A comparative study of CO,—Ar potential surfaces
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Twelve potential energy surfaces that have been proposed for the CO,—Ar interaction have been
considered in detail. The anisotropies of these surfaces are compared and their ability to predict the
interaction second virial coefficient as a function of temperature has been examined. Intermolecular
bending and stretching quadratic force constants predicted by each and the mean square torque
calculated for each are compared with the experimental values. Quantum diffusion Monte Carlo
simulations provide the average rotational constants and geometry for the ground vibrational state
as well as the dissociation energy in each case. These are compared with the experimental values.
Classical trajectory calculations were carried out to obtain 45 types of thermal average cross
sections for six of these surfaces. Various thermophysical properties such as mixture viscosity,
mixture thermal conductivity, and diffusion coefficient, calculated from these cross sections and the
NMR relaxation cross sections, are compared with experimental data. It is found that the
spectroscopic constants define the depth and shape of the well at the global minimum, whereas the
NMR cross sections and mean square torque probe the anisotropy in a broader sense. The
thermophysical properties (viscosity, diffusion coefficient, and thermal conductivity) are not
strongly discriminating between the surfaces, whereas the temperature dependence of the second
virial coefficient detects the weaknesses in the low and upper repulsive walls of those surfaces that
were modified specifically to improve greatly the shape of the well so as to reproduce the

spectroscopic constants. © 1996 American Institute of Physics. [S0021-9606(96)01439-0]

I. INTRODUCTION

There is considerable current interest in the CO,—Ar sys-
tem, a good model system for understanding the interactions
between an atom and a linear triatomic molecule and energy
transfer dynamics. Originally, scattering data and potential
energy surface calculations predicted a T-shaped equilibrium
geometry.? The Ar-CO, van der Waals complex was first
identified by Steed, Dixon, and Klemperer, who confirmed
the T-shaped configuration by molecular beam electric reso-
nance spectroscopy.® The dipole moment of this complex has
also been determined precisely from a measurement of the
Stark effects on the rotational transitions. From the centrifu-
gal distortion constants the force constants for the stretch and
bend of the weak bond were obtained. The vibrational fre-
quencies corresponding to these were calculated by normal
coordinate analysis.> The ground state rotational constants
obtained by optothermal infrared spectroscopy were in good
agreement with those reported by Steed, Dixon, and Klem-
perer and the stretch and bend harmonic frequencies derived
were 37.5 and 29.4 cm ™~ .* The observation of the vibration—
rotation spectra for rare-gas CO, clusters in the vicinity of
the CO, asymmetric stretching band in the infrared permitted
a more accurate determination of the A rotational constant as
the ir transitions provide direct information on A via transi-
tions that are microwave forbidden.® The van der Waals
bending frequency (27.8 cm™1) has been determined experi-
mentally by observation of the combination band of the
asymmetric stretch of the CO, and the intermolecular bend.®
The photofragment angular distributions resulting from vi-
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brational predissociation of the CO,—Ar complex from both
members of the (101)/(02°1) Fermi diad have been reported.”
Since all of the angular distributions must be accounted for
by the same value of the dissociation energy, the assignment
of the final state distributions in this work has permitted the
determination of the an accurate value for the dissociation
energy of the complex. D,=166 cm™ ! yielded an energy
level pattern which was consistent with the experimental
results.” Earlier estimates of D, based on microwave
spectroscopy* and molecular beam scattering.® ranged from
136 to 220 cm L.

Broadening coefficients for individual vibration—rotation
lines of CO, in Ar have been measured experimentally by
Joyner et al.” Measurements of spectral moments of the in-
frared vibration—rotation bands of CO, provided the mean
square torque as a function of Ar density,*® and the collision-
induced absorption of CO, in Ar originating from the dipole
moments induced in the pair have been observed,!** pro-
viding the temperature-dependent spectral moments of the
low density absorption coefficient which are spectral invari-
ants, depending on the pair dipole moment and intermolecu-
lar potential. The interaction second virial coefficients have
been measured over a range of temperatures,!*!® and the
usual thermophysical properties (mixture viscosity'®’ and
thermal conductivity'®) have been reported as a function of
composition and temperature, and diffusion coefficients as a
function of temperature.’®-2? Several potential energy sur-
faces (PES’s) have been proposed and fitted to one or more
of these observables,™"?*=%* but a comprehensive compari-
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son of these potential surfaces with respect to their predic-
tions of thermophysical properties and spectroscopic data has
not yet been presented.

In this article, we compare the ability of these potential
surfaces to predict experimental interaction second virial co-
efficients, diffusion coefficients, mixture viscosity, thermal
conductivity, NMR relaxation cross sections, mean square
torque, average rotational constants, intermolecular bending
and stretching force constants, harmonic frequencies for the
intermolecular bending and stretching, and dissociation en-
ergy for the Ar—CO, complex. We use a combination of
classical trajectory calculations and quantum diffusion
Monte Carlo techniques to investigate these various experi-
mental observables, all of which are sensitive to the intermo-
lecular potential surface in different ways. We also use close
coupling calculations on one PES at a very low total energy
to provide a check on the classical trajectory results.

Il. METHODS

A. Classical calculations of the collision cross
sections

McCourt and co-workers have provided a detailed deri-
vation of the collision cross sections related to the transport
and relaxation properties which are used in testing nonreac-
tive potential surfaces.>**? From the Boltzmann equation, the
Chapman—Enskog procedure® can be used to obtain classi-
cal definitions of the kinetic theory cross sections (see also
Refs. 34 and 35). The nomenclature used to label the colli-
sion cross sections specifies the nature of the collisional pro-
cess which contributes to the phenomenon. In general, a col-
lision or effective cross section is given by

6( pI q/ S/ t/ k/) .
p' q" s" t'] k'),
The indices p,q,s,t represent the precollisional (primed) and
postcollisional (unprimed) tensorial ranks or powers of the
microscopic polarizations which are coupled. p denotes the
p-fold tensor and product of the reduced peculiar velocity
W=(m/2kgT)Y2(v—v,), for a gas flowing with velocity v,
and g denotes the tensorial rank in the molecular angular
momentum j. The s and t indices denote the scalar depen-
dences of the cross section on the translational and reduced
rotational energy. The various k’s label to which collision
partner the polarizations belong. When the pre- and postcol-
lisional values are identical and changes in only one partner
are relevant, the cross section can be abbreviated,
S(pgst|k) . Henceforth, in this article we will use the
symbol ¢ instead of & to designate these cross sections.
The thermal average cross sections were calculated for
the various PES’s from fully classical trajectories (CT) using
the code developed by Dickinson and Lee® without any
modifications. Wong has described this code in detail.>" In a
study of the N,—He system,® it gave results similar to those
of the close-coupling method, the agreement improving with
increasing temperature, as more rotational states of N, are
occupied. The classical approach and the Dickinson—Lee

code are-expected to provide accurate results for the CO,—Ar
as it did with N,—Ar and N,—Kr systems.3%-4!

The rigid rotor approximation and action angle coordi-
nates can be used to reduce the set of variables used as initial
conditions, as in

H(P.1,j;R,0,,0;) = (P?+12/R?*)/2u+Bj?+V(R,cos 6),
(1)

where P is the center-of-mass momentum, R is the separa-
tion of centers of mass of the colliding species, and w is the
reduced mass. The orbital angular momentum | is defined as
the angular momentum of the atom about the center of mass
of the rotor. The rotational energy of the rotor is given by the
rotational constant B and angular momentum j. The potential
energy function V(R,cos 6) is written in terms of R and the
cosine of the angle 6 between the rotor axis and the line of
centers. Details of the system coordinates and their respec-
tive integration can be found elsewhere 37294243

Convergence was checked by comparing energy-
dependent cross sections which are related by time-reversal
symmetry (TRS). TRS cross sections are related by their
similar dependence on the initial and final velocities and an-
gular momenta. For example, the following energy-
dependent production cross sections are related by whether
the dependence is on the initial velocity v’ and final angular
momentum j or on v and j’,

o(02]20)g, ;= f (Pa(V'-j))ed T 2)

and

0’(20|02)[Etm]:f (Pa(v-j"))edr, ©)

where d 7 is the integration element for the averages over w
and b, where w represents the partitioning of the total energy
E: into rotational energy E, and translational (or kinetic)
energy Ey, o=(E,—E|)/E, and b is the impact parameter.
The integrand or opacity function represents the functional
description of the collision process averaged over initial rela-
tive orientations. A similar nomenclature to that for thermal
average cross sections is used to denote the pertinent polar-
izations in these energy-dependent functions. The inverted
order of the indices identifies TRS cross sections. Additional
comparisons can be made between two cross sections that
depend on the same collisional process but involve different
functional forms. These cross sections differ in the explicit
form of the opacities used. The viscosity cross section 0,7(2)
is calculated with two functionally different opacity func-
tions and these are also used to test for convergence. From
Wong’s work on several linear-molecule—atom systems, the
viscosity cross sections were found to disagree only at low
temperatures and by less then 0.1%.%! The disagreement
found in the initial pass on the CO,—Ar surfaces was ap-
proaching 1% at 300 K, when six to eight points were used
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in each of the three orientation angles. We found that agree-
ment improved upon increasing these to 12 points and by
more careful selection of b, .

On the order of 5 million trajectories were run on the
CO,—Ar surfaces. All calculations were carried out on IBM
RISC/6000 model 560 and model 365 workstations.

