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Four potential energy surfaces are of current interest for the Ne–CO interaction. Two are high-level
fully ab initio surfaces obtained a decade ago using symmetry-adapted perturbation theory and
supermolecule coupled-cluster methods. The other two are very recent exchange-Coulomb �XC�
model potential energy surfaces constructed by using ab initio Heitler–London interaction energies
and literature long range dispersion and induction energies, followed by the determination of a small
number of adjustable parameters to reproduce a selected subset of pure rotational transition
frequencies for the 20Ne– 12C16O van der Waals cluster. Testing of the four potential energy surfaces
against a wide range of available experimental microwave, millimeter-wave, and mid-infrared
Ne–CO transition frequencies indicated that the XC potential energy surfaces gave results that were
generally far superior to the earlier fully ab initio surfaces. In this paper, two XC model surfaces and
the two fully ab initio surfaces are tested for their abilities to reproduce experiment for a wide range
of nonspectroscopic Ne–CO gas mixture properties. The properties considered here are relative
integral cross sections and the angle dependence of rotational state-to-state differential cross
sections, rotational relaxation rate constants for CO�v=2� in Ne–CO mixtures at T=296 K,
pressure broadening of two pure rotational lines and of the rovibrational lines in the CO fundamental
and first overtone transitions at 300 K, and the temperature and, where appropriate, mole fraction
dependencies of the interaction second virial coefficient, the binary diffusion coefficient, the
interaction viscosity, the mixture shear viscosity and thermal conductivity coefficients, and the
thermal diffusion factor. The XC model potential energy surfaces give results that lie within or very
nearly within the experimental uncertainties for all properties considered, while the coupled-cluster
ab initio surface gives results that agree similarly well for all but one of the properties considered.
When the present comparisons are combined with the ability to give accurate spectroscopic
transition frequencies for the Ne–CO van der Waals complex, only the XC potential energy surfaces
give results that agree well with all extant experimental data for the Ne–CO interaction. © 2010
American Institute of Physics. �doi:10.1063/1.3285721�

I. INTRODUCTION

The exchange-Coulomb �XC� potential energy model
was originally developed to give a simple method for con-
structing reliable potential energies between closed-shell at-
oms or for representing the spherical part of potential energy
surfaces �PESs� for interactions involving molecules �see
Refs. 1–4 and references therein� and later modified to pro-
vide forms more suitable for interactions involving mol-
ecules �see Refs. 4–9 and references therein�. By fitting a
small number of adjustable parameters in the XC model PES
to a selected set of pure rotational transition frequencies10–13

of the 20Ne– 12C16O cluster, a set of XC surfaces has recently
been developed9 for the Ne–CO interaction. One of these
PESs, denoted as XC�fit�r=re

, is a rigid-rotor PES in which
the CO bond length r is fixed at its experimental spectro-
scopic equilibrium value re, while another, denoted as

XC�fit�vCO=0, has been obtained by averaging the stretching
dependence over the ground vibrational state of the CO mol-
ecule.

Two high-level ab initio Ne–CO surfaces, one obtained14

from symmetry adapted perturbation theory �SAPT� calcula-
tions, the other obtained15 from supermolecule coupled-
cluster calculations at the singles, doubles, and perturbative
triples level of approximation, have been published. They
were referred to, respectively, as the SAPT and S2 PESs in
Ref. 9. The same convention is employed here. In both cases
analytical fits to the ab initio points have been made avail-
able.

The XC�fit� surfaces have been shown9 to give results
for the wide range of available experimental microwave10

�MW�, millimeter-wave11–13 �MMW�, and mid-infrared16,17

�IR� NeCO transition frequencies that are generally far supe-
rior to those obtained using the SAPT and S2 surfaces. The
main purpose of the present paper is to test how well calcu-a�Electronic mail: mcbaneg@gvsu.edu.
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lations employing the XC surfaces reproduce experiment for
a wide range of nonspectroscopic Ne–CO gas mixture prop-
erties and to compare how the XC surfaces fare relative to
the SAPT and S2 surfaces. The relative importance of the
average stretching dependence in the XC surfaces for the
calculation of accurate molecular beam and bulk gas phe-
nomena is also examined, as is the reliability of relatively
inexpensive Mason–Monchick �MM� �Ref. 18� approxima-
tion calculations of diffusion and shear viscosity coefficients
for dilute gases.

Both beam scattering �microscopic� and bulk mixture
properties are utilized to help discriminate between the
XC�fit� surfaces developed in Ref. 9 and the SAPT and S2
surfaces reported in Refs. 14 and 15. Specifically, relative
integral cross sections19 and the angle dependence of the
differential cross sections20 for state-to-state rotational en-
ergy transfer are employed at the microscopic level, and
pressure broadening,21–24 state-to-state rotational energy
transfer rate coefficients,25 the temperature dependence of
the interaction second virial coefficient,26,27 and four binary
mixture transport coefficients, specifically diffusion,28 shear
viscosity,29 thermal conductivity,30 and thermal diffusion,28

are employed at the bulk level. The calculation of these prop-
erties and their comparisons to experiment augment previous
studies15,19,20,25 of the utility of the S2 and SAPT surfaces for
the computation of state-to-state differential and integral mo-
lecular beam scattering cross sections, pressure broadening
of the CO 1←0 rotational transition, rotational energy trans-
fer rate coefficients, and interaction second virial coeffi-
cients.

Section II gives a brief summary of the XC�fit� model
surfaces developed in Ref. 9, while Sec. III presents a com-
parison between the experimental microscopic phenomena
and the corresponding quantities calculated from the
XC�fit�r=re

, XC�fit�vCO=0, SAPT, and S2 surfaces. Similarly,
Sec. IV presents a comparison for the various macroscopic
phenomena. Finally, Sec. V contains an overall summary of
the results obtained, together with some conclusions that can
be drawn from them. In particular, while the two Ne–CO XC
surfaces of Ref. 9 provide the best overall representation of
the Ne–CO interaction currently available, the SAPT ab ini-
tio PES of Ref. 14 and especially the S2 ab initio PES of
Ref. 15 often do rather well in predicting molecular beam
scattering and/or bulk gas phenomena.

