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The induced dipole moment of hydrogen- (H,) argon pairs is obtained with an estimated accuracy
of about 2% by treating the collisional complex like a molecule in self-consistent-field (SCF) and
coupled-electron-pair calculations. The basis-set superposition error is effectively avoided by the use
of nonorthogonal local orbital sets. Based on the four-term, ab initio, orientation-dependent dipole
function and a reliable isotropic potential model, the rototranslational absorption spectra of free and
bound H,-Ar pairs are computed from an exact quantum formalism. Both the spectral profile and
absolute intensity of the ab initio spectra are shown to be in agreement with Dore and Birnbaum’s
recent measurement. The work demonstrates once more what was seen previously for the He-Ar
and H,-He far-infrared absorption spectra, namely that the precision attainable in such ab initio
computations matches or exceeds that of the best available measurements of the same spectra
[Meyer and Frommbhold, Phys. Rev. A 33, 3807 (1986), and Phys. Rev. A 34, 2771 (1986).

I. INTRODUCTION

The atmospheres of the outer planets consist of hydro-
gen (H,), with small admixtures of mostly infrared-
inactive species such as He, CHy, Ar, etc. In the infrared,
the dominant spectral features thus arise from induced di-
poles of collisional pairs, like H,-He, H,-H,, etc. The ex-
perimental study of such collision-induced absorption
(CIA) spectra is rather difficult at the temperatures en-
countered in planetary atmospheres, and the few existing
laboratory measurements of such spectra have been taken
at fixed temperatures, like 77.4 or 195 K. Therefore, for
the study of these atmospheres, it is necessary to model
the CIA spectra from theory. This requires the
knowledge of the interaction potential and collision-
induced dipole moment. While for the modeling of the
interaction potential useful spectroscopic, scattering, bulk,
etc., data usually exist, an accurate dipole moment func-
tion is best derived from ab initio calculations.

Theortical attempts to determine collision-induced di-
pole moments have been reviewed by Meyer.! So far,
these have been restricted to the dissimilar pairs of noble-
gas atoms and the molecular pairs H,-He and H,-H,. Ac-
curate ab initio dipole moments which include the effects
of electron correlation have been communicated only re-
cently for He-Ar (Ref. 2) and H,-He (Ref. 3). The spectra
computed on the basis of the ab initio dipole moment
agree with the most dependable measurement within the
estimated experimental accuracy of ~10%. H,-Ar is
among the few collisional systems for which accurate CIA
spectra have been measured.* These may serve to further
probe the potential of theoretical predictions of the CIA
spectra. Furthermore, the H,-Ar system is of interest be-
cause argon has been suspected in planetary atmospheres.
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The H,-Ar dipole moment function is also of interest for
spectroscopic work with the bound H,Ar van der Waals
complex.’

In this work, we report the results of our ab initio cal-
culations of the induced dipole moment components for
various H,-Ar separations and H, orientations at the vi-
brationally averaged H—H bond distance. We will also
construct an analytical representation of the dipole mo-
ment function, obtain theoretical rototranslational CIA
spectra based on an advanced semiempirical, isotropic in-
teraction potential, and compare these with an available
measurement.

II. Ab initio DIPOLE MOMENT FUNCTION

The problems encountered in ab initio calculations of
the typically small induced dipole moments of collisional
complexes have been discussed in detail in previous work
on He-Ar (Ref. 2), H,-He (Ref. 3), and H,-H, (Ref. 6).
The present H,-Ar calculations follow closely the pro-
cedures used for H,-He which are described elsewhere.'>?
These may be summarized as follows. (1) Subsequent to a
self-consistent-field (SCF) calculation, the orbitals are
transformed to a localized form, in order to ascribe these
to one or the other collisional partner, to obtain a basis for
separating the intraspecies and interspecies correlation ef-
fects. (2) In a multiconfigurational (MC) SCF calculation,
the wave function is then augmented by the leading H,
double substitutions 102,—»10,,, 1775, and 202, in order to
account for the static multipole moments of H, adequate-
ly (e.g., the H, quadrupole moment is thereby reduced by
10% relative to the SCF value). (3) Electron correlation is
further included by considering all single and double sub-
stitutions of the above-defined MC function in a size-
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TABLE 1. Pertinent properties of Ar, H,, and H,-Ar at long
range, in a.u.

