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The binary isotropic and anisotropic collision-induced light scattering spectra of gaseous methane at
room temperature are analyzed in terms of a recent ab initio intermolecular potential and
interaction-induced pair polarizability trace and anisotropy models, using quantum line-shapes
computations. The translational spectra at relatively low frequencies are determined largely by the
effects of bound and free transitions. At intermediate frequencies the spectra are sensitive to both the
attractive part of the potential and the short-range part of the polarizability trace and anisotropy. The
high frequency wings are discussed in terms of the collision-induced rotational Raman effect and
estimates for the dipole-quadrupole polarizability A and the dipole-octopole polarizability E are
obtained and checked with recent ab initio theoretical values. © 2009 American Institute of Physics.
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I. INTRODUCTION

Interaction-induced Raman spectra permit detailed stud-
ies of certain interatomic properties. The spectra are shaped
by two quantities: the interaction potential and the
interaction-induced polarizability (i.e., the excess polariz-
ability of two interacting atoms over the sum of polarizabil-
ities of the noninteracting atoms). In the past, mostly the
spectra of dense gases have thus been studied.'”

For most rare-gas pairs, highly refined interatomic po-
tential models exist, so that such measurements permit a de-
termination of the induced polarizabilities of atom pairs.
Here we are concerned with the collision-induced (CILS),
isotropic and anisotropic Raman spectra of dense methane
gas. The main features of the Raman spectra of this molecule
have been reported in the past.4_6 Recent measurements from
a few cm™' up to 900 cm™' with a higher resolution have
been added for studying more closely the low-frequency part
of the spectra (below 10 cm™!, where discernible bound
dimer features appear superimposed with the Raman transi-
tions of the free pairs).7 Such a spectrum, recorded at a tem-
perature of 294.5 K, will be analyzed here with the goal of
developing refined models of the relevant interaction-
induced properties, which permit an accurate reproduction of
the observed spectrum from line-shapes calculations.

CH, is an ideal molecule for such an investigation as its
spectra contain features that highlight several aspects of in-
duced scattering. The spectra consist essentially of an in-
tense, purely translational component and a weaker induced
rotational wing. Effects due to scattering by bound
dimers®* ' and to the quantum nature of the collision
dynamics11 are expected to become increasingly important to
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the translational component for light molecules. Induced
rotational Raman scattering was first identified in the CHy
spectrum.]2 It is a particularly propitious example in that the
rotational wing clearly extends beyond the translational com-
ponent over a broad frequency range; for this reason the two
contributions may then be studied independently.

The leading term in the pair polarizability, which gives
rise to the translational scattering by spherical molecules, is
due to the first-order dipole-induced dipole interaction. Small
intermediate- and short-range overlap contributions also play
a role.” Induced rotational scattering has been interpreted by
means of pair-polarizability terms, which arise from a long-
range interaction mechanism involving higher-order multi-
pole polarizabilities, such as the dipole-quadrupole polariz-
ability A and the dipole-octopole polarizability E.'* This
paper assesses the validity of these models and the concomi-
tant choice of parameter values in the description of the ex-
perimental spectra.

For all computations of intensities and profiles, the inter-
molecular potential plays an important role. The recent
ab initio potential energy surface of Hellmann et al.” is the
most accurate available. It is based on supermolecular
coupled-cluster calculations for 17 different angular orienta-
tions with 16 center-of-mass separations for each orientation.
The methane monomers were assumed to form rigid regular
tetrahedrons corresponding to the zero-point vibrationally
averaged geometry. An analytical site-site potential function
with nine sites per monomer was fitted to the calculated in-
teraction energies. The potential function also includes a
semiempirical correction for zero-point vibrational effects.
This potential was utilized to calculate the second pressure
virial coefficient," as well as transport and relaxation prop-
erties of dilute methane gas.m’15 For most of the calculated
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FIG. 1. Intensity of the two-body isotropic light scattering spectrum at
T=294.5 K of CH, gas plotted as a function of frequency shifts. Calcula-
tions were performed with the recent ab initio intermolecular potential given
in Ref. 13. Theoretical curves are provided for several contributions using
ap=2.642 A3, A=0.68 A% and E=0.9 A’

properties, very good agreement with the best experimental
data was found.

