +(r&)? = 2Rrg cosW

VOlArF =0 :48FAr 12

6
B OFAr
[‘/R2 +(r£)? =2RrE cosW

7O+ depa {F - H};
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The Taylor series for the atom-atom Lennard—
Jones potential with the coefficients (12) has the
following form:

oV

at—at _ LA
v = Vorar-0 * a(Arg)

Arp=0 D(ArF) +

o’V

+ . O +
B(ArF)

0 D(ATF)Z + VOH

A7F= A7H=0

o’V
O(ArH)2

aV

+ a(A—TH) 0 I:J(ArH)Q. (13)

A0 DA +

ATH=

This equation determines the dependence of the
potential (8) for the system of colliding particles
HF—Ar on the vibrational separations Arg and Aryg in

the HF molecule. It is seen from Eq. (13) that V&2
nonlinearly depends on the vibrational additions Arg
and Arg. Since the line shift is determined largely by
the matrix elements of the isotropic part of parat
(Refs. 5-7), it may increase strongly as the separations
Argp and Arpg increase at vibrational excitation of the
HF molecule.

Determine the addition to the HF—Ar line shift due

to the vibrational dependence of VA7 4t the vibrational

excitation of HF molecules. First let us find the
isotropic part of V3™ by expanding Eq. (13) into
Taylor series over cos¥ and restricting the consideration
to the first term cosW =0. Thus we obtain the
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following equations for the coefficients independent of
cos¥:

u
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To find the line shift, we should know molecular
characteristics. Let us write the equations for the
masses of the H and F atoms and the separations from
the atoms to the center of gravity of the HF molecule:

En’lH AT"H - mg A?"F = 0,

(15)
Ary + Arg = Ar.
Find the separations Arg and Arg:
my Ar ma  []
ATF = my T my , ArH = Ar a - my T mFD. (16)

Using the equation from Refs. 2 and 7 for calculation
of the interruption function in the first order of the
perturbation theory

~+o0
S =% I de [V (R) o0~

—00

- 0V Y R) Do, 0 (17)
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and calculating the matrix elements of the atom-atom
potential in the form (13) with the coefficients (14)
accounting for the vibrational additions, we obtain the
equation for the contribution of the function Sy to the
line shift:

A dz
Si=o>g | — T7/——. (18)
b 1£(\/1+z2)n

Here b is the impact parameter; A is some constant
containing the matrix elements of the isotropic part of
the IMP, molecular characteristics of the absorbing
molecule HF and the disturbing atom Ar; the
integration variable is z = (v/b)t, where t is time.
According to Ref. 12, the integrals of the type (18) can

be expressed analytically as:
T dz n_(n -3

2

(22 + 1)11 = 271—1 (n _ 1)‘ :

0

(19)

Thus, calculation of the contribution of the
function Sy to the line shift is reduced to algebraic

calculations. Using the matrix elements of V3 (7)
with the allowance made for the vibrational
dependence, we can calculate the contribution to the
HF—-Ar spectral line shift. For this purpose, we used
the molecular constants for the band 0-2, n=38. It
turned out that the allowance for the vibrational

dependence of VA7 contributes about 11% to the line
shift as compared to calculation neglecting the
vibrational dependence. For the lines due to the
transitions to higher excited vibrational states, the
contribution to the shift coming from the vibrational
addition of the IMP must increase. The obtained result
indicates that the vibrational dependence of the
isotropic part of the IMP should be taken into account
in calculating spectral line shifts.

Conclusion

Thus, the equations enabling one to allow for the
dependence of the IMP on the degree of vibrational
excitation of the absorbing molecule have been derived.
The matrix elements of the isotropic part of the IMP in
the form of atom-atom Lennard—Jones potentials are
calculated for triatomic and diatomic molecules. The
general equation (18) and (19) is obtained for the
contribution of the isotropic part of the IMP to the
spectral line shift; the obtained equation is convenient
for numerical calculations. The contribution to the HF—
Ar line shift from the vibrational addition to the IMP
in the form of the Lennard —Jones potential has been
estimated. This contribution makes up to 11%.

Acknowledgments

The author is thankful to Professor S.D. Tvorogov,
Corresponding Member of the Russian Academy of



V.N. Stroinova

Sciences, leader of the School “Optical Molecular
Spectroscopy and Radiative Processes in the Atmosphere”
for his attention to this work. The author also would like
to express her gratitude to Professor A.D. Bykov for
useful discussions and help.

The work was partially supported by the Council
of the President of the RF in Support of Scientific
Schools (Grant No. 00—15-98589).

References

1. C.J. Tsao and B. Curnutte, J. Quant. Spectrosc. Radiat.
Transfer 2, 41-91 (1962).

2. A.D. Bykov, Yu.S. Makushkin, and M.R. Cherkasov, Opt.
Spektrosk. 41, 682—-684 (1976).

3. J.-Y. Mandin, J.M. Flaud, and C. Camy-Peyret, J. Quant.
Spectrosc. Radiat. Transfer 23, 351-370 (1980).

4. B. Labany, J. Bonamy, D. Robert, J.M. Hartmann, and
J. Taine, J. Chem. Phys. 84, 4256—4267 (1986).

Vol. 14, No. 9 /September 2001,/ Atmos. Oceanic Opt. 791

5. A.D. Bykov and V.N. Stroinova, Atm. Opt. 4, No. 7, 515—
517 (1991).

6. V.V. Lazarev, Yu.N. Ponomarev, B. Sumpf, O. Fleischmann,
J. Waschull, H.D. Kronfeldt, and V.N. Stroinova, J. Mol.
Spectrosc. 173, 177-193 (1995).

7. B.E. Grossman, E.V. Browell, A.D. Bykov,
V.A. Kapitanov, E.A. Korotchenko, V.V. Lazarev,
Yu.N. Ponomarev, L.N. Sinitsa, V.N. Stroinova, and
B.A. Tikhomirov, Atm. Opt. 3, No. 7, 617—630 (1990).

8. R.R. Gamache, R. Lynch, and S.P. Neshiba, J. Quant.
Spectrosc. Radiat. Transfer 59, 319-335 (1998).

9. R.R. Gamache, R. Lynch, J.J. Plateaux, and A. Barbe, J.
Quant. Spectrosc. Radiat. Transfer 57, 485-496 (1997).

10. A.D. Bykov and V.N. Stroinova, in: Proc. of XIII
Symposium and School in HR Molecular Spectroscopy, SPIE
4063, 217-223 (1999).

11. 1.G. Kaplan, Introduction to Theory of Intermolecular
Interactions (Nauka, Moscow, 1982), 311 pp.

12. 1.S. Gradshteyn and I.M. Ryzhik, Tables of Integrals,
Series, and Products (Academic Press, New York, 1966).