SCF CEPA Accurate
Ar a 10.51 10.88 11.067°
H, o 6.773 6.765 6.766°
a, 4,762 4.714 4.752°
9 0.525 0.480 0.485°
qs 0.359 0.333 0.353°
H,-Ar B,;© 9.70 9.20 9.29>®
Bys© 9.82 10.12 11.18>°

2A. Dalgarno and A. E. Kingston, Proc. R. Soc. London, Ser. A
259, 424 (1960).

dW. Kolos and L. Wolniewicz, J. Chem. Phys. 46, 1426 (1967);
G. Karl, J. D. Poll, and L. Wolniewicz, Can. J. Phys. 53, 1781
(1975); J. D. Poll and L. Wolniewicz, J. Chem. Phys. 68, 3053
(1978).

°Obtained by fitting the long-range part of the calculated dipole
moment function.

consistent, coupled-electron-pair approximation (CEPA-1,
Ref. 7). (4) At this level, basis-set superposition errors are
effectively avoided by restricting the orbital space used for
intrafragment correlation to the basis functions belonging
to a particular collisional partner. This is readily imple-
mented by using the self-consistent electron pairs tech-
nique®® (SCEP) which allows the use of different orbital
sets for different electron pairs.

The basis sets of Gaussian-type orbitals (GTO’s) em-
ployed for Ar and H, are identical with the ones used pre-
viously in the He-Ar and H,-He calculations,”> respec-
tively. Care has been taken that properties which deter-
mine the induced dipole moments, namely the static mul-
tipole moments of H,, the dipole polarizabilities of Ar
and H,, and the extensions of their electron distributions,
are accurately accounted for. From the results shown in
Table I, we conclude that at large separations the specified
wave function factors properly and describes adequately
the correlated fragments. From these data, and on the
basis of our experience with similar dipole moment calcu-
lations for stable molecules,!®~!? we estimate that the un-

certainty of our Hy-Ar dipole results are in the order of
2%.

All calculations have been performed for the mean
bond length of hydrogen, {7y )=1.449 bohr.!* This r-
centroid approximation effectively accounts for zero-point
vibrational averaging. At long range, this is quite obvious
from the information given in Table I, and at short range
we refer to the Hy-He results:® Although the exchange
terms as functions of ryy show a considerable curvature,
the dipole moments calculated at the mean bond length
were smaller by a mere 2% than those obtained from a vi-
brational average of a quadratic dipole function. Certain-
ly, for H,-Ar, this difference is even smaller because in
the critical range around the collision diameter, the dipole
moment is more clearly dominated by the induction
terms, due to the much larger Ar polarizability.

For each interfragment separation, dipole moments
have been calculated for three orientations of H,, namely
at the angles 0°, 45°, and 90° between the interfragment
and hydrogen axes. This allows a determination of the
four leading terms in the usual expansion of the dipole
moment function,'4!?

iR =225 4,,(nR)'S, C(AL 1;m,M —m)
v3&

m

XYPRYY-"R). ()

In this expression, the vector r connects the protons of H,
and R connects Ar with the center of H,; T and R are the
corresponding unit vectors while » and R denote the
norms of r and R, respectively. We note that for mole-
cules with inversion symmetry, the expansion parameter A
must be even. From the Clebsch-Gordan coefficient, Eq.
(1), it follows that the expansion parameter L differs by
no more than +1 from A; L is an odd integer. At long
range, one finds'*

Ay ri=a;VAFIR ™22 A3, =0, (2)

TABLE II. Calculated dipole moments in 10~ a.u. (CI stands for configuration interaction).