Il. LIGHT SCATTERING SPECTRA

The measurements and calculations of the CH;—CH,
light scattering spectra have recently been fully repor‘[ed.7
For purposes of completeness, some details are repeated
here. Collision-induced light scattering refers to scattering
from clusters, here pairs, of interacting isotropic molecules.
The spectral feature of interest is a broad depolarized band
about the Rayleigh line. The experimental setup is that typi-
cal of laser Raman spectroscopy. Excitation radiation was
from an argon-ion laser operating on 514.5 nm at 1 W. The
absolute calibration of each measured spectrum was per-
formed by means of three intense consecutive rotational lines
of hydrogen.16 In order to increase the statistical accuracy an
increasing spectral slit width was used, at increasing fre-
quency shift, for the weak tails of the nearly exponential
CILS spectra. The polarizations of the laser beam are per-
pendicular and parallel to the scattering plane, that is the
plane defined by the incident and the scattered beams. The
intensities of the scattered light are then referred to as 7, (v)
and /(v) and constitute the polarized (which is related to the
isotropic spectrum) and depolarized (anisotropic) spectrum,
respectively.

The intensity of the collision-induced light scattering
I(v) at each frequency v for densities less than 2 mol/l may
be expressed by a virial expansion in the density p,

I(V)=I(2)(V)P2+I(3)(V)p3+ cee (1)

where I® and I relate to the two- and three-body correla-
tion spectra, respectively. The two-body isotropic and aniso-
tropic spectra of CH, gas at 7=294.5 K are shown in Figs. 1
and 2.

lll. THE SPECTRAL LINESHAPE AND ITS MOMENTS

In this section the calculations of the experimental quan-
tities are described. The Monchick—-Mason approximation,17
which neglects the effects of inelastic transitions on the rela-
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FIG. 2. Intensity of the two-body anisotropic light scattering spectrum at
T=294.5 K of CH, gas plotted as a function of frequency shifts. Calcula-
tions were performed with the recent ab initio intermolecular potential given
in Ref. 13. Theoretical curves are provided for several contributions using
ap=2.642 A3, A=0.7 A% and E=1.25 A,

tive kinetic energy is applied as a check in the computation
of the CILS profiles. At moderate densities, the CILS spectra
are determined by binary interactions. They consist of purely
translational scattering, which includes scattering due to free
pairs and bound dimers, and of the induced rotational scat-
tering. The pair polarizability trace and anisotropy giving
rise to the translational scattering contributions of the isotro-
pic and anisotropic light spectra in the case of inert gases and
spherical top molecules are given by18

A 20a°C -
a(r)= 8+ == —4, exp(— ’ "), 2)
r r r,
6a. A 24a.C r—o
ﬁ(l‘)= 3t 5+ 5 —80CXpl— > (3)
r r r ro
With4’19_23
A6 = (4“2 + g'yc6/a0) N (4)
and
A= (602 + yCe/3a,). (5)

Here, a, and vy designate atomic polarizability and hyperpo-
larizability, respectively, Cg is the dispersion force coeffi-
cient, C is the quadrupole polarizability, and o is the separa-
tion distance at which V(r)=0. The values of the parameters
used here are as follows:'***%

a,=17.828 a.u., y=3079.2 a.u.,, C=60.45 a.u.,

Ce=129.6 a.u., and 0=6.93341 a.u.

The other parameters have been determined by fitting to
the total integrated intensities as ¢,=0.0278 a.u. and
r,=0.671 au. for the trace and g,=0.091 a.u. and
r,=0.735 a.u. for the anisotropy.