B. Close-coupling calculations

It was thought that the disagreement between the cross
sections that are related by time-reversal symmetry in the
CO,—Ar calculations might be caused by the occurrence of
orbital resonances or by van der Waals (vdW) dimers formed
within the trajectory. These structures will result in failed
trajectories and a zero contribution from the set of initial
conditions. If vdW complexes caused enough trajectories to
be stuck in a loop and terminate, the resultant cross sections
will be averaged incorrectly and may result in violations of
time-reversal symmetry. To check this possibility, close-
coupling (CC) calculations were made on one CO,—Ar sur-
face at a total energy of 40 cm™ 1. The CC method involves
the solution of the Schrodinger equation in which the PES
influences the coupling of the many possible states of the
system.* For the linear, rigid-rotor—atom system the wave
functions are defined for discrete values of the total energy E
and the rotational quantum numbers j and m; and as a con-
tinuous function of the center-of-mass separation R and the
orientations of the vector joining the centers of mass and the
symmetry axis of the rotor. The wave functions are used to
calculate the scattering amplitude, which is related to a sum-
mation over the elements of the scattering matrix. The scat-
tering matrix elements S’(j’1",jl) for J, j, and I, the total
angular momentum, the rotor angular momentum, and the
orbital angular momentum, provide the information needed
to calculate the probability that a transition between any two
states j’I” and jl will occur. The CC method requires the
calculation of the radial dependence of the wave function for
all possible rotational states, so that all possible open chan-
nels are explored. Since the number of coupled equations
varies as (jmay)? and the computational effort as the number
of equations cubed, the overall demands on computer time
varies as (jna)®.*® Thus, the CC method is not convenient
for a full calculation of the thermal average cross sections of
the CO,—Ar system, although it is possible to study it at low
total energies. It is just the trajectories at low total energy
that are suspected of being adversely affected by orbital reso-
nances or formation of vdW dimers. Therefore, we carried
out CC calculations for one potential surface at E=40 cm™*
for j=0,2,4,6,8. Only half of the channels need to be consid-
ered, since the total wave function has to be symmetric with
respect to interchange of two nuclei of spin 0, and therefore
only the j=even rotational states are populated for O 0,
molecules. Calculations were conducted at the University of
Waterloo, Ontario, Canada using Hutson and Green’s
MOLSCAT (version 11) program*® with the assistance of Fred
McCourt and Carey Bissonnette. The j weighting factors
were the ones used by Liu, McCourt, and Dickinson for their
comparison of CC and CT calculations of HD—He collision

cross sections.*’ Six energy-dependent cross sections have
been calculated for CO,-Ar: 0%, 0,?, oppr (which is
equivalent to the NMR cross section oy, in this case), o7,

O-T77’ and 0'771'.

C. Quantum diffusion Monte Carlo method

Among the techniques that may be applied to the vibra-
tional dynamics of a weakly bound complex is quantum dif-
fusion Monte Carlo (QDMC). Anderson gave the first mod-
ern algorithm for simulating the Schrodinger equation as if it
were a diffusion process.*® The simulation consists of a num-
ber of copies of the system. Each copy is allowed to diffuse
via a random walk process and to multiply or disappear with
a probability determined by its potential energy. This process
is repeated until the distribution of replicas approaches a
fluctuating steady state from which the ground state energy is
evaluated. After equilibration, the simulation yields a collec-
tion of replicas of the system that have the statistical distri-
bution which approaches the ground state wavefunction of
the system. Buch has implemented QDMC for two or more
interacting molecules, each taken to be rigid, which we adopt
here with no changes.*® This treatment relies on the approxi-
mation that the high frequency intramolecular vibrations are
effectively decoupled from the lower frequency intermolecu-
lar motions because these two types of motions occur at very
different time scales. By eliminating the high frequency mo-
tions the number of variables is decreased and larger time
steps may be taken. Our simulations consisted of an equili-
bration phase lasting 600 time steps before the data collec-
tion phase. The number of replicas in all calculations was
5000. In each QDMC run the first 600 steps were carried out
with a time step of 130-200 a.u. after which the time step
was decreased to 30 a.u. It is important that the first steps on
the simulation are done with long enough time steps to probe
a large region of the PES. Rotational constants and all other
properties averaged over the zero-point motion were calcu-
lated by the method of descendant weighting which provides
the means of obtaining expectation values from the distribu-
tion generated by QDMC.%%%! The descendant weighting
procedure used to obtain the averages was adopted from Ref.
52. The averaging was performed for 12 generations of rep-
licas simultaneously at a delay of 100 steps between the con-
secutive generations. The descendants were collected after a
delay of 500 steps for 1000 steps. The ground state energy is
obtained from the requirement of stability of the asymptotic
average number of replicas. For a given potential energy
surface of CO,—Ar, from the QDMC simulations we obtain
the average rotational constants A, B, C for the ground vi-
brational state and the ground state zero-point energy (and
thus the dissociation energy Dg). These average quantities
will be compared with the experimental values.®’

lIl. POTENTIAL FUNCTIONS FOR CO,—Ar

We have used several different models of intermolecular
potentials which have been proposed for the CO,—Ar system
in the literature. We briefly describe them here. These poten-
tial functions differ considerably in the amount of anisot-
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ropy. We also used a new potential energy surface based on
a fit to fundamental components of the PES that have been
recently calculated using supermolecular Moller—Plesset per-
turbation theory.®

An isotropic PES for CO,—Ar based on the correspond-
ing states has been provided by Maitland et al.>® This is
based on the hypothesis that the intermolecular potentials for
a number of pair interactions can be rendered conformal by
the choice of two scaling factors €, and o, characteristic of
each interaction. In the correlations of thermophysical prop-
erties such as viscosity, diffusion coefficient, and thermal
conductivity, the scaling parameters of the supposed confor-
mal potential have been chosen so that €, and o, for argon
are consistent with well depth and the separation at zero
potential energy of the Aziz potential for argon.>* Although
this isotropic potential reproduces reasonably well the ex-
perimental moments y; and a; of the collision-induced ab-
sorption coefficients of CO,—Ar mixtures at various
temperatures,® and the scaling parameters had been based
on experimental mixture viscosity, diffusion coefficient, and
thermal conductivity, we do not consider it further because it
cannot explain quantities that explicitly depend on the an-
isotropy of the potential surface.

Loesch fitted a site-to-site LJ(12,6) form (LJ denotes
Lennard-Jones) to detailed integral cross sections from mo-
lecular beam scattering results.! The potential was written as
a sum of two LJ(12,6) functions to describe the oxygen-—
argon interaction

V(R)/fz(Rm/ra)lz_z(Rm/ra)6+(Rm/rb)lz_z(Rm/rb)S,
4

where r, and ry, are the distances from the argon atom to
each of the oxygen nuclei in CO,. Calculations using the
infinite order sudden approximation (IOSA) on the Loesch
surface by Rotzoll and Lubbert (RL) failed to show the ex-
perimentally observed rainbow, attributed to the relatively
strong anisotropy in the attractive part of the Loesch
function.?*

Two electron gas model potentials (PPl and PPII) were
proposed by Pack and co-workers.2?® Within this model, the
potential energy is calculated from the charge density p,g of
the supermolecule which is approximated as the sum of the
charge densities of each molecule, pag=pa+ pg - Calculated
values of the dispersion coefficients C4 and Cg were used.*®
In one version of the surface (PP1) the Hartree—Fock (HF)
terms were scaled down to agree with experimental second
virial coefficients B1,(T) while in the other, the correlation
terms were scaled up (PP2). The isotropic repulsive wall of
the PP1 surface was shown to agree with previous scattering
data in the range of V,(R)=0.04 to 0.1 hartree.” Compari-
son with Loesch’s molecular beam experiments® using a
semiclassical trajectory approach on both PP1 and PP2 sur-
faces led to good agreement for the integral cross section, but
PP1 did a better job of reproducing the angular distributions.
The pressure-broadened dipole and Raman lines were calcu-
lated within the IOSA approximation using these surfaces.®®
Agreement is much better at small j, and the discrepancy for
large j is in accord with the limitations of the IOSA. IOSA

calculations of the total laboratory differential cross section
on the PP1 surface failed to show the experimentally ob-
served rainbow.?* It was stated that the discrepancy is due to
the relatively strong anisotropy in the attractive part of these
surfaces. The PP2 surface produces a rainbow but at larger
angles than in the experiment.

Another potential function that has been used to describe
a linear rotor—atom system is an anisotropic LJ(12,6) poten-
tial of the form proposed by Pack,>®

V(R, 0)=e(0){[Rn(8)/R]™*—2[Rpn()/R]%}, )
where

e(§)=e[1+aP,(cos 6)], Ry(6)=R,[1+bP,(cos 8)].

The cosine-averaged quantities, € and R,,, provide the iso-
tropic contribution to the interaction energy, while the pa-
rameters a and b control the anisotropy. Rotzoll and Lubbert
(RL) used this functional form for the CO,—Ar system, ad-
justing the parameters to reproduce their experimental values
for the total_laboratory differential cross section.?* Values
reported for R, and b are only estimates since there were no
observations of the rapid, diffraction oscillations. Values for
‘€ and a were reported to 5% and at least 50% uncertainty,
respectively.

Berreby and Dayan (BD) used experimental values of
the mean square torque to derive an anisotropic LJ(12,6)
type surface for a number of linear rotor—atom systems.?®
Using the first two nonzero terms in the Legendre expansion,
V(R,0)=Vy(R)+V,(R)P,(cos 6), the isotropic radial part
is written in the usual LJ(12,6) form with the well depth and
o parameters determined from combining rules. For the an-
isotropic part, a modified form was used,

V,(R)=4¢€[ 8(o/R)?— y(alR)®]. (6)

The dispersion term has been suggested by Buckingham,®
where 1y is the anisotropy of polarizability of the active mol-
ecule, i.e., CO,. The repulsive term has been suggested by
Gordon,®* where the parameter & was adjusted so that the
experimental values for (C?) were reproduced. It was found
that & depended on the active molecule alone and very simi-
lar values for & were found for NNO, CO, and OCS.?®

Billing combined electron gas calculations of Dreyfus®
and the dispersion coefficients calculated by Pack®® to build
a CO,—Ar surface as follows:?®

V(R,0)=V(1=h)+hV g. (7)

The short range energy, V., was fitted to the results of the
electron gas calculation using

VI(R,0)=Alexp(— aR;)+exp(—aR,)]

+B exp(— BR),
R;=R+d cos 6+ (d?/2R)sin? 0, (8)
R,=R—d cos 6+ (d?/2R)sin’ 0,

a=ay+ a;R+ a,R2.
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The distances R; and R, are the separations of the argon
atom and each of the oxygen atoms, d is the C-O bond
distance, R is the Ar-C distance, and the parameters
(ag,1,05,A,B,B) were varied in the fit. The long range part

E R™ “E CYP,(cos 6) 9)

n=5,8 k=0

Vr(R,0)=

was obtained from the calculations by Pack.%® The param-
eters a _and d in the switching function,
h=exp[—a(d/R—1)?], were adjusted so that experimental
B, values were reproduced. This surface was used to ana-
lyze the high energy/small angle differential cross sections
from molecular beam data.