II. THE XC„FIT… MODEL POTENTIAL ENERGY
SURFACES

The two recently developed9 XC model PESs both have
the basic XC form

V�R,�� = F���EHL
�1� �R,�� + �EC�R,�� , �1�

in which R is the distance from the diatom center of mass to
the atom and � gives the orientation of the diatom relative to
the interspecies axis R of the complex �such that the align-
ment Ne–C–O corresponds to �=0�. The model for the
mostly repulsive part of the PES is given by the Heitler–
London interaction energy EHL

�1� , multiplied by a function F

that is represented by a simple Legendre expansion involving
� only. The mostly attractive part of the model PES given by

�EC = − G10�R,���
n=6

10

fn�R,��Cn�R,��R−n �2�

is represented by an individually damped, overall corrected,
dispersion-plus-induction energy series through order R−10.
The individual damping functions fn�R ,�� and the overall
corrector function G10�R ,�� are obtained from those3,4,31,32

for the prototypical nonbonded H–H�a 3�u
+� interaction by

multiplying R by the scale factor S���=7.82 /Re���, with
7.82a0 being the internuclear distance corresponding to the
potential energy minimum for H–H�a 3�u

+�, while Re��� is
the equilibrium interspecies distance for Ne–CO at orienta-
tion �. The flexibility in the XC potential energy model is
provided by parameters in the function F and through vary-
ing the composite multipolar long range interaction energy
coefficients Cn�R ,�� within their estimated uncertainties. The
initial9 XC PES is a three-dimensional PES, denoted as 3D
XC�0�, in which the Heitler–London energy has been calcu-
lated as a function of R, �, and the CO bond distance r with
relatively high quality self consistent field �SCF� wave func-
tions for the isolated species, then fitted to a convenient func-
tional form, and �EC is constructed by using the most reli-
able literature values33–36 for the stretching dependence of
the dispersion and induction energies, which have been fitted
to a simple polynomial in a CO stretching coordinate. The
rigid-rotor PES is obtained by setting r=re in the 3D XC�0�
PES, while the vibrationally averaged PES is obtained by
averaging the 3D XC�0� PES over the ground vibrational
state of the CO molecule; in each case a final determination
of the adjustable parameters in the resulting PESs is made by
fitting to accurate experimental values for a set of spectro-
scopic transition frequencies for the 20Ne– 12C16O cluster.
Nine MW frequencies were employed for the XC�fit�r=re
PES, while four MW frequencies and three MMW frequen-
cies were employed for the XC�fit�vCO=0 PES. While the po-
tential parameters for the two XC�fit� PESs are already simi-
lar prior to fitting to the selected sets of MW and/or MMW
data, they are even more similar following the fittings. For
this reason, no significant differences can be anticipated be-
tween values calculated from these two PESs for the proper-
ties considered in this paper. Indeed, the only significant dif-
ferences between the results obtained using these two XC�fit�
PESs lie in the levels of agreement achieved with the full set
of spectroscopic data, including subtle features like the red-
shift in the CO fundamental lines.9

III. MICROSCOPIC PHENOMENA

Relative state-to-state differential20 and integral19 scat-
tering cross sections have been measured for Ne–CO rota-
tional excitation at energies in the range of 500–800 cm−1.
Both types of scattering cross sections are determined mainly
by the shape and steepness of the repulsive wall. Neither is
very sensitive to the absolute size of the repulsive wall be-
cause of the relative nature of the measurements.

Contours at three relevant energies on the repulsive wall
are shown for three PESs in Fig. 1. The XC�fit�r=re

PES and

024308-2 Dham et al. J. Chem. Phys. 132, 024308 �2010�

Downloaded 19 May 2010 to 148.61.145.80. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



the S2 PES behave very similarly for Ne approaching the
carbon end of the CO molecule, while the SAPT wall ex-
tends about 0.09a0 farther at that end. When Ne approaches
the waist of the CO molecule, all three surfaces behave simi-
larly, but the XC�fit�r=re

PES and the SAPT PES both permit
the Ne atom to approach about 0.04a0 more closely than
does the S2 PES. At the oxygen end of the CO molecule, the
S2 and SAPT surfaces permit a 0.03a0 closer approach of the
Ne atom than does the XC�fit�r=re

PES. Overall, the SAPT
PES is the most anisotropic of the three surfaces, and the S2
PES is least anisotropic. The similar appearance of the sets
of contours at the three different energies indicates that the
steepness of the wall is much the same for each PES.

A. Molecular beam state-to-state differential scattering
cross sections

The state-to-state differential cross sections reported by
Lorenz et al.20 provide the most discriminating experimental
test of the shape of the repulsive wall below about 600 cm−1.
Those data are also relatively straightforward to interpret: the
main carbon-end rotational rainbow maximum moves to
lower scattering angle as the potential anisotropy increases.
The SAPT PES predicts those maxima to appear at consis-
tently smaller scattering angles than does the S2 PES; the
comparisons presented in Ref. 20 indicated that the predic-
tions of the S2 PES gave better agreement. Computations of
the differential cross sections from the XC�fit�r=re

PES are
reported herein, and comparisons are made with the same
experimental data. Results obtained for the other two PESs
have also been included for ease of comparison.

Accurate close-coupled �CC� values of the cross sections
have been computed with the MOLSCAT program of Hutson
and Green37 using the Alexander and Manolopoulos38 propa-
gator to solve the coupled equations. The angular expansion
of the potential included 14 Legendre terms, with expansion
coefficients determined by a 20-point Gaussian quadrature
using the standard VRTP mechanism of MOLSCAT. Rotational
states of CO through j=21 were included in the channel
basis and total angular momenta up to J=140 were included
in the partial wave sums.

To match the experimental collision energy distribution,
calculations at energies of 467.7, 511.0, and 554.3 cm−1

were averaged with a three-point Gauss–Hermite quadrature.
The differential cross sections were averaged over the initial
rotational populations of the experiment, namely, 77% j=0
and 23% j=1. All calculations have been performed for the
12C16O isotopologue, since the experiment employed mass-
selective detection. Moreover, for consistency with previous
work, only the 20Ne isotope has been considered, giving a
corresponding Ne–CO reduced mass of 11.6632 amu. Figure
2 displays the results obtained for the XC�fit�r=re

PES for a
representative set of final rotational states j f, together with
comparable results for the SAPT and S2 PESs. Similar cal-
culations using the average Ne atomic mass produced differ-
ential cross sections that differ very slightly from those
shown in Fig. 2.

The differential cross sections predicted by the
XC�fit�r=re

PES lie between those obtained from the SAPT
and S2 PESs, as can be expected, and are generally closer to
the cross sections obtained from the S2 PES. Both the
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FIG. 1. Angular dependence of the location Rtp of the repulsive wall
corresponding to the turning point in the center-of-mass system for an elas-
tic binary collision between Ne and CO at total relative energies
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for an average collision energy of 511 cm−1 for three PESs and experimen-
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the three surfaces. The calculated curves are identified as in Fig. 1.
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XC�fit�r=re
and S2 calculations agree better with the data than

do the SAPT calculations, especially in their predictions of
the position of the C-end rotational rainbow. The trends are
consistent with the discussion of the repulsive wall shapes
above; because the wall of the SAPT PES extends further
from the CO center of mass at the carbon end, rotational
excitation caused by collisions at that end of the CO mol-
ecule requires lower scattering angles when the SAPT PES is
employed.

At low and intermediate final j values, the rainbow
structures predicted by the S2 PES are somewhat closer to
the experimental structures than are those calculated with the
XC�fit�r=re

PES. However, for j f �12, the XC�fit�r=re
PES

appears to provide a better overall agreement with the ex-
periment. These differences are likely within the experimen-
tal error limits; the uncertainty in the extracted angular posi-
tions was reported by Lorenz et al.20 to be about 2°, and the
uncertainty in the peak of the collision energy distribution to
be 15 cm−1. These two uncertainties could shift the experi-
mental curves sufficiently to favor either the XC�fit�r=re

or S2
surfaces, so that the experimental data are unable to distin-
guish between them.