A purely long-range interaction mechanism, involving
the participation of higher-order polarizabilities, has been in-
voked to account for induced rotational sc:attering.12 Contri-
butions from the dipole-quadrupole polarizability A and the
dipole-octopole polarizability E for methane symmetry give
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the intensity of the observed rotational spectra with the pre-
dictions of the mean square polarizability models in the case
of the isotropic and anisotropic spectra as
() = (@ + @) + Faa)’r ™ + 1 (a1 Ar)?
+ (A )8+ 2((0411*32)2 + (K )?)r "
+ 25 (A1 A0+ TH(A Ey) + (AE))r 2
815()95l (E E2)2)r T, (6)
<ajzcz> = %(al%)zr—s + %((alAz)z + (A )t
u((6“1132)2 +(mE))r 0+ 637_92152((1\11‘2)2)”_10
232 2 2),-12, 5863 2y 14
((AIEZ) + (AZEI) ) 105 (ElEZ) )V
+ e (7)
The angular brackets (- --) denote an average over all orien-
tations of the intermolecular and molecular axes.
The various terms in Egs. (6) and (7) give rise to the

following selection rules on the total angular momentum
quantum number J:

a,-Aj, AJI'=O, AJJ=O,i1,i2,i3, Jj+‘],j23’
aiEj, A]i=0, A]]=0,il,i2,i3,i4
Ji+J' =4,
AiAj’ A]l=0, + 1, + 2, = 3,

Ji+J =3,
AJ=0,+1,%2, *3, ,

Ji+J' =3,

Ji+J'; =3,
AJ;=0,%1,%+2,+3,+4 ,
Ji+J' =4,

Ji+J =4,
AJ;=0,%£1,£2,+3,+4 ,

Ji+J' =4
For CH,-CH, interactions «;
E,=E,=E.

The quantum theory is applied for the accurate compu-
tation of the CILS absolute translational intensities of the
methane pairs. Numerically, this is done by means of the
propagative two-point Fox—Goodwin integrator,ze”27 where
the ratio of the wave function, defined at adjacent points on a
spatial grid, is built step by step.

Concerning our problem, binary isotropic and aniso-
tropic spectra are computed quantum mechanically as a func-
tion of frequency shifts v at temperature 7 by using the
expressionszg*31

=ar=0Qp, A] =A2=A, and
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Jmax Eax
[iso(v) =hC7\3k§ E (27 + 1)J |<¢E',J'|a| ¢E,J>|2
J=0,J even 0
E
Xexp(— —)dE, (8)
kpT
2 ]max
Ianiso(y) = _hC)\Skg E glbj/(ZJ"' 1)
15 J=0,J even

E,
Xf e | Bl ¢EJ>|2€XP< )dE 9)
0

The symbol kg stands for the Stokes wave number of the
scattered light, 4 is Planck’s constant, and c¢ is the speed of
the light. The constant A accounts for the thermal de Broglie
ANt A ace
wavelength, N=h/\2mukgT, with w as the reduced mass of
(CHy), and kg as Boltzmann’s constant. The symbol ¢,
designates the scattering wave function and E,,, the maxi-
mum value of the energy that is required to obtain conver-
gence of the integrals. In these expressions, a=a(r) and
B=p(r) denote the trace and anisotropy of the quasimole-

cule, g; the nuclear statistical weight, and b 7 are intensity
factors involving the rotational quantum numbers J and J' of
the initial and final states, respectively.

With the spectral intensities Iy, (v) and I,,;,(v) in cm® as
input and through the following analytical expressions, we
are able to deduce the isotropic moments,32’33

My = J o (r)exp(= U(r)/kyT)4ardr, (10
Vv

2
Mi° = (Zk_BT)f (da’_(r)) exp(— U(r)/kgD)4mr*dr
\4

M dr
(11)
e ]
My°=|— 4 exp(= U(r)/kgT)
M v
X(dza(zr) r(3d2a(2r)r+ da(r) (2 ~ rdU(r)/dr))
dr dr dr kgT
da(r)(dza(r) ( rdU(r)/dr) da(r)
rl2- +
dr dr? kgT dr
2
><<8— rdU(r)/dr+(rdU(r)/dr) )))dr, (12)
kgT kgT
and anisotropic moments,’
Mgniso = f B* exp(= U(r)/kgT)4mr2dr, (13)
14
(B ()42
5u/Jy dr r
Xexp(— U(r)/kgT)4mr’dr, (14)
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TABLE I. Different contributions from bound, free and rotational isotropic, and anisotropic zeroth-order M, second-order M, and fourth-order M, moments
of CH, gas at 7=294.5 K deduced from experiment and theory using different intermolecular potential models. Also, the comparison between the calculated
and experimental values of the second dielectric constant B, and the second Kerr coefficient By are shown.