The BTF potential proposed by Bulanin, Tonkov, and
Filipov is an anisotropic potential derived from measure-
ments of the pressure-broadened high frequency wing of the
asymmetric stretch of CO,.%’ The potential function is in the
following form:

V/kgT=—200/T+[6.1 cosh(6.1 cos #)sinh(6.1)]
X exp[In(1.4x 108/T)—R/0.30],

with T in kelvins and R in A. The parameters in this poten-
tial were obtained by comparison with the PP2 surface.

Using a simultaneous least squares method,% Hough and
Howard fitted four different versions of the Maitland—Smith
(n—6) potential function?®

V(R)=[e/(n—6)](6x "—nx"5),
x=RI/R,, (10)

to data from molecular beam electric resonance spectra, in-
teraction second virial coefficient B,,, and mean square
torque (C?) measurements. The angular dependence was in-
cluded in two different ways. In the three angle parametriza-
tion (referred to as 3A), the surface was expanded in even-
order Legendre polynomials up to P,(cos 6). The radial parts
are written as sums of the cuts through the surface at §=0°,
60°, and 90°:

Vo(R)=[7V(R,0°)+32V(R,60°)+6V(R,90°)]/45,

V,(R)=2[17V(R,0°)+ 16V (R,60°) —32V(R,90°)]/63,
(11)

n=m+9(x—1),

V4(R)=32[V(R,0°)—4V(R,60°)+3V(R,90°)]/105.

The angle-dependent parametrization (referred to as AD)
writes the well depth parameters in a Legendre expansion,

Rn(8)= 2 (Rp)Pn(cos 6),
n=0,2,4
(12)
e(0)= X (en)nPn(cos ),
0,2,4

e
and uses the (n—6) form for the radial dependence, with
e=¢() and R,=R,(#). Within each of these parametriza-
tions, two other surfaces (3A-M and AD-M) were con-
structed by allowing m in the Maitland—Smith form to vary.
The properties they used in the fits are most sensitive to the
attractive region of the PES with the exception of the mean

square torque, which has been shown to depend on the an-
gular derivative of the entire surface.®* Of the four surfaces
they considered, we choose the 3A and AD-M to include in
our comparisons.

Using more recent spectroscopic data, Miller and co-
workers refitted the 3A-M and AD-M surfaces.” The two
new surfaces, 3A-R and AD-R, have similar well depth pa-
rameters but their repulsive walls are much weaker in com-
parison with the original surfaces. It has been suggested by
Miller and co-workers® that a double global minimum as a
function of @ (at one value of R) may be expected for larger
linear rotor—atom systems. The double minimum structure
had been found to be necessary to reproduce the intermo-
lecular bending frequency determined from ir spectra of the
HCCH-Ar complex.®® The ab initio calculations on the
CO,—Ar system did not reveal any such double minima,
however.®

lida, Ohshima, and Endo® used a functional form with
only P,(cos 6) angular dependence, with parameters based
entirely on spectroscopic data

V(r,0)=[CY+CZP,(cos 6)]r *?

—[CP+CPPy(cos §)]r°
—(9/2)Q%an[P,(cos 6)1%r 8, (13)

where r=R/R,,, C¥?=C(a,— a,)/(ay+2a,), and CL
is determined experimentally from the frequency-dependent
polarizabilities.®® The coefficients C{J and C'2 were ad-
justed to the stretching and bending force constants of the
T-shaped van der Waals complex.

Finally we test also the new ab initio PES for CO,—Ar
which has been fitted to analytic functions of the form®

V(R,0)=Vg+Ving+ Viisp (14)

where

Vg=A' exp{_ﬂ( O)[R—Rexl 0)]},

Rier( e>=§ Rrer.L PL(COS 6), (15)

ﬁw):; BLP(cos ),

10 n—4
|nd_ 28 LZO R™ ncﬁlLl)ndP (COS 0)

10 n-4 (16)

-2 > Dy(BRR"
n=6 L=0

Vgisp= "c(MP (cos 6),

Dn<B,R>=1—exp[—B<e>R]go[ﬂ(@)R]k/k!. (17)

The points of interest on each of the surfaces are the energy
minima at the perpendicular (#=90°) and parallel (6=0°)
configurations of the CO,—Ar dimer and the values of o

J. Chem. Phys., Vol. 105, No. 16, 22 October 1996

Downloaded-15-Feb-2010-t0-131.193.142.27.-Redistribution-subject-to-AlP-license-or-copyright;-see-http://jcp.aip.org/jcp/copyright.jsp



6792

TABLE I. Characteristics of the CO,—Ar surfaces.?

M. A. ter Horst and C. J. Jameson: CO,—Ar potential surfaces

PES RL PP1 PP2 3A AD-M 3A-R AD-R Billing Loesch BD Ab initio
Reference 24 23 23 28 28 7 7 26 1 25 30
€ (90°) 132.2 278.7 144.3 201.8 186.8 196.4 196.3 175.95 155.34 175.74 210.0
R (90°) 3.420 3.272 3.548 3.442 3.446 3.455 3.444 3.518 3.618 3.942 3.475
o (90°) 3.05 2.89 3.14 3.07 3.09 2911 2.890 3.130 3.180 3.512 3.069
€ (0°) 113.3 44.6 129.5 57.0 57.0 57.0 57.0 131.51 86.37 81.576 113.0
Rn(0°) 4.56 4.93 4.57 4,90 5.00 5.00 5.00 4.239 4,941 4771 4,708
o (0°) 4.06 4.50 4.19 4.37 4.48 4.213 4.196 3.915 4,525 4,251 4.281
Ae 18.90 234.1 14.8 144.8 129.8 139.4 139.3 44.44 69.0 94.16 97.0
AR, 1.14 1.66 1.02 1.46 1.55 1.545 1.556 0.72 1.323 0.829 1.233
Ao 1.01 1.61 1.05 1.30 1.39 1.30 131 0.785 1.345 0.739 1.212
AR 00 0.876 1.241 1.035 0.853 0.976 0.507 0.477 0.805 1.27 0.508 1.089
ARso00 0.785 1.174 1.056 0.651 0.787 0.125 0.054 0.858 1.285 0.424 1.053

3Energies are in cm ™! and distances are in A.

(where R=¢ corresponds to V=0) for these configurations.
The anisotropies are expressed as the difference between a
characteristic of the #=0° and 6=90° cuts

Ao=0(6=0°)—a(#=90°), (18)
AR =Rp(6=0°)—Ry(6=90°), (19)
Ae=€(6=0°)—€(6=90°), (20)
ARy=Ry(6=0°)—Ry(6=90°), (21)

where Ry () is the distance corresponding to a potential en-
ergy of V at a particular angle 6. A summary of the potential
characteristics for these CO,—Ar potentials are listed in
Table 1. Following Ref. 39, we characterize the anisotropy of
the PES not only with the values of R,, €, and the crossing
point ¢ at the two extremes (6=0° and #=90°), which rep-
resent the linear and perpendicular geometries of the com-
plex, but also include the values of the differences in position
of the repulsive wall of the PES at the two extreme geom-
etries for two energies V=1000 and 5000 cm ™ to provide an
indication of the anisotropy for R<o.

Cuts of the surfaces considered here are shown in Figs. 1
and 2. In the process of developing a global potential energy
surface by fitting a functional form to a set of experimental
data, attention must also be directed to the parts of the sur-
face to which the data are not particularly sensitive. Bohac,
Marshall, and Miller state that their modifications to the 3A
and AD-M surfaces (3A-R and AD-R) are intended to de-
scribe the bowl of the surface,’ so it is not surprising that the
repulsive wall is much softer than the other CO,—Ar sur-
faces.

For the CT study we chose six surfaces, RL, PP1, PP2,
3A, AD-M, and the new analytic function fitted to the ab
initio surface. The PP1 and PP2 surfaces represent two ex-
tremes in which surfaces can be created within electron gas
theory. The angle-averaged well depths of these surfaces are
very similar, so that the pair provides a convenient means of
comparing how two drastically different well anisotropies
affect energy transfer. Of the four surfaces proposed by
Hough and Howard, the 3A and AD-M surfaces have been
promoted as the more reliable ones. Indeed, the basic way in
which the anisotropy is written for these surfaces may mani-

fest itself differently in the cross sections for thermophysical
properties and relaxation. Since the mean square torque (C?)
is thought to be related to the repulsive wall anisotropy,®’ the
use of mean square torque data in the fitting of the 3A and
AD-M surfaces suggests that these surfaces are particularly
promising for predicting the NMR cross sections.%®

1000005"' II'I"\'I'"'I""I""I""l""I""I """
10000 NN W N\ N e RL _:
F —— PP1 3
— PP2
I —-—BD
1000? ---— Billing 3
— — Loesch

100

-120
-160
-200
-240

280 |

20 25 30 35 40 45 50 55 60 65 70

R/angstroms

FIG. 1. Cuts at 90° and 0° of the RL, PP1, PP2, BD, Billing, and Loesch
surfaces for CO,—Ar.
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100
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240 |

280 | .
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FIG. 2. Cuts at 90° and 0° of the AD-M, 3A, AD-R, 3A-R, and ab initio
surfaces for CO,—Ar.

IV. RESULTS
A. Second interaction virial coefficients for CO,—Ar

As in our previous study of N,—Kr,*’ the interaction sec-
ond virial coefficient B, has been calculated as a function of
temperature as follows:

% 1
Blz(T)IBilzass(T)=No77f deRf d cos 6
0 -1

X{1—exp[—V(R, 8)/kgT]}. (22)

The first translational and rotational quantum corrections
were also included.®®" Figure 3 shows that most of the sur-
faces give reasonably good agreement with experiment over
the entire range of temperatures. The PP1 and PP2 potentials
reproduce the experimental values of Cottrell, Hamilton, and
Taubinger™* and Brewer® since they were adjusted to do so.
Likewise, the Hough and Howard surfaces 3A and AD-M
agree well due to the inclusion of B, values’>~" in their
fitting procedure. Since B, values were used in the determi-
nation of the Billing surface, the agreement is expected. Un-
fortunately, we could not reproduce exactly the B4, values
published with the Billing surface.? (It should be noted that
the value of the parameter d is 5.216 A, not 5.16 A as origi-

il FENETEE B S AT BETEE. i S N

P

X —— PPI
// - — PP2
-60 — — ab initio
A RL :
-80 / —-— Billing ]
_100 P /. | | I W S W R ! ]

MR I

3l
B,,/cm’mol
[}
N
(=4

—— 3AR ]
60 2/ e AD-R .
—-— Loesch 1
-80 ‘ --— BD ]
-100 O. /. P I T W T | P I T S T
200 300 400 500 600

Temperature/K

FIG. 3. Temperature dependence of the interaction second virial coefficient
for CO,—Ar calculated using various surfaces compared with experimental
data: @, Lichtenthaler and Schafer (Ref. 72); l, Brewer (Ref. 15); A, Sutter
and Cole (Ref. 73); O, Schramm (Ref. 74); O, Martin et al. (Ref. 71); A,
Ref. 11 in Hough and Howard (Ref. 63); V, Cottrell, Hamilton, and Taub-
inger (Ref. 14).

nally published.”) The revised Hough and Howard poten-
tials (3A-R and AD-R) agree with experimental data at low
temperature but deviate systematically, being progressively
worse at the higher temperatures. The poor prediction of the
temperature dependence of B, is indicative of the weak re-
pulsive wall of these revised surfaces. The ab initio and the
Berreby—Dayan (BD) surfaces do the worst job by underes-
timating B4,, and BD also gives the wrong temperature de-
pendence.