Scattering calculations have also been carried out using a
stretching-dependent XC PES vibrationally averaged over
the vCO=0 vibrational motion. The results obtained using
this PES,9 denoted as XC�fit�vCO=0, are essentially indistin-
guishable from the XC�fit�r=re

curves shown in Fig. 2.
During the preparation of the present paper, an error was

discovered in Ref. 20: in Fig. 3 of that paper, the plots for the
theoretical differential cross sections were obtained from
computations made for an average collision energy of

533 cm−1, rather than for the energy 511 cm−1 stated there.
This error had the effect of shifting the rainbow peaks to
lower angle, thereby improving the apparent agreement with
experiment for the S2 PES, but worsening it for the SAPT
PES. This shift increases with final rotational state, and at
j f =13 the shift is slightly less than 5°. The S2 PES still
clearly provides a better agreement with the experimental
results, and consequently none of the physical conclusions
given in Ref. 20 requires modification. Figure 2 shows the
results obtained for the XC�fit�r=re

, S2, and SAPT surfaces at
average collision energy of 511 cm−1.

B. State-to-state integral scattering cross sections

Antonova et al.19 reported the relative product state den-
sities for rotational excitation of CO by Ne at collision ener-
gies of 711 and 797 cm−1. These densities are related to
state-to-state integral cross sections by a density-to-flux
transformation that depends both on the corresponding dif-
ferential cross sections and on the geometry of the experi-
ment. The necessary density-to-flux corrections have been
computed for the XC�fit�r=re

PES for comparison with the
experimental results of Ref. 19.

Figure 3 shows the experimental product densities at col-
lision energies of 711 and 797 cm−1, together with corre-
sponding values computed from the XC�fit�r=re

PES and
product densities reported for the S2 PES in Ref. 19. The
results for the XC�fit�r=re

PES have been computed using CC
calculations in the manner described in Sec. III A, while the
density-to-flux corrections using CC differential cross sec-
tions from the XC�fit�r=re

PES have been computed as de-
scribed in Ref. 19. The present scattering calculations were
carried out using the average Ne isotopic mass rather than an
explicit average over the stable isotopes; as pointed out in
Sec. III A, the consequent difference is negligible. Cross sec-
tions at each experimental collision energy have been aver-
aged over the initial rotational populations �0.75 in j=0 and
0.25 in j=1� reported in Ref. 19.

The most interesting point of comparison between ex-
periment and theory is the even-odd alternation in the ob-
served densities between j f =4 and 11. This alternation is
caused by an interference effect that appears because the
same final j can be excited by collisions at either end of the
CO molecule.39,40 In the experiment, there are clear maxima
at j f =5, 7, and 9 at lower energies, and a maximum at j f

=5 and a sharp step down between j f =7 and 8 at higher
energies. The preference for odd j f, including a maximum at
j f =5, is a robust feature of CO-rare gas scattering. This pref-
erence also appears in similar He–CO scattering measure-
ments of Antonova et al.41 and in independent measurements
by Carty et al.42 of state-to-state rate coefficients for
He–CO�v=2� rotational energy transfer at 294 K.

The integral cross sections and product densities pre-
dicted by the XC�fit�r=re

PES are very similar to those pre-
dicted by the S2 PES. For both the XC�fit�r=re

and S2 PESs,
a clear maximum does not appear until j f =7 and persists
until j f =11 at both collision energies. The oscillations, there-
fore, set in a little later and persist a little longer than in the
experiment.
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FIG. 3. State-to-state relative product densities at 711 and 797 cm−1 for S2
and XC�fit�r=re

surfaces and experimental results from Ref. 19. The vertical
scale is arbitrary but corresponds roughly to cross sections in Å2 computed
on S2.
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The predictions of the XC�fit�r=re
and S2 surfaces are

much more similar to one another than to experiment, so
that, once again, comparison to experiment cannot distin-
guish between them. Both surfaces give the correct qualita-
tive phase of the oscillations, i.e., they show a preference for
odd j f between 5 and 10, where the oscillations are clearest.
Antonova et al.19 showed that the SAPT PES predicts
maxima at j f =4 and 6, rather than at j f =5 and 7, but gives
predictions that agree with the S2 PES �and also with the
XC�fit�r=re

PES� for high j f values.
As was the case for the state-to-state differential cross

sections, calculations using the vibrationally averaged
XC�fit�vCO=0 PES also gave results that are indistinguishable
from those obtained using the rigid-rotor XC�fit�r=re

PES and
shown in Figs. 3 and 4.

Figure 4 shows the integral cross sections from the three
surfaces for the 0→ j f excitation at 711 cm−1 to permit com-
parison of the calculated results for the three PESs in the
absence of the rotational state distribution and the density-
to-flux transformation. The difference in the predictions of
the SAPT PES and those of the other two PESs for 4� j f

�7 is clear. The upper panel of Fig. 4 shows the density-to-
flux factors computed from the XC�fit�r=re

PES at 711 cm−1.
These sensitivity factors cannot be the cause of the missing
maximum at j f =5 in Fig. 3, since they are nearly constant
over that region. Their main effect is to increase the experi-
mental sensitivity to slow-moving high rotational states.

Another point of comparison between experiment and
theory is in the rate of decrease in the relative densities with
increasing j f. As can be seen from Fig. 3 �comparing the S2
and XC�fit�r=re

PESs� and Fig. 3 of Ref. 19 �comparing the
S2 and SAPT PESs�, all three surfaces are in good agreement
with one another, but show a slower decrease than does ex-

periment. Antonova et al.19 pointed out that this discrepancy
may be due to polarization effects that were not taken into
account during the experimental data analysis.

IV. MACROSCOPIC PHENOMENA

Bulk transport and relaxation phenomena, van der Waals
spectra, and molecular beam scattering provide complemen-
tary data for the development and testing of PESs. Van der
Waals spectra are sensitive mainly to features of the potential
well, especially in the vicinity of the minimum in the PES,
molecular beam scattering is largely sensitive to the shape of
the repulsive wall of the PES at and below the beam energy,
and bulk transport and relaxation phenomena, because they
are determined by thermally averaged collision cross sec-
tions, are sensitive to significant portions of the repulsive
wall of the PES. Measurements of bulk phenomena over as
large a temperature range as possible are thus desirable.
Comparisons between calculated bulk gas mixture proper-
ties, such as the interaction second virial coefficient and
transport and/or relaxation phenomena and available experi-
mental data, thus provide additional tests of the qualities of
the XC�fit�r=re

and XC�fit�vCO=0 PESs obtained recently.9

Experimental data for Ne–CO binary mixtures are avail-
able for the interaction second virial coefficient26,27 over an
extended temperature range �123–463 K�, for the binary
diffusion28 and shear viscosity29 coefficients over more lim-
ited temperature ranges �277–323 K and 298–473 K, respec-
tively�, and for the thermal conductivity coefficient30 and the
thermal diffusion factor28 only at 300 K. Binary diffusion
�mass transport� and shear viscosity �momentum transport�
are determined largely by elastic collisions, so that they, like
the second virial coefficient, are dominated by the isotropic
component of the PES. Because thermal conductivity and
thermal diffusion have contributions that are associated with
the transport of �molecular� internal energy and have larger
inelastic collisional contributions than do diffusion and shear
viscosity, they are slightly more sensitive to the anisotropic
components of a PES. However, the thermal conductivity
coefficient and even more so the thermal diffusion factor are
difficult to measure accurately, so that fewer data, especially
for temperatures other than room temperature, are available
for them.