Potential
LJ (12-6)° RMK" PA® ab initio® Experimental
Moments Iso. Aniso. Iso. Aniso. Iso. Aniso. Iso. Aniso. Iso. Aniso.
Mg(A%) 0.021 37.96 0.0193 32.13 0.0224 33.023 0.0174 27.1
Mop(A%) 0.1093 181.44 0.1014 181.0 0.1143 185.3 0.1063 180.7
Mor(A%) 1.474 1.513 0.562 1.67 1.8823 1.126 1.219 1.33
Mo(Ag) 1.604 220913 0.683 214.8 2.019 219.45 1.343 209.1 192.24 +10°
M,g(A%/s?) 1.463 273.62 1.34 148.34 1.594 166.16 1.217 59.5
M,p(A%/52) 7.681 3879.48 7.03 3870 8.204 3983.04 7.479 3674.9
Mor(A%/s?) 1573.4 1902.7 451.6 2109.5 2105.4 1267.5 1508.7 15514
M, (A%/s%) 1582.5 6055.8 459.97 6127.84 2115.2 5416.7 1517.4 5285.8 5310.07 = 65°
Mg(A%/s%/10° 0.035 0.825 0.0294 0.39 0.031 0.405 0.075 2.0
M (A% /100 0.142 6.875 0.176 6.71 0.178 6.785 0.209 5.94
M r(A%/s%)/10° 10.3 79.6 10.3 83.3 5.8 47.03 8.5 60.6
M (A%/s%/10° 10.48 87.3 10.51 90.4 6.0 54.22 8.78 68.54 68.61 +5.92°
B, (cm®/mol?) 7.24 7.043 7.043 7.03 7.29+0.32
7.03 6.85 6.86 6.77 6.75+0.29¢ ..
Bi(C?> m® J72) x 10 33.8 32.9 33.6 32.0 39+ 5t

“Reference 37.
PReference 39.
“Reference 38.
9Reference 13.

o [T 22
o422) 3 w2
B 22
)-8

2
X (ﬁ» )exp(— U(r)kgT)rdr,

dr (13)

where N\ denotes the laser wavelength and U(r) is the inter-
atomic potential. These results were compared with the ex-
perimental moments obtained from the isotropic and aniso-
tropic intensities of the light scattering spectra,332

My,= | Qmcv)"l,(v)dv,

—00

(16)

0

My, = | Qmev)Lyo(v)dv.

—o0

(17)

An effective means for checking the validity of the in-
duced trace and anisotropy models is to compare the com-
puted second dielectric virial coefficient B, and second Kerr
virial coefficient By with the experimental ones. This is done
by using the following formulae: 3435
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“References 5 and 7.

‘At T=3225 K.

€At T=373.4 K. Reference 40.
"At T=292 K. Reference 41.

By = %Nif a(r)exp(— U(r)/kgT)r*dr, (18)
\%4
K 405kBTN f f B(0,r) B(w,r)exp(= U(r)lkyT)rdr,

(19)

where B(0,r) and B(w,r) are the anisotropies of CH, for
static dipole polarizability a(w=0)=a,=2.642 A3 and di-
pole polarizability at (w>0)=a=2.6064 A33°

The total theoretical intensities of the isotropic and an-
isotropic light scattering spectra are the sum of the transla-
tional spectra due to the transitions of bound-bound, bound-
free, and free-free states and rotational spectra. In order to
calculate the line profiles and the associated moments, the
intermolecular potential is needed. Results with different po-
tentials can be compared with experiment to assess the qual-
ity of the potentials. In this paper we consider the different
empirical and more recent ab initio potentials.wmf39

Comparisons between the calculations and experiments
are shown in Figs. 1 and 2 for the intensities of the isotropic
and anisotropic light scattering spectra of CH, and Table I
for the first few even moments of these profiles. Also, the
comparisons of the calculated and experimental values of the
second dielectric constants and second Kerr coefficients are
shown in Table I.