R ©.(0°) 1:(90°) u,(45°%) 1 (45°)
CI 5.0 60717 —3244 25851 —7912
5.5 32891 —5415 12223 —6709
6.0 18900 —5272 6001 —5336
7.0 7764 —3487 1874 —3179
8.0 4074 —2077 893 — 1906
9.0 2463 — 1268 547 —1210
SCF 5.0 68297 + 601 31771 — 7884
5.5 37620 —3195 15759 —6752
6.0 21820 —4038 8092 — 5405
7.0 8871 —3166 2588 —3261
8.0 4526 —2034 1143 —1979
9.0 2683 —1278 655 — 1258
Intramolecular CI 5.5 36419 —3862 15052 —5999
9.0 2560 —1223 620 —1211
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where a designates the argon polarizability and g, a mul-
tipole moment of Hj; for example, g, designates the hy-
drogen quadrupole moment. The short-range exchange
and distortion contributions are expected to behave ap-
proximately as an exponential function of R, similar to
the exchange repulsion energy.'®!” Vibrational averaging
yields the dipole expansion coefficients

W (R)={(v"| A3 (r,R)|v) . 3)

Since we assume a linear variation of the expansion pa-
rameters A;;(r,R) over the range of vibrational motion,
in the r-centroid approximation for the vibrational ground
state (v =v’'=0), we have

% (R)=A,,((0|r |O),R), ()

with (0|7 |0) = (ryu ) = 1.449 bohr.

The calculated dipole moments are collected in Table II
and the expansion coefficients By are given in Table III.
The latter are also displayed in Fig. 1. As expected from
the large Ar polarizability, the quadrupole induced term
BY is dominant over the whole range considered. At the
collision diameter, this term deviates from the pure long-
range expression, Eq. (2) and dashed curve marked 23/ in
Fig. 1, by + 13%, due to overlap effects which are negli-
gible at long range. This overlap contribution affects the
absorption mtensmes con51derably more than the pure
overlap terms BY and BY owing to the interference with
the strong long-range part.

For a more complete documentation, and also in order
to indicate the effects of electron correlation, we include
in Table II the dipole moments obtained at the SCF level
and, for two fragment separations, also those which result
when only intrafragment correlation is con51dered The
correlation effects on the leading terms BY and BY are
given in Table IV for these two separations. As in the
case of Ho% -He, intrafragment correlation affects the coef-
ficient B3 in a way as if the H, quadrupole moment were
reduced by 9% and the Ar polarizability increased by 2%
Somewhat surprlsmgly, correlation does not increase B
at shorter distances, in contrast to the effect found for
Ar-He.? On the other hand, interfragment correlation
reduces BY, considerably (~30% at 5.5 bohr), on account
of the rather large dispersion force in Hy-Ar.

For a convenient calculation of the spectral ggoﬁles, an
analytical form of the expansion coefficients Bj; is desir-
able. The numerical results can be described quite accu-
rately by a function of the form

TABLE III. Dipole moment expansion coefficients in 107°
a.u.
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FIG. 1. Induced dipole moment components as function of
separation, in atomic units. Curves are labeled AL; the letters /
and s indicate pure long- and short-range parts, respectively. (1
a.u.=8478X10"¥ Cm.)

B(R)=B™R~"+B%exp[a(R —Ry)+b(R —Ry)*] (5)

which is a slight generalization of the functional form
used by van Kranendonk;'* subscripts AL will be attached
to the B coefficients as needed. The value of R;z=6.0
bohr has been chosen to be close to the collision diameter
so that B'”) gives in essence the size of the exchange and
distortion dipole contribution at the collision diameter.
B™ accounts for the long-range induction or dispersion
contributions, with the value of n taken from the leading
term of this kind. It should be noted that the fit parame-
ter B'™ comprises contributions from higher-order terms
that are effective at distances from 7 to 9 bohr while the
damping of the long-range terms, which is relatively large
only for the dispersion term, is absorbed in the second
term of Eq. (5). The parameters of the fit are collected in
Table V. The input values of Table IV are reproduced
with an accuracy of better than 1%. As noted above, the
long-range coefficient B} obtianed from this fit is in ex-
cellent agreement with the value expected from the accu-
rately known properties of the separated systems (compare
Table II) and even the much smaller BY is reasonably
consistent with it.