Pressure broadening and shifting of spectral lines also
provide bulk data sensitive to features of the repulsive wall
of the PES, but only weakly sensitive to its anisotropy. Most
such data are not particularly precise �typically with experi-
mental uncertainties of order 5%� and have been obtained for
rovibrational transitions.

Bulk relaxation phenomena, such as the relaxation of
nuclear spin magnetizations, pressure broadening of the de-
polarized Rayleigh light scattering spectrum, the effects of
magnetic and electric fields on transport properties, and ro-
tational and vibrational relaxation, depend more critically43

upon the anisotropic components of the PES in the sense that
they vanish for purely isotropic interactions. Accurate data,
especially data providing the temperature dependence of
these phenomena, are generally not currently available; such
data would be particularly useful both for delineating be-
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tween different PESs and for enabling a more accurate de-
termination to be made of the anisotropy of the repulsive
wall of the PES. At present the only bulk relaxation data
available for Ne–CO mixtures are the state-to-state rotational
relaxation rate constants obtained by Hostutler et al.25 at a
temperature of 296 K from IR-IR double resonance experi-
ments for CO�v=2�.

A. The interaction second virial coefficient

The temperature dependence of the interaction second
virial coefficient BAB�T� for the Ne–CO interaction
�A�CO, B�Ne hereinafter� has been computed semiclassi-
cally, including translational and rotational quantum correc-
tions through first order.44

The interaction second virial coefficient BAB�T� has been
calculated for the Ne–CO interaction as a function of tem-
perature over the temperature range of 123�T /K�463.
Table I gives a comparison of the BAB�T� values calculated
for the XC�fit�r=re

, XC�fit�vCO=0, SAPT, and S2 PESs with the
reliable �estimated uncertainties of �1 cm−3 mol−1� experi-
mental data of Brewer26 and with the more recent experi-
mental data of Vatter et al.27 The virial coefficients calculated
with the two XC PESs lie well within both the
�1 cm−3 mol−1 uncertainties for the Brewer26 data and the
more conservative assigned uncertainties for the Vatter
et al.27 data. Values of BAB�T� obtained from the SAPT PES
by Moszynski et al.45 and from the S2 PES by McBane and
Cybulski15 are given in columns 5 and 6 of Table I, respec-
tively, for comparison with the XC calculations: most values
obtained from these two PESs fall on either side of the
present calculations, but the values obtained from the S2
PES are in better agreement with the XC values, especially at
lower temperatures. Agreement between the Brewer BAB�T�
data and the corresponding values calculated from the SAPT
PES is poorer than that for either the XC PESs or the S2
PES.

The ordering of the virial coefficients from the S2,
SAPT, and XC�fit� surfaces at higher temperatures can be
understood in a straightforward way. The repulsive wall con-
tours shown in Fig. 1 indicate that the S2 repulsive core has
a slightly larger volume than that of XC�fit� because of its

thicker “waist,” and the XC�fit� attractive well is deeper than
the S2 well by about 1 cm−1. Both those differences should
make the S2 virial coefficients greater than those from
XC�fit�, and in fact the computed virial coefficients are
greater for the S2 PES for all temperatures above 200 K.
Below 200 K the coefficients from the two surfaces are very
similar. The virial coefficients computed from the SAPT sur-
face are consistently lower than those from the other two
surfaces, and the difference is greater at lower temperatures.
That difference is consistent with the roughly 4 cm−1 deeper
SAPT well.

The level of agreement between these calculations and
experiment may be compared in terms of dimensionless root-
mean-square deviations �DRMSDs�: appropriate DRMSD
values have been given in the final row of Table I. The XC
and S2 values lie on average well within the experimental
uncertainties for the set of eight virial data �i.e., their
DRMSD values are less than 1�, while the SAPT values fall
on average slightly outside the experimental uncertainties.
References 28 and 45 give more conservative estimates of
experimental uncertainties for the Brewer26 data, namely,
�3 cm−3 mol−1 for temperatures less than 200 K and
�2 cm−3 mol−1 for temperatures greater than 200 K. If these
uncertainties are employed, all DRMSD values lie well be-
low 1 for all four PESs.

B. Pressure broadening

1. Pure rotational transitions

Nerf and Sonnenberg21 reported the measurements of the
pressure broadening of the 1←0 rotational transition at tem-
peratures of 77, 198, and 294 K. More recently, Colmont
et al.22 reported pressure broadening measurements on the
3←2 transition at 304 K. At 77 K, the average collision
energy is comparable to the depth of the Ne–CO attractive
well, so that the description of the well has an important
effect on predicted cross sections. At higher temperatures,
the size of the repulsive core more strongly affects the pres-
sure broadening cross sections.

McBane and Cybulski15 computed the pressure broaden-
ing cross sections for the 1←0 transition from the S2 and
SAPT PESs and showed that both surfaces predicted values

TABLE I. Temperature dependence of the interaction second virial coefficient BAB for Ne–CO mixtures.

T �K�
Expt.a

�cm3 mol−1�

Calculated values �cm3 mol−1�

XC�fit�r=re
XC�fit�vCO=0 SAPTb S2c

123.15 −14.71�1 �14.21 �14.44 �17.26 �14.48
148.15 −5.64�1 �5.12 �5.30 �7.50 �5.28
173.15 0.42�1 0.97 0.83 �0.96 0.90
223.15 7.83�1 8.53 8.43 7.15 8.57
273.15 12.23�1 12.94 12.86 11.88 13.04
296.15 14.1�1.5 14.38 14.31 13.43 14.51
353.15 17.2�2.0 16.99 16.93 16.24 17.15
463.15 20.6�3.0 19.84 19.81 19.34 20.05
DRMSD value 0.45 0.35 1.3 0.46

aThe first five experimental values are from Ref. 26; the final three values are from Ref. 27.
bReference 45.
cReference 15.
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within the experimental error bars of Nerf and Sonnenberg.21

New calculations have been carried out for both the 1←0
and 3←2 rotational transitions for the XC�fit�vCO=0, S2, and
SAPT surfaces. Scattering calculations with the accurate CC
method were carried out up to 1500 cm−1 with the PMP