B. Spectroscopic constants and QDMC results

Collision-induced spectra originate from the dipole mo-
ments induced in clusters of molecules as a result of inter-
molecular interactions. Collision-induced microwave absorp-
tion in a nonpolar gas was first reported in compressed
CO,.” Later, Dagg et al., working at 2.3 cm™%, measured
the absorption of CO, mixed with Ar.}2 In the low density
limit the absorption depends on the product of the densities.
The spectral invariants are the spectral moments v, and a4
for the absorption intensity, defined in terms of the absorp-
tion coefficient a(w) as’’
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alz(Pcoszr)ilJ':a(w)dw, (23)

Y= (peopa) (h12ksT) [ “atw)de

X[ tanh(fw/2kgT)] . (24)

The experimental values of y; and «; have been reported as
a function of temperature.’*~** Borysow and Moraldi ana-
lyzed the collision-induced absorption spectra (CIA) of
CO,—Ar mixtures.®® They calculated the spectral moments
from the PP1, PP2, RL, Billing, and BTF potentials, assum-
ing the pure multipolar induction for the pair dipole
moment.> It was found that only the PP2 surface (and the
BTF potential derived from it) gave reasonable agreement
with experimental values of «; and 7.

Mean square torque values were reported for the
CO,—Ar system by Dreyfus, Berreby, and Dayan.!® The
mean square torque (C?) is related to the second and fourth
spectral moments of the absorption profile 1(v) of an ir ab-
sorption band,°

(C*)=[M(4)—2M?(2)]/4B?, (25)
where

M(n)=f (v—rvg)"I(v)dv. (26)
These are related to the dipole correlation function

(u(0)-u(t)) by

(u(0)-u(t))y= f I(v)exp[2mic(v—vy)t]dw

= [(2mict)"/ntIM(n). (27)

In the binary collision limit, Armstrong, Blumenfeld, and
Gray® have written (C?) in terms of an integral over the
angular derivative of the interaction potential, V(R, 6):

<C2>=27Tpf f [dV(R,0)/30]°

xexp[ —V(R,8)KgT]R?sin 6 d6 dR, (28)

where p is the number density of the perturbing gas, such as
Ar in the CO,—Ar system. We have calculated the mean
square torque using Eq. (28) for the surfaces used here and
compare them with the experimental results at room
temperature'® in Table I1. PP1 gives the worst result. The ab
initio and the Loesch potentials also yield (C2)/p values that
are much too large.

Steed, Dixon, and Klemperer used molecular beam elec-
tric resonance spectroscopy to measure spectroscopic and
structural constants for the CO,—Ar complex.® They also de-
termined precisely the dipole moment of this complex from a
measurement of the Stark effects on the rotational transi-
tions. The equilibrium structure was observed to be T-shaped
with an average separation of 3.493 A between the Ar atom
and the carbon atom in CO,.3 For this structure, a classical

multipole calculation by Birnbaum?® of the dipole induced in
the Ar atom by the quadrupole of the CO, molecule yields
©#=0.070 D, based on the polarizability of Ar and the mea-
sured electric quadrupole moment of CO,. This result agrees
very well with the value reported by Steed, Dixon, and
Klemperer, £=0.06793 D.® The harmonic force constants
for the vdW stretching and bending ks and k, have been
determined from the measured centrifugal distortion con-
stants, and these in turn lead to estimates of the intermolecu-
lar stretching and bending harmonic frequencies, o, and
w,=37.5 and 38.9 cm™?, respectively.>® Recently, the
fundamental band of CO, and its combination band with the
vdW bending have been reported for CO,—Ar by Sharpe
et al., giving a more reliable value w,=27.8 cm™1.® We have
obtained analytic first and second derivatives for each of the
potentials, from which we calculated not only (C2)/p as de-
scribed above, but also the quadratic force constants for the
stretch and bend of the CO,—Ar complex. We calculated the
intermolecular harmonic bending and stretching frequencies
from these force constants using the standard FG matrix
method.”® We compare in Table Il the predictions from the
potential energy surfaces with the experimental data.>® The
poorest bending frequency comes from the Rotzoll-Libbert
potential. The 3A and the ab initio potentials also give too
low bending frequencies, and PP1 yields too high a value.
Nearly all potentials give a good accounting of the stretching
force constant, except for PP1, which again yields a value
too high.

The average rotational constants for the CO,—Ar com-
plex were reported by Steed, Dixon, and Klemperer® and
Randall, Walsh, and Howard.> All the potential energy sur-
faces considered here involve the assumption that the CO,
has the same geometry as the monomer and is a rigid entity.
Our QDMC simulations on all of the potential surfaces yield
the average structure, the average rotational constants for the
ground vibrational state, and the average zero-point vibra-
tional energy. The dissociation energy of the CO,—Ar van
der Waals complex (166 cm™?) was determined by Bohac,
Marshall, and Miller from the assignment of the final state
distributions of the photofragments resulting from vibra-
tional predissociation.” The average distance, rotational con-
stants, and dissociation energy predicted by the various sur-
faces are compared with experimental values in Table IlI.
The average intermolecular distance in the complex is longer
than the R,,(90°) of the potential by 0.06 to 0.18 A. This is
much larger than the zero-point vibrational corrections to
most covalent bonds, of course. The rotational constants are
in reasonably good agreement with experiment for most of
the potential functions, with the BD potentials giving the
worst results, followed by Loesch and PP2. The BD potential
has much too long an R,(90°), leading to too small values of
the B and C rotational constants. Loesch and PP2 potentials
also have a bit too long R,(90°). The €(90°) for the RL, PP2,
and Loesch potentials are all smaller than the experimental
dissociation energy of the complex. Thus it is not surprising
that these PES give the smallest dissociation energies, less
than 75% of the observed value. On the other hand, PP1 has
too deep a global minimum, leading to a dissociation energy
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TABLE IIl. Comparison of spectroscopic data predicted by QDMC averaging on various surfaces.
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Expt.?

(Ref. 4) RL PP1 PP2 3A AD-M 3A-R AD-R Billing Loesch BD Ab initio

Expt.

Observable

(R)

A)

3.5048 3.5976 3.3521 3.7289 3.5178 3.56232 3.5158 3.5206 3.6169 3.7566 4.0404 3.5650
+0.0001

3.493
+0.010

(Ref. 4)
11953.3

(Ref. 3)
11914

11850.5 13254.8 12049.3 12140.6 11959.5 11953.3 12174.0 11987.5 11973.9 12048.9

13467.8

+3.1 +4.6

*2.9 +6.6 +4.96

+34

+3.0 +6.1

+39.6

35

+40.9

+80

(MHz)

(Ref. 4)

(Ref. 3)
1979.87
+0.25

1856.9 2153.3 1735.4 1951.4 1943.6 1958.6 1954.3 1844.9 1716.0 1481.7 1900.8

1979.943
+0.050

+24 +0.9 *15

*18

+16

+15 *12

*3.1 *

+21

(MHz)

(Ref. 4)

(Ref. 3)
1682.75
+0.20
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1682.237
+0.052
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11 904.36+0.91, B=1978.979+0.097, C=1683.12+0.11 MHz were reported by Ref. 5 at the same time as Ref. 4.

2Rotational constants A

1.4 times that observed. The potentials are all anharmonic,

with zero-point energies all very close to 30 cm ™, except for

RL and PP2, which are smaller, and PP1, which gives 50.6
-1

cm™

C. Classical trajectory results for various CO,—Ar
surfaces

The following surfaces were chosen for trajectory stud-
ies: the ab initio surface of Marshall et al.,* the Rotzoll-
Libbert surface (RL),%* surfaces 1 (PP1) and 2 (PP2) from
Pack and co-workers,2%® Hough and Howard’s three-angle
parametrized (n—6) surface (3A) and their angle-dependent
surface with m allowed to vary (AD-M).% The Rotzoll and
Lubbert surface (instead of the Loesch surface) was chosen
to allow comparison of a simple LJ(12,6) surface with the
more complex surfaces. Rotzoll has also proposed a N,—Kr
surface using the same approach, and it has proven to be a
useful surface despite its simple form.*%4!

1. Transport properties

Although the classical trajectories yield 48 different
cross sections, experimental data exist for comparison of
only a few cross sections, those that are involved in the dif-
fusion coefficient, mixture viscosity, and thermal conductiv-
ity for the CO,—Ar system. Within the first-order Chapman-—
Cowling approximation®® of a binary mixture of components
A and B, the binary diffusion coefficient is given by

Dag=KsT/[MapaLo(v)o(1000[A)ag]. (29)

L, is Loschmidt’s number (2.686 763X 10%° molecules m™3),
(v) is the mean relative velocity, and p, is the density of A
in amagats. A number of values for the CO,—Ar diffusion
coefficient have been reported.'®~? These values are plotted
against the predictions of six surfaces in Fig. 4. The cross
sections involved in the mixture viscosity 7y, i.e.,
(2000|A) an, 0(2000|B)gg, 0(2000|A)ag, 0(2000|B) g,
and the transfer cross section

(ZOOOA)
(o ’
20008/,

do not involve angular momentum changes and are not very
sensitive to the anisotropy of the potential surface. The vis-
cosity data of Refs. 16 and 17 are plotted with the results of
the trajectory calculations in Fig. 5. The calculated values
have been effectively scaled to the pure CO, and Ar experi-
mental data since the pure gas cross sections are needed in
the calculation of #7.,,. The experimental viscosity data
show a linear dependence on the CO, mole fraction Xco, at
room temperature. As 873 K is approached, curvature brings
the mole fraction dependence slightly below a linear depen-
dence atxco, ~ 0.5.