TABLE IV. Correlation effects on the leading terms Bg? and
00 . —6
B 231N 10

R (bohr) BY BY BY B%
5.0 16537 17893 —7460 1179
5.5 6545 11666 —3362 619
6.0 2351 7897 —1504 332
7.0 122 4018 —311 108
8.0 —82 2281 —77 42

9.0 —351 1411 —17 20

By  BY  BY  BY
(R=5.5 bohr) (R=9.0 bohr)
V73agq, 10160 1416
SCF 9635 12279 15 1485
SCF + intramolecular CI 8911 11847 12 1425
SCF + intramolecular
and intermolecular CI 6545 11666 —51 1411
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TABLE V. Fit parameters of the B3}, Eq. (10), (with Ry=6.0 bohr), in a.u.

A L n B™ B©® a b

0 1 7 —278.846 0.003 3444 —1.888 —0.094
2 3 4 9.199 0.0007989 —1.422 —0.041
2 1 0 0.000 —0.0015006 —1.575 0.032
4 5 6 10.126 0.0001161 —1.576 —0.057

Table VI presents the SCF and CI interaction energies.
As is generally the case in CI calculations with a finite
basis, the dispersion attraction is underestimated consider-
ably. A defect of about 15% around the minimum of the
potential leads to a well depth which is only + of that de-
duced from spectroscopic information.® The root of the
isotropic potential is calculated at 6.16 bohr while the
semiempirical root is only 6.0 bohr. It is interesting to
note that the calculated isotropic potential intercepts the
semiempirical one at about 5 bohr, in spite of the sys-
tematic defect of the attraction. This indicates that the
latter potential is likely to be too repulsive for distances
shorter than 5.5 bohr. The SCF energies are in satisfacto-
ry agreement with Tang and Toennies’s repulsive energies
derived from their semiempirical potential model.'® The
anisotropy of the theoretical potential, which is usually
less affected by the defect of the dispersion forces, is in
reasonable agreement with the semiempirical anisotropy.
In the well region, the calculated anisotropy is slightly
smaller than that of LeRoy et al.' deduced from spectro-
scopic data; it nearly coincides with that of Reuss and
Zandee based on scattering experiments.’® On the other
hand, in the repulsive region it rises more steeply with de-
creasing separations R than the latter potential and sup-
ports the stronger anisotropy derived by LeRoy.!®!°

TABLE VI. Interaction energies (10~° hartree).

R (bohr) 0° 90° 45°
5.0 7275° 55142 63432
5223° 3613° 4118°
5.5 29952 2261° 2609*
1675° 1096° 1359°
3293° 3263¢ 2791¢
6.0 1209* 910.8% 10532
370.0° 194.7° 272.6°
7.0 187 140.1° 162.9*
—150.9° —136.3% —144.7°
8.0 26.9* 19.6* 23.12
—117.1° —94.1° —105.6°
9.0 2.9 2.28
—63.2° —47.9°
2SCF.

°CEPA-1, intermolecular + intramolecular CI.
°CEPA-1, intramolecular CI only.

III. ROTOTRANSLATIONAL SPECTRA

Collision-induced dipole spectra of the H,-Ar complex
have been measured in the forbidden rotational,* funda-
mental, and overtone® hydrogren bands as the enhance-
ment over the CIA H,-H, spectra arising from the addi-
tion of argon. As a test of the induced dipole data, we
will compute the rototranslational spectra of H,-Ar in the
far infrared, near the hydrogen rotational lines Sy(J),
J=0,1,2,..., for comparison with the recent measure-
ments of Dore and Birnbaum,* using a rigorous line-shape
formalism discussed elsewhere.?!