MOLSCAT parallel version of the MOLSCAT program,46 and the
pressure broadening cross sections were then constructed us-
ing the accurate Shafer–Gordon theory47 as implemented in a
program by Green.48 The energy grid for thermal averaging
employed spacings of 1 cm−1 from 0 to 50 cm−1, 2 cm−1

from 50 to 150 cm−1, 10 cm−1 from 150 to 400 cm−1,
20 cm−1 from 400 to 1200 cm−1, and 100 cm−1 from 1200
to 1500 cm−1. These calculations were similar in most re-
spects to those employed in the computation of the integral
and differential cross sections described in Sec. III; at least
two closed rotational channels were included and the upper
limit on J in the partial wave sum was chosen to ensure
convergence within each energy range. Only the real, diago-
nal part of the cross section matrix was employed because
only pressure broadening �not shifting� coefficients of well-
isolated lines are considered here. The average Ne atomic
mass was used in all calculations. Thermally averaged cross
sections were computed according to

� f←i�T� =
1

�kBT�2	
0

	

E� f←i�E�e−E/�kBT�dE , �3�

in which E is the collision energy. The integration was car-
ried out by the overlapping-parabola method.49 Thermally
averaged cross sections were converted to pressure broaden-
ing coefficients in “wave number/pressure” form via

̃= c̄AB��T� / �2�ckBT�, with kB the Boltzmann constant,
c̄AB= �8kBT / �����1/2 the mean relative thermal speed, � the
Ne–CO reduced mass, and c the speed of light. For ease of
comparison all relevant results have been converted to 
̃ in
units of cm−1 /atm.

The results of these computations using the XC�fit�vCO=0,
S2, and SAPT surfaces are shown in Table II. The newly
computed S2 and SAPT values differ modestly from those
reported by McBane and Cybulski15 because CC scattering
calculations and a denser energy grid have been employed
here.

All three surfaces give results for the 1←0 transition
well within the experimental uncertainties for all tempera-
tures listed. For the more precise 3←2 measurement, the
XC�fit� result is lower than the experimental result by
slightly more than the reported experimental overall error

limit. The SAPT result lies just within that limit, while the S2
result, the largest, lies well within the experimental range.

Elastic collisions that change only the rotational phase or
orientation of the CO and inelastic collisions that change j
both contribute to pressure broadening. The broadening co-
efficients are not particularly sensitive to the anisotropy,
since a small change in anisotropy may shift transition prob-
ability among different rotational transitions but will not
change the total collision rate by very much. Within a hard-
shell model, appropriate when kBT is much larger than the
well depth, it is therefore reasonable to expect the pressure
broadening coefficients to be related to the total classical
cross section �cl for Ne–CO collisions. The total classical
cross section for a convex hard shell may be computed from
its surface area S by the Cauchy surface area formula,50 �cl

=S /4. Using the 150 cm−1 contour to represent the hard
shell radius gives �cl=28.25 Å2 for the XC�fit�r=re

PES,
28.26 Å2 for the XC�fit�vCO=0 PES, 28.33 Å2 for the SAPT
PES, and 28.53 Å2 for the S2 PES. The S2 PES has the
largest cross section and the XC�fit�r=re

PES �similarly, the
XC�fit�vCO=0 PES� the smallest, yielding the same relative
ordering as the pressure broadening coefficients. The origin
of the differences in total classical cross section is apparent
in Fig. 1: the XC�fit�r=re

PES is narrower at the waist near
90° than is the S2 PES, and is narrower near the Ne–C–O
linear arrangement than is the SAPT PES.

2. Rovibrational transitions

Experimental data for the Ne pressure broadening of
lines in the CO fundamental vibrational band were obtained
by Draegert and Williams;24 the broadening for a single ad-
ditional line R�24� has been reported at high precision by
Henry et al.51 Corresponding data for lines in the first vibra-
tional overtone band were obtained by Bouanich.23

While pressure broadening coefficients for rovibrational
absorption lines are usually similar to those for the corre-
sponding pure rotational lines, they are not identical. In a
rovibrational transition the final state belongs to a different
vibrational level and its collision rates, both elastic and in-
elastic, may be different. In addition vibrationally inelastic
transitions become possible, and they may also contribute to
broadening. A straightforward Shafer–Gordon computation
of the broadening for IR lines is very demanding because the
collisional basis set must include levels from multiple vibra-
tional states so that the total energy, and therefore the basis
set size, becomes large. Instead, approximations that require
scattering calculations only within one vibrational state at a
time have been employed here.

The simplest approach is to estimate the broadening co-
efficients with the assumption that only rotationally inelastic
collisions contribute to the broadening. The sum of all rate
coefficients out of one rotational level j within a single vi-
brational state v is represented by

kvj
loss = �

j��j

kvj�←vj . �4�

TABLE II. Measured and computed pressure broadening coefficients for
pure rotational transitions. All coefficients are given in units of
10−3 cm−1 /atm. Experimental data are from Ref. 21 for the 1←0 line and
from Ref. 22 for the 3←2 line.

Line 1←0 3←2

Temperature/K 77 198 294 304
Experiment 122�13 60.0�7.1 40.6�4.8 38.4�1.2
XC�fit�vCO=0 120 55.9 41.8 36.9
S2 124 57.8 43.1 37.9
SAPT 123 57.1 42.6 37.3
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The broadening coefficient is then given by25


̃�v�j� ← v�j�� =
1

4�ckBT
�kv�j�

loss + kv�j�
loss � . �5�

The S2 and SAPT PESs are rigid rotor surfaces with no
provision for modification in higher vibrational levels; for
these surfaces, the same sets of rate coefficients were utilized
for both v� and v� in Eq. �5�. Separate sets of rate coeffi-
cients were computed for each vibrational level using the XC
PESs: for v=0, the XC�fit�vCO=0 PES was employed, while
for v=1 and 2, the XCvCO=1 and XCvCO=2 surfaces, as de-
scribed in Ref. 9, were utilized. These surfaces include the
vibrational motion of CO in an average way, but have not
been adjusted to match any experimental data describing v
=1 or 2. The energy grid and scattering calculations were the
same as those described in Sec. IV B 1, except that an addi-
tional set of coupled states �CS� calculations extending from
1600 to 2500 cm−1 in steps of 100 cm−1 was added to en-
sure convergence for higher initial states. The CS results
joined smoothly onto the lower-energy CC ones, and they
contribute a small fraction of the total rate coefficients even
for j�
20, so they should not contribute a substantial error.

The resulting pressure broadening coefficients are plot-
ted in Fig. 5 along with the experimental results. No com-
puted result has been plotted for the 1-0 band at m=25 for
comparison with the measurement of Henry et al.51 because
the energy grid employed here is inadequate to provide a
converged value for that broadening coefficient.