In contrast to the diffusion and viscosity, the thermal
conductivity has a contribution from the molecular angular
momentum of the rotor. Within the first-order Chapman-—
Cowling expression, the thermal conductivity coefficient de-
pends on the cross sections o(1001|A)ag, 0(1010|A)ag,
and o(1010|B),g, as well as the pure gas cross sections

Vol. 105, No. 16, 22 October 1996
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FIG. 4. Temperature dependence of the diffusion coefficient in CO,—Ar
calculated using various surfaces compared with experiment: @, Robjohns
and Dunlop (Ref. 22); W, Holsen and Strunk (Ref. 19); A, Ivankin and
Suetin (Ref. 20); ¥, Waldman, Ref. 24 in Pakurar and Ferron (Ref. 21); (I,
Pakurar and Ferro, Ref. 21 in Pakurar and Ferron (Ref. 21); A, Ref. 1 in
Pakurar and Ferron (Ref. 21).

0(1010|B)gg, for the rare gas and o(1010|A),, and
0(1001|A) x5 for CO,.2! Here, too, only the mole-fraction
dependence of the thermal conductivity coefficient can be
compared with experiment. Because the masses of Ar and
CO, are close, the effects which normally dominate the com-
position dependence of the thermal conductivity are small so
that the effects arising from inelastic collisions should be
observable. Furthermore, the thermal conductivities of the
pure components differ by only 6%. In Fig. 6, we compare
the observed composition dependence of the thermal conduc-
tivity in CO,—Ar mixtures'® with those calculated from the
Cross sections.

2. NMR cross sections

In the density regime where the frequency of collisions
exceeds the nuclear Larmor frequency (the so-called extreme
narrowing limit), the spin-lattice relaxation time T, has a
linear dependence on density p. When the spin relaxation is
completely dominated by a single mechanism such as the
spin-rotation mechanism, then measurements of T,/p as a
function of temperature for the pure gas establishes the char-
acteristics of the like-molecule collisions. It has been shown

50
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35
s [
EL L
& .
[ ——RL )
25 ~ ---— ab initio -
° i
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15 F 4
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Mole Fraction of CO,

FIG. 5. Mole-fraction dependence of the mixture viscosity in CO,—Ar cal-
culated using six surfaces at three temperatures, experimental data from
Kestin and co-workers (Refs. 16 and 17).

experimentally and theoretically that in the extreme narrow-
ing limit the spin-rotation (or the quadrupolar) relaxation
time in a mixture is made up of additive contributions from
various collision partners, provided the gas pressures are low
enough such that the effects of successive collisions are not
correlated:®?

T1=(T1/p)anpa+(T1/p)agps - (30)

In the CO,—Ar system the spin relaxation of the 3C in the
gas phase is dominated entirely by the spin-rotation mecha-
nism so the values of (T /p)jinco,-ar Can be related directly
to the cross section o(0100|A) g through the spin-rotation
coupling constant C., which involves components of the
spin-rotation coupling tensor. For a linear molecule C is
the perpendicular component of the spin-rotation tensor, and
the relation between the relaxation time and the cross section
is

T1=(3%:22C%l okg T) p(v) o(0100|A) A5 . (31)

The cross section (0100|A),g is also known as ;. The
spin rotation constant for the '3CO, molecule has been
measured.®® Thus, it is possible to determine ¢(0100|A) g
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FIG. 6. Mole-fraction dependence of the thermal conductivity coefficient in
CO,—Ar calculated using six surfaces, experimental data from Kestin, Na-
gasaka, and Wakeham (Ref. 18). Percent differences are shown in the bot-
tom frame for the same surfaces: O, AD-M; O, 3A; A, PP1; V, PP2; O,
RL; hexagons, ab initio.

for the CO,—Ar system directly from spin relaxation experi-
ments in the mixture. The *C relaxation measurements in
the gas phase in mixtures of CO, and Ar have been done in
our laboratory and reported earlier.® In these studies it had
been found that (T1/p)jin,co,-co, had a T~*° dependence, but

the measurements in the pure CO, gas were limited to tem-
peratures above 290 K. It has since been demonstrated that
the temperature dependence of the pure CO, relaxation is
T 1% even into the dense phase region where T, is no longer
a linear function of the density.® If we extrapolate the pure
CO, data down to 220 K with this temperature dependence,
the measurements in CO,—Ar mixtures then provide
(Tllp)lin,COZ—Ar that are valid in the range 220-400 K. Since

the o; values were experimentally determined from spin re-
laxation of spin-1/2 *3C nuclei in CO,—Ar mixtures, the mass
of 3C0O, was used in the trajectories. The diffusion and vis-
cosity data were taken from natural abundance CO,, how-
ever. The difference in the mass of 12CO, and **CO, is not
expected to affect the trajectory results to a great degree. To
verify this, a set of trajectories was run for CO,. The two
sets of cross sections generally do not differ by more than the

7 —

200 300 400 500
Temperature/K

FIG. 7. Temperature dependence of o; in CO,—Ar calculated using six
surfaces compared with experimental data of Jameson et al. (Ref. 84).

estimated uncertainty in the various cross sections. The val-
ues of o; calculated from the six surfaces are shown in
Fig. 7.

Although experimental values for the other NMR relax-
ation cross section o,,=0(0200|A),g are not presently
available for the CO,—Ar system, comparison of this cross
section among the surfaces is made in Fig. 8. This cross
section is the same as the depolarized Rayleigh scattering
Cross section oppg in the case of CO,—Ar since the collision
partner Ar has no rotational degrees of freedom to contribute.
The only experimental indication of the magnitude of o, for
the CO,—Ar system can be obtained from depolarized Ray-
leigh light scattering experiments on the CO,—CO, system.
If we assume that the contribution to oppg from the other
CO, molecule is small so that oppr~0y, and use the value
of oy from the spin relaxation measurements in pure CO,
gas,® then the ratio o,,/a; is 1.5 for the CO,~CO, relax-
ation cross sections. Our previous experimental studies of
these NMR cross sections®®®® in the N,—X and NNO-X sys-
tems show that o ,/c; is nearly constant and independent of
the collision partner X. Assuming this relation,®®*® o, ,/a; is
estimated to be 1.5 also for the CO,—Ar system. Table IV
shows the values of the cross section ratio at 300 K for each
of the potentials.
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FIG. 8. Temperature dependence of o, in CO,—Ar calculated using six
surfaces. Also shown (+) are the estimated values if the ratio o,,/0; is
taken to be 1.5 as is found in CO,—CO,.

D. Close-coupling results

Initially, the classical trajectories at low total energies
gave relatively poor agreement among some of the cross sec-
tions related by time-reversal symmetry. It was observed that
an abnormally high number of trajectories were lost due to
orbital resonance. That is, the CO, molecule and argon atom
spent a long time experiencing the attractive region of the
interaction potential surface. When this happened, the
method used to integrate the equations of motion jumped out
of this loop and discarded the results of the trajectory. We
found later that we could greatly diminish the deviations

6799

from time-reversal symmetry by repeating the calculations
on these surfaces using a larger set of orientation variables.
Nonetheless, we carried out quantum CC scattering on one
of the surfaces for comparison with the classical trajectory
results to further study the effects of orbital resonances. The
CC method does not break down with orbital resonances so
that its predictions of cross sections from a PES provide an
““exact’” calculation by which the validity of the classical
calculations can be assessed. However, since CO, has a
small rotational constant (0.3902 cm™!), many rotational
states are populated even at 100 K; 90% of the molecules are
in j=0 up to j=19. At the lowest total energy (40 cm™?)
used in the classical calculations, the greatest open j level is
j=8 but the total symmetry of the wave function restricts
population to only the even j states.

The 3A surface was used to calculate the S-matrix ele-
ments at a total energy of 40 cm™ L. Each energy-dependent
cross sections o, [E] is formed from a summation over
j-weighted state-to-state effective cross section o,(j’j)
where j is the initial rotational state and j’ is the final state.
It is these j-dependent cross sections that are directly calcu-
lated from the S-matrix elements. For example, the expres-
sions for oppg are as follows. The thermal average cross
section is

UDRP(T):(ZrotNDPR)_1J dX exp(—X)Xoperl E],

(32)
where Z,, is the rotational partition function
[2(2j+1)exp(—E;j/kgT)] and

Nowr=20 pidf.  pi=exp(~Ej/kaT)Ze. (39

The reduced matrix element of the angular momentum po-
larization, d;, is given by

dj=d;/[j(j+1)—3/4] (34)
and
d;={(1/6)(2j+1)j(j+1)[4j(j+1)—3]}"2 (35)

The integration element in Eq. (32) is X=E/kgT. In terms
of the state-to-state cross sections, the energy-dependent
DPR cross section is

ooprl E1= 2 (L—Ej/Edjror(j'])d; (36)
i'i

TABLE IV. NMR cross sections calculated for the CO,—Ar surfaces studied.

RL PP1 PP2 3A AD-M Ab initio

AR, A 1.14 1.66 1.02 1.46 1.55 1.23
anisotropy

Ao, A 1.01 1.61 1.05 1.30 1.39 121
anisotropy

oy (300 K), A? 20.83 46.43 39.14 34.36 29.01 38.48
02 (300 K), A? 43.25 59.53 59.82 50.52 49.81 56.24
Tyl 2.08 1.28 153 1.47 1.72 1.46
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TABLE V. Comparison of CC and CT results for the CO,—Ar surface for E=40 cm™2.

cT? ccP Scaled CT® %
Cross section o[E] o, [E] a,[E] diff. Opacity functions Q,,
o 5408.12 2 669.00 2704.06 1.31 (A—(Ex/E ) P,(v-v'))
U'Z,%) 4072.73 2052.91 2 036.36 0.81 (213)(1—(E /E) Po(V-V"))
404255 2021.27 1.54

Oppr O 02 5560.36 2775.75 2 768.14 0.27 A=P,("j)
or,, or 0(02]20) 5355.53 2424.90 2677.77 10.4 —((Ej/Ej)Po(V' )
o7 or 0(20]02) 5011.80 2 424.90 2505.90 3.34 —((Ej/Ej)Pa(v+j")
ar or a(0200) 10 842 700 5421 350 7.89

10 697 200 5024 700 5 348 600 6.45 (1=(E"/Ej)P,(-j"))

10 823 400 5411 700 7.70

“The classical energy-dependent cross sections are calculated using o E1°°'= (E/8B){Q,,,2,0}, o?°[E]

=(3E/32B){Q,»,3.0}, o7, [E]=(VBEY/48B?){Qr,.2,1}, o,1°[E]=(\6EX/48B){Q 13,1},

and

o19[E]=(E%/24B%){Q+,1,2}. The multiple values for a,, and oy use different functional forms for the

opacities.