A meaningful computation of a spectral line shape re-
quires a potential model which describes the interactions
accurately at close range, roughly where the separation R
is comparable to the collision diameter ¢. Since the aniso-
tropy of the H,-Ar interaction is small, we use the isotro-
pic potential approximation, an enormous simplification
of the line-shape computations.?""?> Recent investigations
by Schifer”® and Moraldi et al.** have indicated that the
anisotropy of the H,-He interaction potential, which is
comparable to that of the H,-Ar pair, affects CIA line
shapes discernibly only in the far wings which are here of
lesser interest. For our work, we choose the isotropic part
of the BC3 potential'® which is one of the most advanced
H,-Ar potential models presently available. It is of the
Buckingham-Corner form, with dispersion damping at
near range. It is based on spectroscopic and reliable
theoretical data at near and distant range. It is also con-
sistent with beam scattering data.'*?

The results of the line-shape computations are shown in
Fig. 2. The isotropic overlap-induced component, AL
=01, is relatively weak and significant only at low fre-
quencies. This is in striking contrast to the case of the
analogous H,-He spectra where the 01 component is rela-
tively prominent, see Figs. 2 and 3 of Ref. 21. However,
we note that on an absolute intensity scale, the 01 com-
ponents of H,-He and H,-Ar are of similar magnitude,
and the real difference between the spectra of the two sys-
tems is related to the high polarizability of argon which
for the pair H,-Ar enhances the rotational H, lines by al-
most 2 orders of magnitude. In fact, the quadrupole-
induced component of H,-Ar completely determines the
appearance of the spectra and differs from the total only
at low frequencies, where the 01 component is of compar-
able magnitude (dashed curves). The anisotropic 21 com-
ponent amounts to less than 2% of the total intensity
everywhere, and the 45 component is even less important
except at the highest frequencies where feeble U lines
(AJ=4) occur (not shown).
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FIG. 2. Rototranslational absorption coefficient a(w) of

H,-Ar at 195 K. The position of the forbidden rotational hy-
drogen lines, Sy(J) with J=0, 1, and 2, are shown. Components
AL=01 and 21 are sketched lightly; the 23 component is shown
(dashed) only where it is different by more than a few percent
from the sum of the 01, 21, and 23 components (marked total).
Dots represent Dore and Birnbaum’s measurement (Ref. 4). We
note that the spectroscopic features of the van der Waals di-
.mers, which occur near the peaks of the rotational hydrogen
lines, have in this figure been flattened by convoluting the dimer
contributions with a triangular slit function of 10 cm~! full
width at half maximum.

We note that the H,-Ar complex forms dimers. There-
fore, for the computation of the spectra, we consider
bound as well as free complexes of H,-Ar. The free-free
transitions of H,-Ar pairs are superimposed with bound-
free and bound-bound components as the excellent mea-
surements of Welsh and associates have shown.?6—23
However, such dimer spectra are known from observation
only in the fundamental and overtone bands of hydrogen.
Theory indicates their presence also in the pure rotational
lines.?>2%3% These have as yet not been seen in the labora-
tory, presumably because of the low resolution (> 10
cm™!) and high densities ( >40 amagats) typically em-
ployed. These dimer spectra will be described next.

With the BC3 intermolecular potential model'® in the
isotropic potential approximation, the H,-Ar dimer
features six rotational levels (I =0,...,5) in the vibra-
tional ground state (v=0), one rotational level (/=0) in
the vibrationally excited state (v=1), and three prominent
scattering resonances at /=6, 7, and 8 which may be con-
sidered an extension of the rotational levels of the ground
state (v=0). For each AL component, we have a specific
dimer spectrum near zero frequency, and also around the
centers of the rotational hydrogen Sy(J) lines. Of these,
only the AL =23 component is significant near the centers
of the S¢(J) lines. For this component, the selection rules
are Al==1,+3. The bands with Al=+1 and +3 ap-
pear at positive frequency shifts, and the Al =—1,—3
bands at negative frequency shifts relative to the line
centers of the hydrogen Sy(J) lines [354 and 587 cm ™! for
S50(0) and S(1), respectively].