Concerning the multipolar contributions of single A,
double A, single E, A and E, and double E transitions,
different values of the dynamic independent tensor compo-
nents A and E may be used to fit the experimental isotropic
and anisotropic intensities in the frequency ranges
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TABLE II. Values of the independent components A and E of the dipole-quadrupole and dipole-ctopole

polarizability tensors, respectively, for the CH, molecule.

A E
Present work Method (A% (A%
Theory
Buckingham and Tabisz" Bond polarizability model 1.0 —1.0
Amos® Ab initio (CI) 0.74 0.76
Diercksen and Sadlej* Ab initio (SCF) 0.76 0.81
Fowler et al.® Ab initio (RPA) 0.81 0.84
Maroulis® Ab initio [CCSD(T)] 0.71 0.78
Experiment

Shelton and Tabisz" 1.0 25
Penner et al.® 0.88+.05
Isnard et al." Virial coefficient 2.35
Rajan and Lalita' NMR 2.71
Buck et al Proton spin relaxiation 0.89
Barocchi et al® Anisotropic CILS spectrum 0.88 2.5
Meinander et al.' Anisotropic CILS spectrum 0.75 2.7
Bancewicz et al.™ Isotropic CILS spectrum 0.7+5) 0.6*.0.6

CH, isotropic spectrum
This work using ab initio potential” 0.68+0.5 0.9+0.3

CH, anisotropic spectrum

using ab initio potential® 0.7%0.08 1.25*0.5

“Reference 12.
PReference 42.
“Reference 43.
dReference 44.
‘Reference 45.
'Reference 46.
fReference 47.

180-900 ¢cm™! and 230-900 cm™!, respectively. Figures 1
and 2 suggest that there are choices of A and E for which the
theoretical and experimental isotropic and anisotropic spec-
tra fit the best: A=0.68 A* E=0.9 A> and A=0.7 A%
E=1.25 AS respectively using the ab initio potential.13 Also
in Table II we reported the theoretical and experimental
values of these coefficients from the bond polarizability
model, virial coefficient, NMR and molecular beam
scattering,12’42744’46750 and those recently calculated ab initio
by Maroulis [i.e., his “best or recommended” CCSD(T) val-
ues taking into account electron correlation corrections].** It
is immediately apparent from the comparisons in Figs. 1 and
2 and Tables I and II that the ab initio potential13 is superior
to the LJ,*” PA,*® and RMK (Ref. 39) potentials.

IV. CONCLUSION

The present study further demonstrates that the ab initio
potential by Hellmann et al.” is a very good representation
of the intermolecular potential of methane gas. The profiles
of the two-body isotropic and anisotropic collision-induced
light scattering spectra at 7=294.5 K can be accounted for
by a calculation employing a classical trajectory to simulate
the collision. The significant contributions to the spectra by
bound dimers are found to be essentially the same as that
arrived at by full quantum mechanical calculations. At high
frequencies we show that most of the intensities may be at-
tributed to multipolar contributions involving the dipole-
quadrupole A and dipole-octopole E polarizability tensors.
Moreover, the very broad frequency range probed by

hReference 48.
'Reference 49.
JReference 50.
¥Reference 5.

'Reference 6.

"Reference 7.
"Reference 13.

Bancewicz et al. provides enough information to deduce val-
ues for the independent components of A and E. This is
confirmed by the good agreement between our fitted values
from spectra and the one computed ab initio by Maroulis.*’
In conclusion, this work shows that when high frequency
intensities are observed CILS is a suitable technique for
studying multipolar contributions in tetrahedral molecules.
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