These inelastic-only broadening coefficients ignore both
elastic collisions and vibrationally inelastic processes and
should therefore be underestimates. In the Ne–CO system
vibrational relaxation should be very slow so the correspond-
ing broadening is probably truly negligible. However, elastic
collisions may contribute a significant additional broadening.
For the rigid-rotor S2 and SAPT surfaces, comparison be-
tween the Shafer–Gordon results of Table II and those ob-
tained from Eq. �5� indicates that elastic processes contribute
8%–11% to the R�0� �m=1� broadening coefficient and
4%–5% to R�2�. The elastic contribution can be expected to

decline as m increases. For the XC surfaces, adapted for each
vibrational level, a better approximation is available. A com-
parison of the Shafer–Gordon result and Eq. �5� permits an
estimate of the broadening due to elastic collisions within
each vibrational level. If the elastic contribution is attributed
equally to the initial and final levels of the pure rotational
transition, then the broadening coefficient for a rovibrational
transition becomes approximately


̃�v�j� ← v�j��

�
1

4�ckBT
�c̄AB��B�v�j� ← v�j�� + �B�v�j� ← v�j���

+
1

2
�kv�j�

loss − kv�j�
loss + kv�j�

loss − kv�j�
loss �
 , �6�

where �B�vj�←vj�� is the real part of the Shafer–Gordon
line shape cross section for a pure rotational transition be-
tween levels j� and j� within vibrational level v. Equation �6�
approximates the broadening coefficient for a rovibrational
transition as the average of the coefficients for corresponding
pure rotational transitions within the two vibrational states
involved, plus a correction term that approximately accounts
for the different susceptibilities to elastic perturbations in the
two states. The resulting broadening coefficients for the 2-0
R�0�, R�2�, and R�4� lines are plotted as open diamonds in
Fig. 5. Similar corrections can presumably be expected for
the S2 and SAPT surfaces.

When the contribution from elastic collisions is consid-
ered, all three surfaces are in generally good agreement with
the IR line broadening data. The S2 PES gives the largest
predicted coefficients except for the R�0� line, for which the
SAPT PES predicts the highest value. The XC surfaces give
the lowest broadening coefficients. The inelastic-only cross
sections are slightly too low in the 2-0 band, especially for
m
10, but the limited information on elastic contributions
suggests that accurate predictions from all surfaces will lie
within the experimental error bars. In the 1-0 band, the
inelastic-only coefficients agree better with the experiment,
and for most lines the correction for elastic contributions can
be expected to make the agreement slightly worse but still
within the error limits.

Overall, the computed pressure broadening coefficients
reflect the slightly more compact repulsive core of the XC
surfaces clearly, but the differences are small compared with
experimental measurement uncertainties. All three surfaces
are capable of predicting most pressure broadening observa-
tions within the experimental error. The single high-precision
measurement of Colmont et al.22 does, however, suggest that
the XC repulsive core may be slightly too small.

C. Rotational relaxation

Hostutler et al.25 reported the time-resolved IR absorp-
tion measurements on CO�v=2, j�� following the selective
excitation of rotational levels j of CO in its v=2 vibrational
level in a Ne bath at 296 K. They were unable to extract a
unique set of state-to-state rate coefficients from the data, but
they fitted their temporal absorption profiles to rate coeffi-
cient matrices computed from two empirical fitting laws.
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FIG. 5. Computed pressure broadening coefficients and experimental results
for IR fundamental and overtone lines. Experimental data for the 2-0 band
are from Ref. 23. Data for the 1-0 band are from Ref. 24, except for the
single point at m=25 from Ref. 51. Points labeled “inelastic” were
determined with Eq. �5�. Points labeled “approx S-G” were determined with
Eq. �6�.
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They also compared the profiles with predictions using a rate
coefficient matrix computed from the S2 PES. They found
that the rate coefficient sets from both the “modified expo-
nential gap” �MEG� model and from the S2 PES gave satis-
factory agreement with the measurements.

A direct comparison to the experimental data of Hostut-
ler is complicated, and it was decided not to test the XC PES
in that fashion. Instead, a rate coefficient matrix has been
computed from the XCvCO=2 PES at 296 K and compared
with the S2 PES and MEG matrices for 0� j�20. Through-
out that range, for �j� j�− j��3 the MEG rate coefficient is
smaller than the XC and S2 coefficients, and the latter two
are closer together than either is to the MEG result. For
higher values of �j, the XC and S2 rate coefficients are very
close together and display interference oscillations similar to
those in Figs. 3 and 4. The MEG coefficients decrease
smoothly over the same range without oscillations, so that
they are alternately lower and higher than the S2 and XC
results. For most values of �j the XC coefficients lie be-
tween the S2 and MEG values; the single exception is for
�j=2, for which the XC result is the largest for nearly all j.
It is clear from this comparison that the XC rate matrix
would provide just as good a fit to the data of Hostutler et al.
as does either the S2 rate matrix or the fitted MEG model.

D. Transport properties

Full classical trajectory �CT� calculations have been car-
ried out for both the XC�fit�r=re

and XC�fit�vCO=0 PESs using
the atom-diatom CT code developed by Dickinson and
Lee.52–54 The generalized effective cross sections required
for the description of bulk transport and relaxation phenom-
ena for atom-diatom interactions are calculated as Maxwell-
ian averages over total energy; details regarding the nature55

of these cross sections and working expressions for them54

are given elsewhere.
Thermal averaging is achieved by employing Chebychev

interpolation schemes56 in which 7, 11, and 7 energy points
are employed, respectively, to cover the energy domains
�0.15, 1.50�, �1.50, 15.0�, and �15.0, 300.0� in reduced energy
units � �given by the absolute minimum energy for the PES
for which the calculations are being performed�. For the
XC�fit�r=re

PES, � has the value of 225.14�Eh �49.41 cm−1

or 69.5 K�; � has essentially the same value for the
XC�fit�vCO=0 PES.

A 12-point Gaussian quadrature has been employed for
the integration over the internal energy partition parameter
w= ��rot−�trans� / ��rot+�trans�. The contribution from the high-
est value w=0.985 16 can be neglected, as most of the inte-
grands are weighted by �1−w�2. Integrations over the impact
parameter b typically employ 16–20 points, and the calcula-
tions are split into integrations over two domains, one above
and one below a value of b chosen to be close to the impact
parameter value br corresponding to the rainbow angle. Fi-
nally, the averages over the three relevant angles were car-
ried out using 8–14 Gaussian points for each variable. This
choice of quadrature points has resulted in the calculation of
more than 2.9�106 trajectories for the entire calculation for
each individual PES. The CT results have been utilized to

evaluate the standard expressions for the binary diffusion,
binary mixture shear viscosity, binary mixture thermal con-
ductivity, and binary mixture thermal diffusion factor as
given, for example, in Ref. 57 for comparison with experi-
mental results.

Predominantly elastic effective cross sections, such as
those governing the binary diffusion and shear viscosity co-
efficients, have also been calculated using the simple MM
approximation18 for all four Ne–CO PESs so that its useful-
ness for the calculation/prediction of the temperature depen-
dence of the diffusion coefficient �which, in lowest order,
does not depend upon the concentrations of the components�
and the interaction viscosity �a quantity that depends only
upon the unlike interaction and can be extracted from binary
mixture shear viscosity data� can be evaluated.