®The quantum mechanical energy-dependent cross sections are given by o-‘,}) [E]=2j;(1— EJ-,/Em)“2
X (3, ) (1= /B )%, oDIE]=j1j(1~E 1 /E ) 2(].§ ) (L~ 1 /Ew)?, o7 [E]=yy(1 =B /E)?
Xor,(j.i")j, og[E]=2)j(1-Ej/Ew) o (i, 0)djr, o7[E]=Z (1~ Ej/Eddjror(], 1)d;

“Scaled classical cross sections have been calculated using f o ,[E] (see the text) where the f, factors are all
equal to 0.5000 except for fppgr, Which is equal to 0.49783.

and the classical limit of Eq. (36) is

3prl E1=(E1a/6B){Qopr, 1,0}, (37)
where the curly bracket notation symbolizes the integration

over rotational energies using the « parameter:

{G,n,m}Zf(1—w)”(1+w)mG(a))dw (38)

and
0= (E;—Ey)/Eqy, (39)

where E, is the initial rotational energy and the E, is the
initial translational (kinetic) energy. From the CC calcula-
tions on the 3A surface at a total energy of 40 cm™1, the
value for appg[E] determined from Eq. (36) is 2775.75. Us-
ing the same surface and E,, the classical result calculated
from Eq. (37) is 5560.36. Before the CC results are com-
pared with the CT results, the classical result needs to be
corrected since only even rotor states are actually populated
whereas the classical calculations are oblivious to this. The
correction is made by scaling the classical o8pr[E] by
(Z16tNppR)even! (Z otN ppr)air » Where the summation over the j
states in (Z,,(Nppr)even ONly includes the even j states. The
scaled classical value is

(Z TOIN DPR) even

o [E].
(ZrotNDPR)aII DPR[ ]

(40)
The value of fppg is 0.497 83 for j,.,=100 and the scaled
cross section appr[E =40 cm™1] is equal to 2768.14, which

now can be compared directly with the CC result 2275.75.
Of course, the thermal average over the scaled quantities is

agpprl E]= fDPRUCDIPR[E] =

UDPR(T):(ZrotNDPR);/inJ dX exp(—X)Xapprl E],
(41)

so that the factor f, once again puts the classical thermal
average values back to the result obtained by ignoring sym-
metry altogether. For the other cross sections f,=0.5000.

Table V summarizes the values for the values from the
CC calculations o,[40 cm™*] and the scaled classical values
o,[40 cm ™). In comparing the CC and CT results (columns
3 and 4 in Table V), we assume the differences are primarily
related to errors in the CT results arising from lost trajecto-
ries due to orbital resonances.

V. DISCUSSION

Most of the surfaces agree reasonably well with the ex-
perimental mixed second virial coefficient over the entire
temperature range. The Berreby and Dayan function, fitted to
the mean square torque, could not reproduce the second
virial coefficient, as seen in Fig. 3. The BD and ab initio
surfaces give the poorest agreement with the virial coeffi-
cient. Likewise, the modified 3A-R and AD-R surfaces
which had been fitted to the dissociation energy of the vdW
complex and the bending frequency gave systematically
poorer results for B4,(T) at higher temperatures.

How accurate are our CT results? In the comparison
against close-coupling calculations at 40 cm™! in Table V,
the greatest difference is in the oy, cross section, which
depends on the ratio of rotational energies E;//E; (common
also to o,;v) and depends on the angle between the initial and
final angular momentum vectors. Since the CC vs CT differ-
ence in o, is smaller, the orbital resonances in the CT
method appear to affect the final j more than the final veloc-
ity. Also, oppr Shows the best agreement between the two
methods, further suggesting that changes in the magnitude of
j are more affected by orbital resonances in the CT calcula-
tions than are reorientations of j. This explains the moderate
discrepancy among the o values. The agreement between
a(,}) and a(nz) values implies that the misrepresentation of ve-
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locity changes by the CT method is insignificant. Thus, for
CO,—Ar mixtures at very low temperatures one can expect
classical values for the rotationally inelastic cross sections
(such as o) to have larger uncertainties than do those for the
predominantly elastic cross sections.

As tests of potential surfaces, the mixture viscosity, the
diffusion coefficient, and the thermal conductivity are not
very discriminating, although some surfaces agree less well
than others as shown in Figs. 4—6. The Billing surface was
not included in the present CT calculations, but comparisons
with the six surfaces used here can be made based on Bill-
ing’s published results for the diffusion coefficient and the
mixture viscosity.?® The Billing surface does the best job at
reproducing the experimental diffusion coefficient values,
and both Pack surfaces PP1 and PP2 do very well too, as
seen in Fig. 4. The temperature dependence predicted by the
3A surface matches the overall temperature dependence of
the experimental data more closely than do the Pack sur-
faces. This difference is, however, relatively small. The 3A,
AD-M, and RL surfaces all overestimate the experimental
diffusion coefficients, although the 3A results fall near the
experimental error bars. High temperature diffusion data
would differentiate between these surfaces better. The mole-
fraction dependence of the mixture viscosity gives rather
similar results at room temperature for all 6 surfaces (Fig. 5).
The PP2 surface reproduces the experimental values at 298
K and provides the best agreement at the higher tempera-
tures. The other surfaces all predict values within the error
bars at 298 K but become progressively worse at the higher
temperatures. The Billing surface shows the worst agreement
at the high temperatures. Only two of the surfaces (the PP2
and ab initio surfaces) predict the concave nature of the
mole-fraction dependence exhibited by the high temperature
experimental data. The thermal conductivity is even less dis-
criminating, with most surfaces giving within £4% error in
comparison with experiment, since we only have data at one
temperature and the thermal conductivities of the pure sub-
stances are fairly similar (Fig. 6). The RL and AD-M sur-
faces overestimate the deviations from an ideal mixture.

In the multiproperty analysis of the N,—Ar potential en-
ergy surface, Beneventi et al. found the NMR cross sections
04, and o to depend sensitively on the anisotropy in R,
(the radial position of the well) and also on the P, anisotropy
in the repulsive wall.** In our previous analysis of the N,—Kr
system, we demonstrated the great sensitivity of the two
NMR cross sections to the radial anisotropy just as was
found in the N,—Ar system® and also the sensitivity to the
anisotropy of the well depth, which had never been noted
before.*® We find the anisotropies of the various surfaces for
the CO,—Ar system are discriminated by the NMR cross
sections. The 3A surface appear to exactly reproduce the
experimental data shown in Fig. 7. Since the error in the
experimental values is about 1%, only the 3A surface agrees
completely with experiment. The ab initio and AD-M sur-
faces also do reasonably well, whereas PP1 and RL are quite
poor in predicting this cross section. The PP2 and RL sur-
faces both underestimate o. It is interesting that the PP2
surface has similar radial anisotropy at the low repulsive wall

as the RL surface yet yields larger o values than the latter
does. The same characteristics of the PP1 surface that lead to
an extremely large mean square torque also lead it to over-
estimate o; .

Experimental investigations of ¢ in our laboratory have
shown that the temperature dependence of the o cross sec-
tions and also the relaxation times can be described by a
power law over a 200 K temperature range,

o3(T)=0,(300 K)(T/300)™,

with m;<0.8” We had found that the power law does indeed
provide an adequate description of the NMR cross sections
obtained from the CT results in the range 200-400 K for all
the N,—Kr PES studied, but that the value of the exponent
m; depends on the potential. (A more complex temperature
dependence would be necessary to describe a much greater
temperature range.) Likewise the CT results on the CO,—Ar
system demonstrate that the NMR cross sections are very
sensitive to the details of the anisotropy of the PES. We find
that the magnitudes, the temperature dependences and the
ratio of the two NMR cross sections predicted by six differ-
ent PES’s are substantially different, with errors of up to
+40% in the magnitudes of o;. We had previously demon-
strated with several different surfaces for the N,—Kr system
that the temperature dependences of the two NMR cross sec-
tions were not related.*® That is, the temperature dependence
of the NMR cross sections, not just their magnitudes, are
sensitive tests of anisotropic potential surfaces. We find here
that the predicted temperature dependences of the o, and o,
are different from each other for the six surfaces used.

Based on our empirical observations that the ratio of the
two NMR cross sections are nearly independent of the colli-
sion partner,%®® we had predicted a o,,/a; ratio close to 1.5
for the CO,—Ar system as well. Unfortunately there are no
experimental results for o,,(T) or oppr to compare with.
However, the 3A PES, which gives excellent agreement with
the experimental o;(T), also give a o,/0; ratio close to 1.5,
the ratio that we found for the CO,—CO, relaxation cross
sections. So do the ab initio and PP2 surfaces. The worst
predictions of o3 (RL and PP1) also go hand in hand with
ratios quite different from 1.5, which tends to support the
extrapolation from the CO,—CO, system. The 3A and AD-M
surfaces give much more similar results for o,.

We compare the mean square torque obtained from the
measurements of Berreby and Dayan® with the predictions
of the various PES’s of the integral in Eq. (28). We see that
the Billing, AD-R, and 3A-R potential surfaces do as well as
the BD potential that had been fitted to the mean square
torque, while surface | of Preston and Pack gives a value that
is a factor of 4 too large compared to experiment and the
Loesch and ab initio surfaces yield values that are also too
large. By its form, the mean square torque provides a good
probe of the anisotropy of the entire surface. Indeed, Drey-
fus, Berreby, and Dayan have shown that for the PP2
CO,—Ar surface, the integrand of Eq. (28) varies with angle
with the largest contributions from angles in the range 30°
< #<85° and R ranging from distances corresponding to the
lower repulsive wall to just past the position of the well
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minimum.’® Whereas the other spectroscopic data provide
information about the shape of the well at the global mini-
mum, the mean square torque is determined to a large extent
by the angle dependence of the potential energy in the region
between the two extreme configurations. In the NNO-Ar and
NNO-Kr systems we have found® that the mean square
torque and the NMR cross section o, probe nearly the same
parts of the PES; the PES that had been fitted to the mean
square torque is the one that reproduces the experimental
04,(T) data. The results for the CO,—Ar system suggest that
this may not be a general observation.