Figure 3 shows a computed dimer spectrum. The spec-
tral function g,3;(w) is plotted, which is related to the ab-
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FIG. 3. The spectral function g,;(w) at small, positive fre-
quency shifts (“blue wing”). The spectral components arising
from free-free (f-f), bound-bound (b-b), and bound-free and
free-bound (b-f) transitions, as well as their sum (marked “to-
tal”), are given. The bound-bound features are here convoluted
with a triangular slit function of 1 cm~! full width at half max-
imum.

sorption coefficient a(w) according to?!

a(w)~-‘}ﬂ'—2n npo |1—exp—12
=3 e PoT
X 2 (2.7+1)P1g23(a)——w”r) (6)
T

in the vicinity of the rotational S(J) lines of hydrogen.
The wy; are the hydrogen rotational transition frequen-
cies. We see that for a given rotational line Sy(J), the
spectral function g,; and absorption coefficient a are
practically proportional over the small-frequency band
shown in Fig. 3. Only positive frequency shifts, i.e., up-
ward transitions, are shown. Downward transitions occur
at negative frequency shifts and the spectrum shown in
Fig. 3 must be supplemented by its approximate mirror
image, with intensities slightly adjusted at negative shifts
according to the principle of detailed balance.?! Besides
the transitions from free states to other free states (labeled
f-f), the bound-to-bound (b-b) and bound-to-free and
free-to-bound (b-f) transitions are shown; all bound-
bound lines are convoluted with a triangular slit function
of 1 cm~! full width at half maximum.

The Al =+1 band consists of four bound-bound lines
at 2.2, 3.3, 4.4, and 5.3 cm ™!, plus three bound-free lines
at 6.1, 6.8, and 7.4 cm ™! involving the predissociating di-
mer states with /=6, 7, and 8. All of these lines are not
resolved but their envelopes are discernible at small fre-
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quency shifts. The Al =43 band, on the other hand,
consists of three lines at 6.7, 9.9, and 13 cm™! (b-b), plus
three bound-free transitions at 15.9, 18.2, and 20 cm~ L,
These are discernible in the figure. - Vibrational dimer
transitions are not significant. At higher frequency shifts
>20 cm™!, an unstructured bound-free continuum is ob-
served with an intensity of initially ~20% of the free-free
contribution at 20 cm ™! shift. With increasing frequency
shift, this continuum falls off faster than the free-free
component and is insignificant at a shift of ~60 cm~! or
more. The intensities arising from transitions involving
dimer states amount to almost 20% at the centers of the
hydrogen S,(J) lines when convoluted with an instrumen-
tal profile of 10 cm™! or more half width. Such convolu-
tion flattens essentially all dimer structures and demon-
strates that the dimer contributions to the CIA spectra are
significant, even at low resolution.

Summarizing, the comparison of the ab initio spectra
with the measurement (dots, Fig. 2) is very satisfactory
once the theoretical dimer structures are flattened by
simulating low spectral resolution. We note that the com-
parison, Fig. 2, is on an absolute intensity scale and no ad-
justable parameters have been used anywhere.

IV. CONCLUSION

As observed previously for the collision-induced dipoles
of the He-Ar and H,-He systems,”> the dipole moment of
the H,-Ar pair can be obtained accurately from the funda-
mental theory using state-of-the-art quantum-chemical
computational procedures. When the ab initio dipole data
are employed for a computation of the rototranslational
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CIA profiles both, intensity and shape agree with the mea-
surement.* Since spectral intensities are proportional to
the square of the dipole moment, the observed agreement
within the estimated experimental uncertainty of ~10%
would suggest that the computed dipole strengths are ac-
curate to better than 5%. Our theoretical estimate sug-
gests an even better accuracy (+2%) of the computed di-
pole strengths. In conjunction with an accurate interac-
tion potential, the theoretical dipole components obtained
here permit the computation of rototranslational CIA
spectra of H,-Ar which are at least as accurate as the best
measurements of such spectra presently available. This
fact is of interest for the modeling of planetary atmo-
spheres for which CIA spectra need to be known at a
variety of temperatures which usually differ from those of
the existing laboratory measurements.

The work also predicts the (low-resolution) rotational
spectra of H,Ar van der Waals dimers which have hither-
to not been observed in the laboratory in rototranslational
spectra. Similar dimer spectra are also expected in the
microwave region.
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