Kinetic theory expressions for the transport coefficients
are traditionally represented in terms of a sequence of ap-
proximations referred to43 as first, second, etc. Chapman–
Cowling approximations. Although it can be anticipated for
Ne–CO mixtures that the second Chapman–Cowling ap-
proximation �LAB�2 for transport coefficient LAB typically
differs from the first approximation �LAB�1 by no more than
3%, second-approximation calculations will be necessary, es-
pecially when comparisons of calculated values of transport
coefficients are to be made to experimental data having un-
certainties smaller than 1%. Second approximations are ob-
tained by multiplying the first approximation results by ap-
propriate correction factors fmix,L

�2� that depend upon the mole
fraction XA of the molecular species A. Because no full
second-approximation correction expressions are currently
available for molecule-molecule or atom-molecule mixtures,
second approximation corrections for atom-atom mixtures,
as defined explicitly elsewhere for binary diffusion,58 mix-
ture shear viscosity,59 and mixture thermal conductivity,60

have been employed. All atom-atom second-approximation
correction factors have been obtained by evaluating the re-
quired molecular collision integrals within the MM
approximation18 using the present XC�fit�r=re

PES for the
Ne–CO interaction and relevant literature potentials61,62 for
the Ne–Ne and CO–CO interactions.

1. The binary diffusion coefficient

The binary diffusion coefficient is given in first
Chapman–Cowling approximation by43,57

�DAB�1 =
kBT

nc̄ABmAS�1000�A�AB

, �7�

in which n is the number density, c̄AB is the mean relative
thermal speed, mA is the mass of the molecule �here CO�,
and S�1000 �A�AB is the diffusion �effective� cross section.
In this approximation, DAB is determined solely by the unlike
interaction between chemical species A and B.

Values for �DAB�1 have been obtained from full CT cal-
culations for the two XC�fit� PESs and the SAPT and S2
PESs. These results are displayed in Table III, together with
the reliable Trengove et al.28 experimental binary diffusion
results obtained using trace amounts of CO in Ne. Mason63

and others64,65 established that when these experimental con-

024308-9 Ne–CO scattering and bulk gas phenomena J. Chem. Phys. 132, 024308 �2010�

Downloaded 19 May 2010 to 148.61.145.80. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



ditions apply the second approximation correction factor
fmix,D

�2� is very close to unity, so that first approximation values
should approximate the full expression quite well.

The CT values obtained from all four PESs are rather
similar, lying within approximately 1% of one another. The
values of �DAB�1 obtained using the two XC�fit� PESs are
almost indistinguishable �differing from one another typi-
cally by only 0.0001�10−4 m2 s−1 or 0.03%� and are in ex-
cellent agreement with the data of Trengove et al.,28 having
an average absolute deviation of only 0.1%, and lying well
within the reported uncertainty intervals of �0.3%. The CT
values of �DAB�1 obtained using the SAPT and S2 PESs lie
on average 0.61% and 0.88%, respectively, below the experi-
mental values, and well outside the reported experimental
uncertainty intervals.

The diffusion coefficients from the three surfaces follow
the ordering that would be predicted by the total classical
cross sections computed from the 150 cm−1 repulsive con-
tours described earlier. While one pressure broadening mea-
surement indicated that the XC core was slightly too small
and the S2 core better, the opposite conclusion is reached
here: the value for the XC diffusion coefficient matches the
data very well, while the S2 value is too low, indicating too
large a repulsive core. The subtly different dependences of
the diffusion and pressure broadening coefficients on the at-
tractive well and on the anisotropy presumably cause this
difficulty in interpretation.

MM approximation18 calculations of the diffusion coef-
ficient have also been carried out for all four PESs in order to
test the usefulness of this approximation for the calculation
of diffusion coefficients. Although these approximate calcu-
lations, like the full CT calculations, give rather similar val-
ues for all four PESs, differing by about 1% from one an-
other, they all lie systematically between 6% and 7% below
the experiment.

If the diffusion coefficient values deduced by Kestin
et al.29 from their mixture shear viscosity measurements in
the temperature range of 298 K�T�474 K are compared
with the values obtained from the CT calculations for the
XC�fit�r=re

PES, for example, the calculated values appear on

average to be about 3.4% high. Note, however, that the value
of 0.377�10−4 m2 s−1 �uncertainty of �2%� for the binary
diffusion coefficient at temperature 323.15 K obtained in
Ref. 29 based upon the analysis of the mixture shear viscos-
ity data lies 3.4% below the more accurate directly measured
value of 0.3890�10−4 m2 s−1 �uncertainty of �0.3%� ob-
tained by Trengove et al.28 at 323.0 K: consequently, these
two experimental results do not have overlapping uncertain-
ties. If the derived diffusion coefficients reported in Ref. 29
were shifted to agree with the accurate result of Ref. 28 at
323.0 K, while retaining the �2% uncertainty, they would be
brought into a close agreement with the CT results obtained
for the four Ne–CO PESs considered here.

2. The interaction and mixture shear viscosity
coefficients

Unlike the first Chapman–Cowling approximation for
the diffusion coefficient, the first Chapman–Cowling ap-
proximation ��mix�1 for the mixture shear viscosity coeffi-
cient depends both upon the unlike interaction between
chemical species A and B and upon the like interactions for
�pure� A and B. However, it is possible within this approxi-
mation to obtain an expression for a quantity �AB, referred to
traditionally as the interaction �shear� viscosity43,58 that, like
the first Chapman–Cowling approximation to the binary dif-
fusion coefficient, depends solely upon the unlike AB inter-
action and is independent of the mole fractions of the mix-
ture components. The interaction viscosity is given by43,57

�AB = yB
2 2kBT

c̄AB�S�2000�A�AB + S� 2000
2000�B

A�AB� , �8�

in which yB
2 is a mass fraction given by yB

2 =mB / �mA+mB�,
and S�2000 �A�AB, S� 2000

2000 �B
A�AB are effective cross sections

associated with the collisional transport of momentum. Ex-
perimental values for �AB can be extracted from mixture

TABLE III. Comparison of calculated and experimental values for the binary diffusion coefficient of Ne–CO
mixtures. The first row associated with each temperature gives the CT values for the diffusion coefficient; the
second row gives the corresponding MM value.

T �K�

�DAB�1

�10−4 m2 s−1�
DAB

�10−4 m2 s−1�

SAPT S2 XC�fit�r=re
XC�fit�vCO=0 Expt.a

277.0 0.2988 0.2981 0.3008 0.3009 0.3009
0.2790 0.2799 0.2820 0.2818

290.0 0.3230 0.3221 0.3250 0.3251 0.3252
0.3024 0.3029 0.3052 0.3050

300.0 0.3420 0.3411 0.3441 0.3442 0.3446
0.3202 0.3211 0.3235 0.3233

310.0 0.3615 0.3605 0.3637 0.3638 0.3635
0.3388 0.3397 0.3423 0.3420

323.0 0.3874 0.3863 0.3897 0.3898 0.3890
0.3636 0.3645 0.3672 0.3670

aReference 28.
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shear viscosity data in the same manner employed
previously6,66 for N2–Ar and N2–Kr binary mixtures. How-
ever, an uncertainty of order �2% is introduced in the ex-
traction process, even though the original experimental data
have uncertainties typically less than �0.5%. Moreover, the
second Chapman–Cowling approximation correction, which
is of the order of �0.5% for the shear viscosity, is signifi-
cantly larger than that for the binary diffusion coefficient,
and is of the same order of magnitude as the experimental
uncertainties.