We examined the predictions by the various PES’s of
spectroscopic data for the van der Waals complex in terms of
the force constants for intermolecular stretching and bending
in the van der Waals complex, and the harmonic stretching
and bending frequencies calculated from these using a Wil-
son FG matrix analysis.”® The measured centrifugal distor-
tion constants provide experimental values of the quadratic
stretching and bending force constants for the complex® with
which the predictions from the second derivatives of the
various PES’s were compared in Table II. It should be noted
that we calculated only the harmonic frequencies. It has been
shown that more accurate bending frequencies obtained by
variational calculation using the 3A and 3A-M potentials are
larger than the harmonic frequencies estimated from the qua-
dratic force constants, whereas the stretching frequencies are
quite close to harmonic. There is an observation by Sharpe
et al.® of the bending frequency as a combination band with
the asymmetric stretch of the CO, monomer, with which the
predicted bending frequencies may be compared. These
spectroscopic quantities are very sensitive to the shape of the
well in the vicinity of the global minimum, from which we
see in Table 11 that the 3A-R and the AD-R surfaces give the
best descriptions. Surface | of Preston and Pack gives the
worst stretching and bending force constants. The Rotzoll-
Lubbert potential and the 3A potentials provide too small
bending force constants. The average rotational constants are
more sensitive to the absolute position of R, and the softness
of the radial anisotropy in the well region. We see in Table
111 that the Howard and Hough surfaces 3A, AD-M, includ-
ing the modified ones 3A-R and AD-R, give the best average
rotational constants and dissociation energy in the QDMC
simulations. The ab initio surface also does well here. The
dissociation energy is most sensitive to the shape of the well,
not just the well depth at the global minimum. The ab initio
surface gives reasonable agreement with the dissociation en-
ergy reported by Bohac, Marshall, and Miller.” The rota-
tional constants are more discriminating than the dissociation
energy in distinguishing the well regions of the various
PES’s, although the dissociation energy certainly tests the
well depth at the global minimum. It is important, however,
to have a PES that is fitted to more than the van der Waals
spectroscopic data since these provide essentially no infor-
mation on the high repulsive wall (as can be seen by the
inability of those surfaces specifically modified to fit vdwW
data in reproducing the temperature dependence of the sec-
ond virial coefficients).

Finally, a recent paper by Roche et al.% has come to our

attention during the completion of the present work which
considers in detail the ability of several of these PES’s in
predicting pressure broadening and the van der Waals spectra
of the CO,—Ar system. They carried out exact close-
coupling calculations using seven different potentials and
find that even the AD-R and 3A-R potentials, which had
been fit to microwave line positions, do not reproduce the
centrifugal distortion constants quantitatively. The only po-
tential surface that gives a satisfactory account of the line
broadening coefficients is the PP2 surface.

VI. CONCLUSIONS

We have examined the anisotropy of twelve potential
surfaces that have been proposed for the CO,—Ar system.
The analytic derivatives in the vicinity of the global minima
were used to predict the quadratic force constants for the
stretching and bending of the vdW complex and compared
with the experimental values deduced from spectroscopy.
Wilson’s FG matrix method was used to predict the har-
monic stretching and bending frequencies. For each potential
surface we calculated the interaction second virial coeffi-
cients as a function of temperature and the mean square
torque and compared these with experimental data. We used
a quantum diffusion Monte Carlo procedure to obtain the
average rotational constants in the ground vibrational state
and dissociation energy of the vdW complex that would be
predicted by each surface. We compared these predictions
with the values determined by radio frequency, microwave,
and infrared spectroscopy. For six of the surfaces, we carried
out classical trajectories to obtain the thermal average cross
sections, from which we obtained diffusion coefficients
Dag, mixture viscosities #m,ix, thermal conductivities N,
and the NMR relaxation cross sections o, and ;. We com-
pared the calculated values for these properties with experi-
mental data. By including a wide variety of observables,
some very sensitive to the detailed shape of the well, others
very sensitive to the anisotropy of the well depth, and others
more sensitive to the anisotropy in the repulsive wall, we
have tested most parts of the proposed surfaces.

Although the average zero-point energy does depend on
the shape of the well, our QDMC calculations yield very
nearly the same zero-point energy for the CO,—Ar complex,
for eight out of eleven surfaces. Thus, the dissociation en-
ergy gives the best estimate of the well depth at the global
minimum: The €(90°) of the PP1 surface is too large, while
those of RL, PP2, and Loesch surfaces are too small. The
3A, AD-M and ab initio surfaces have about the right value
of €90°). The 3A-R and the AD-R surfaces had been ad-
justed to reproduce the experimental dissociation energy, so
the best estimate of €(90°) is 196 cm™L. The average rota-
tional constants give the best estimate of the R,,(90°). Al-
though the shape of the well at the global minimum does
affect the average geometry in the ground vibrational state,
the PES’s which have too small a value of R,,(90°) result in
too large values of B and C. Thus, we find that R,(90°) is
too short in the PP1 surface and too long in the BD surface,
also a bit long in the Loesch surface. The AD-R and 3A-R
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surfaces were adjusted to reproduce the rotational constants.
Thus, the best estimate of R,,(90°) is just under 3.48 A and
very close to 3.450 A. The bending frequency wy, gives a
good measure of the well width (at half depth, for example)
in radians: The RL surface is too wide, so are the 3A and ab
initio surfaces. On the other hand, PP1 is too narrow. The
3A-R and the AD-R global minimum bowl appears to have
the right characteristics to reproduce all the spectroscopic
constants, as should be since both were adjusted to do this.
However, both have unrealistically too soft repulsive walls
which would lead to poor values for thermophysical proper-
ties at high temperatures. For this reason we did not choose
them to do the classical trajectory calculations of effective
Cross sections.

Finally, the spin-rotation relaxation cross section o; is
excellently reproduced by the 3A surface, with the ab initio
surface and AD-M surfaces giving a modestly good agree-
ment with experiment. If we assume the ratio of these NMR
relaxation cross sections to be the same as found in
CO,-CO, then the points drawn in Fig. 8 are estimates of the
0y, Tor CO,—Ar based on this ratio of 1.50. Unfortunately
we do not have 'O spin relaxation data in CO,—Ar which
would provide the o, cross sections directly. But again the
outliers are the same ones (RL and PP1) that resulted in great
deviations from the experimental o cross sections.

The mixed success of the various surfaces in reproduc-
ing the experimental data seems to indicate that not a single
surface presently available can be considered the best poten-
tial surface for the CO,—Ar system. The well region and its
shape near the global minimum are adequately tested by the
average molecular constants for the ground vibrational state.
However, the overall anisotropy in the position of the mini-
mum as well as the anisotropy in the well depth are sensi-
tively probed by the NMR cross sections and the mean
square torque, and no PES gives good agreement with these
and also the spectroscopic constants. The thermal conductiv-
ity, mixture viscosity, interaction second virial coefficient,
and mixture diffusion coefficients lend further support, al-
though by themselves they do not discriminate among the
PES’s sufficiently to eliminate from contention the ones that
are found to be in great disagreement with the spectroscopic
data, the NMR cross sections, and the mean square torque.
The PP1 surface gives probably the worst representation of
the CO,—Ar interaction, the global minimum is too deep, and
the distance too short. The Billing surface is one of those
which do not have gross disagreement with experimental
data, but we unfortunately did not choose to do classical
trajectories on this surface. The width (in angstroms) of the
well of the global minimum at half depth determines the w,
(and the width in radians largely determines wy,). It would
appear that the well width at half depth (in angstroms) is too
narrow for the PP1, 3A, AD-M, and ab initio surfaces, while
the width at half depth (in radians) is too wide for the RL,
3A, and ab initio surfaces and too narrow for PP1. Overall,
the ab initio and 3A surfaces are not too bad. Of the empiri-
cal surfaces, the 3A surface gives the best overall agreement
with experiments, which agrees with Hough and Howard’s
original assessment.?® With the classical trajectory results,

the 3A surface predicts both data that are determined by the
shape of the well in the global minimum of the PES and the
thermophysical properties which depend in a more general
sense on the anisotropy of the whole surface. Although the
modification of the 3A potential by Bohac, Marshall, and
Miller gave excellent agreement with the spectroscopic prop-
erties that depend on the well region, the modifications con-
siderably softened the repulsive wall and led to rather poor
behavior of the predicted second virial coefficients at high
temperatures. Although we have not done the classical tra-
jectories with the modified surfaces, we expect the high tem-
perature values of the thermophysical properties such as ther-
mal conductivity, diffusion coefficient, and viscosity to
deviate significantly from experiment. We verify once again
how well the NMR cross sections differentiate among the
various surfaces and provide a sensitive test of the radial
anisotropy. Finally, the spectroscopic data provide excellent
tests of the depth and shape of the well region, complement-
ing the NMR cross sections and the mean square torque
which probe the anisotropy of the surface more broadly.
Currently, the published fit to the ab initio surface of
Marshall et al.* provides a disappointing representation of
the PES. The fitting of the ab initio PES could be improved
to better reproduce the second derivatives at the global mini-
mum and improve agreement with the second virial coeffi-
cient. It already has reasonable agreement with the other ob-
servables. A second approach is to construct a piecewise PES
such as the Morse—Morse—Spline-van der Waals (MMSV)
form which has provided sufficient flexibility to give an ex-
cellent accounting of the N,—Ar system, adjust it to the bowl
of the best PES (3A-R or AD-R) to reproduce the spectro-
scopic constants. Fit the other regions to reproduce the mean
square torque and the temperature dependence of the second
virial coefficient; then do classical trajectories to predict o
and thermophysical properties to serve as independent tests.
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APPENDIX

Lists of calculated effective cross sections for the vari-
ous CO,—Ar surfaces are presented in Tables VI A-VI F.
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TABLE VI. (A) Selected effective cross sections calculated from the AD-M surface.? (B) Selected effective cross sections calculated from the 3A surface.”
(C) Selected effective cross sections calculated from the PP1 surface.® (D) Selected effective cross sections calculated from the PP2 surface.? (E) Selected
effective cross sections calculated from the RL surface.® (F) Selected effective cross sections calculated from the ab initio surface.” All cross sections are in
units of A2,

100 K 300 K 500 K 800 K 100 K 300 K 500 K 800 K
(A) 1000|A —-2296 —2189  —1.866  —1.602
anV 44.661 25.048 21832  19.921 (1 200[A

o0, 85.321 49.806 37563  29.341 ne

) 61206 29010 21404  16.470 (1 01 0|A) —0.185  —0.680  —0651  —0.568

o(2000|A) g 72.309 41.459 35,755 32.484 1200A/,,

(1 01 O|A) —14347  -8.070 —5877  —4.499 1001/A 8.737 7.989 6.834 5.758

711001/, (1200|A)AB

0(1010[A) A5 70.765 41.538 35.249 31.615 1000/A 1.484 0.102 —0.248 —0.367

0(1010|B) a5 72.663 42.362 36525 32918 (1 100 A)

1010/A -18356 —10.363  —9.902  —9.481 AB

Tl —{1010/A —0.368 0.280 0.242 0.189

10108/, )
111004/,
1001]A —18.103 —13.297 —9.550 —7.507

g'( ) _{1001JA 0.782 —0.078 —0.145 —0.155

10108/, )
“l11004/,,

o(1001]A) ag 72.370 42.904 34826  29.620

o(0001|A) a5 43.399 24.476 19.137  15.283 ©
2)

a7 217'282572 116'256175 113'29(;“: 112652607 o 46096 27447 23485 21130

0(2 00 OIA) : : : : o0, 93779 59530  47.968  39.759
0200]A/,, a 88.825 46.427 34.055 26.287

(0200|A) g 77.108 40.990 29.427 22.440 (2000]A) g 73.062 44.084 37.802 34.104

05A(1200|A) ag 92.229 52.088 40.732 33.766 1010/A —14.843  -8.035  -6308 5188

0sa(1100|A) ag 83.135 43.701 34.892  29.465 “l1001/A/

;(1 00 OIA) —8107  -2365 1820 1539 1410/A) 71908 43724  37.334 33443
1200A o(1010|B) a5 75.335 46.096 39.390 35.276
1010A —0.897 —1.043 —.743 —0.590 (1 01 0|A) —21.144  —13.143 —-11.373 —10.251

"(1200|A) “l10108/,,

1001/A 10.847 8.245 6.835 5.830 (1 00 1|A) —13960 -8779  -7563  —6.666
(1200|A)AB “l10108/,
_/1000A 3.318 0.751 0.032 —0.253 0(1001|A) g 75.537 45.505 37.787 32.765
o(0001|A) A5 42.229 23.853 19.312 16.275
%1100 5
AB an® 26.969 16.637 14,317 12.974
(1 01 OlA) —0.697 0.186 0.169 0.130 2000|A 1.102 1.627 1521 1.345
11000A/,, ‘T(o 20 O|A)AB
(1 00 1|A) 0.523 0.582 0.329 0.172 (0200/A) pp 93.168 52517  39.714  31.369
1100A/,, 05 (1200|A) ag 105.400 61.374 48.619 40.494
05a(1100/A) ap 101.120 55.436 43.376 35.990

(B) _{1000JA -0.306 —-1.958  —1.937  —1.808

an¥ 45.933 26.328 22475  20.210 0(1 200) A)

o0, 87.579 50.524 38.808  30.741 0130 —0074  —0211  —0277

o 75.027 34.359 23403  16.741 0(1 01 OIA) ' : ' :

a(2000/A)zg 72.573 42.357 36.220  32.620 1200lA
(1 01 O|A) —13.598  —7.248 —5357  —4.080 1001/A 5.435 6.739 6.522 6.096

“11001A/,, (1200|A)AB

0(1010|A)ag 70.890 41.898 35.531 31.659 1000JA 0.921 —0.486 —0.902 —1.063

0(1010[B) a5 74.000 44127 37.450  33.343 (1 100 A)
1010A -20.766 ~—12.193 —10.702  —9.840 A8

o ) 1010A 0.386 0.917 0.799 0.669
10108/, (

1100/A
1001]A -15976 -10.778 —8580  —6.930 A8
o ) _{1001]A -1331  -1508 —1244  —1.020
10108/, )
%1100A
o(1001|A) a5 72.170 42.282 34.058  28.714 A8
o(0001|A) a5 41.050 23.801 18.162  14.165 )
2)

o1 21656f: 1162)6391 113'179486 102945130 an 49086 30392 25744  22.942

U(Z 00 OIA) : : : : a6, 75.811 46.569 37.368 31.168
0200lA/,, a 52.465 29.984 23.276 18.969

(0200|A) g 81.576 41.898 29.684 21.818 (2000/A) g 78.487 49.518 41731 37.191

05 (1200|A) ag 97.219 52.917 40.742 33.133 (1 010A —18.662 10354  -7.368  —5.605

0sa(1100|A) pg 92.016 47.063 36.084  29.524 “l1001/A/
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TABLE VI. (Continued.)

100 K 300 K 500 K 800 K 100 K 300 K 500 K 800 K
0(1010/A) a5 78590  49.614 41428  36.669 1000]A -0.792  -0912  -0920  -0.917
0(1010/B) a5 82.266 —12.282 43572  38.628 (1 20 0|A)
1010A —19500 —16.807 —11.182 —10.511 AB
_/1010A -0.610  —0.683  —0612  —0.540
10108 |
AB %1200/A
1001/A —25.262 47692 —13.099 —10.650 AB
o _/1001/A 8.495 7.135 6.116 5.337
1010B |
AB “l12000A
a(1001|A) g 88.702 52.852 41.423 35.344 AB
(0001A) g 58978 34860 25757  20.211 ( 100 OIA) 2593 0377 -008  —0.276
an® 29.411 19.129 15.989 14.249 11007/,
(2 00 O|A) 2.430 2.113 1.702 1.406 1010JA ~0.578 0.060 0.079 0.079
g
0200A/ (1 10 O|A)AB
(0200/A) a5 70668  40.821 31.222 25475 1001 1327 0.696 0.416 0.259
05a(1200|A) ag 94522 55366 43837 37625 G, o
0sa(1100|A) ag 80.801  47.348 38117  32.726 A e
7(1 000JA -0.945  -0965 —1.038  —1.081 -
O
1200/, on? 56304  30.144 25035  22.236
1010A —-0910  —-0772  —0665 —0617 o6, 100.817 56.242  43.277 35.037
‘7(1 20 O|A a; 78.890 38.484 28.187 22.070
(2000/A) a5 88.130  48.637  40.449 35.930
(1 001A 9.230 8.535 7.407 6.646 1010 -18913 -10.087 -7.353  —5.679
1200A/ 4 ”(1 00 1|A)AB
( 1000A 2.405 0262 —0358  —0.657  ;10910/A)sg 86.848  48.824 40296 35433
1100A/,, 0(1010|B) g 75.238 51.371 42.437 37.292
1010A ~0.507 0.207 0.308 0.318 (1 01 O|A) —17.923 —12908 —11.180 —10.253
g
(1100|AAB 10108/,
1001/A 1.186 0.577 0209  —0.002 (1 00 1|A) —24479  -15373 11861  —9.576
a
(1100|A . 10108/,
o(1001/A) a5 93.267 52539  41.281 34571
(E) (0001|A) a5 58.751 33.226 24.805 19.482
an¥ 45.336 25.344 21.790 19.736 on? 31.833 18.494 15.414 13.692
o0, 91.136  43.248 31.681 24.995 2000]A 2.147 2.028 1.692 1.404
o, 46.105 20.834 15.581 12479 ©
0200lA/,,
0(2000/A) a5 72467  41.062 35.217  31.866
1010A 16419  -7550 5352  —a083  ©(0200[A)sg 91.848  47.920  35.668 28.177
(,( ) 05a(1200]A) ag 112.948 60.132  46.758 38.885
1001/A/ 04a(1100]A) 5 103744 52665  40.884  34.164
0(1010/A) a5 72051  40.947 34705 31067  _(1000|A -1.981  -1796  —1605  —1.463
0(1010/B) a5 75.238  43.053 36.507  32.681 0(1 20 0|A)
1010A -17.923 -10.842  —9.890  —9.304
1010lA -0773  —0718  —0.645  —0.572
ol |
10108/, 0(1200|A
1001/A -23627 —13.762 —10.536  —8.478
(,( ) 1001/A 10.218 8.888 7.705 6.743
L0108/, (1200|A)
o(1001|A) g 80.314 41.683 33.112 28.161 AB
(000L|A) 5 52876 26.608 19546 15317 (1 00 OIA) 2.538 0.068 0523  —0.780
an® 27.134 15.720 13.428 12.131 11007/,
0(2 00 OIA) 2.457 1.674 1.303 1.054 1010JA —0.640 0.376 0.406 0.380
0200/, (1 10 0|A)AB
0(0200|A) g 63.243 29.509 22.095 17.693 1001JA 1.820 0.227 —0.050 —0.166
05a(1200|A) ag 84.583  43.145 34.551 29.550 ( 1100 A)
0sa(1100|A) pg 72122 37.022 30.048 26.021 A/ e

aCross sections are for 2CO,—Ar. Those related by time-reversal symmetry have been averaged over the pair and the average percent difference in these cross
sections is greater than 50% at 100 K and about 2% at 800 K.

PCross sections are for *CO,—Ar. Those related by time-reversal symmetry have been averaged over the pair and the average percent difference in these cross
sections is 1% at 100 K and 0.3% at 800 K.

“Cross sections are for 3CO,—Ar. Those related by time-reversal symmetry have been averaged over the pair and the average percent difference in these cross
sections is 2% at 100 K and 0.1% at 800 K.

dCross sections are for **CO,—Ar. Those related by time-reversal symmetry have been averaged over the pair and the average percent difference in these cross
sections is 1% at 100 K and about 0.3% at 800 K.

®Cross sections are for 3CO,—Ar. Those related by time-reversal symmetry have been averaged over the pair and the average percent difference in these cross
sections is 1% at 100 K and 0.2% at 800 K.

fCross sections are for *CO,—Ar. Those related by time reversal symmetry have been averaged over the pair and the average percent difference in these cross
sections is about 1% at all four temperatures.
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