A comparison between values for the interaction shear
viscosity calculated from the SAPT, S2, XC�fit�r=re

, and
XC�fit�vCO=0 PESs and values of �AB extracted from the ex-
perimental mixture shear viscosity data of Ref. 29 is given in
Table IV. Values of �AB obtained from CT calculations of the
effective cross sections using the four PESs are given in the
first row of entries associated with each temperature. The CT
values obtained for the two XC�fit� PESs lie systematically
below the values extracted from the data of Kestin et al.29 by
no more than 0.4%, well within the estimated �2% uncer-
tainty typically associated with this derived quantity. Values
of �AB obtained from the vibrationally averaged XC�fit�vCO=0

PES differ typically by less than 0.05% from those obtained
using the XC�fit�r=re

PES, while values of �AB obtained from
CT calculations for the SAPT and S2 PESs lie on average
systematically about 0.8% and 1.0% lower than the experi-
ment, but still within the estimated experimental uncertain-
ties.

Values of �AB have also been obtained for each of the
PESs using MM approximation calculations in order to ex-
amine its usefulness for calculating �AB. The MM values at
each temperature, listed directly below the corresponding CT
values in Table IV, lie typically about 2% lower than the CT
values, and hence generally lie outside the experimental un-
certainties.

In order to compare the calculated mixture shear viscosi-
ties with experimental data having uncertainties in the range
from 0.15% to 0.5%, it is necessary to introduce three refine-
ments to the first Chapman–Cowling approximation expres-
sion given by43,57

��mix�1 =
kBT

c̄AB�AB

�XAS̃�2000�B� − 2XAXBS� 2000
2000�B

A�AB

+ XBS̃�2000�A�� , �9�

in which XA and XB are mole fractions of CO and Ne,

respectively, the symbol S̃�2000 �k� denotes a mixture effec-
tive cross section given by

S̃�2000�k� � �2XkylS�2000�k�kk + XlS�2000�k�kl,

�10�
k,l = A,B�k � l� ,

and �AB is the expanded determinant

�AB � S̃�2000�A�S̃�2000�B� − XAXBS2� 2000
2000�B

A�AB.

�11�

The three refinements, in the order that they are employed in
the construction of columns 3–7 of Table V, are �1� applica-
tion of second Chapman–Cowling approximation correction
factors and, for the pure molecular component A, also a po-
larization correction factor,67 to allow the extraction of val-
ues of S�2000 �A�AA and S�2000 �B�BB appropriate to first
Chapman–Cowling values for the end-points ��A

iso�1 and
��B�1,68,69 �2� calculation of ��mix�2 values from computed
��mix�1 values using a second Chapman–Cowling correction
factor fmix,�

�2� via

��mix�2 = ��mix�1fmix,�
�2� ,

and �3� employment of polarization correction67 factors f02,�

to give the final calculated values �mix
calc for comparison with

experiment. Numerical values for the fmix,�
�2� have been ob-

tained as explained more generally prior to Sec. IV D 1. Po-
larization corrections for both the mixture and pure molecu-
lar gas data are typically of order 0.1%–0.3%.

Table V presents the values for the mixture shear viscos-
ity calculated in first and second Chapman–Cowling approxi-
mations using full CT computations of the relevant effective
cross sections for the XC�fit�r=re

, S2, and SAPT PESs, and of
�mix, including the polarization correction.43 Because the
XC�fit�vCO=0 PES gives values for �mix that are essentially

TABLE IV. Comparison of calculated and experimental interaction shear viscosity values for Ne–CO binary
mixtures. The upper row at each temperature gives CT values while the lower row gives MM approximation
values for �AB. The final column gives values of �AB extracted from the �mix data of Ref. 29.

T �K�

�AB ��Pa s�

SAPT S2 XC�fit�r=re
XC�fit�vCO=0 Expt.

298.15 23.37 23.27 23.51 23.51 23.53
22.68 22.71 22.90 22.89

323.15 24.69 24.58 24.83 24.83 24.88
24.02 24.02 24.23 24.21

373.15 27.20 27.08 27.33 27.33 27.41
26.52 26.51 26.75 26.73

423.15 29.58 29.45 29.73 29.73 29.84
28.90 28.88 29.12 29.12

473.15 31.86 31.72 32.01 32.01 32.13
31.17 31.15 31.40 31.40
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indistinguishable from those obtained using the XC�fit�r=re

PES, they have not been reported in this table. Values for the
relevant polarization correction factor67 f02� for the mixture
shear viscosity are also listed in Table V. Because values of
the correction factors fmix,�

�2� and f02� differ by less than
0.05% among the four PESs being considered, only the value
obtained from the XC�fit�r=re

PES has been given for each
mixture mole-fraction entry in Table V.

As can be seen from Table V all four PESs give values
of �mix that are on the whole in excellent agreement with the
experimental results of Ref. 29, with both the S2 and SAPT
PESs giving values for �mix that lie well within the experi-
mental uncertainties of �0.5% assigned to the direct mixture
shear viscosity data of Ref. 29. The contribution to �mix of
the Chapman–Cowling correction factors for the mixture
shear viscosity is about 0.5%, and is the same magnitude as
the experimental uncertainties. Surprisingly, the XC�fit�r=re

PES, which gives CT values for DAB that agree extremely
well with the accurate diffusion data of Ref. 28, gives �mix

values that compare more poorly �although still largely
within the experimental uncertainties� than do the SAPT and

S2 values with the experimental mixture shear viscosity data.
The averages of the magnitudes of the differences between
the calculated and experimental values are about 0.37%,
0.12%, and 0.10%, respectively, for the XC, S2, and SAPT
PESs; the XC discrepancy is larger than the experimental
uncertainty only for T=298 K and XA=0.3715, in which
case it is 0.64%.

3. The mixture thermal conductivity coefficient

The first Chapman–Cowling approximation ��mix�1 to
the thermal conductivity for a binary mixture of a diatomic
or polyatomic gas with a noble gas is given in the total-
energy-flux representation by57

��mix�1 =
kBT

mAc̄AB�AB�
�XACP

A
S̃�1010�B�

−
2yA

yB

�5kBTCP
A

2
XAXBS� 1010

10E �B
A�AB

+ XB
5kByA

2

2yB
2 S̃�10E�A�� , �12�

TABLE V. Comparison between calculated and experimental values of the mixture shear viscosity �mix �units
in �Pa s�. The first row associated with each �T ,XCO� pair contains results obtained using the XC�fit�r=re

PES,
the second row contains results obtained using the S2 PES, and the third row contains results obtained using the
SAPT PES. � is given by 100��mix

calc−�mix
expt� /�mix

expt.

T �K� XCO

Calculated mixture shear viscosity Expt.a

��mix�1 fmix,�
�2� ��mix�2 f02� �mix

calc �mix
expt � �%�

298.15 0.3715 25.08 1.0051 25.21 1.0020 25.26 25.10 0.64
24.95 25.08 25.13 0.12
25.00 25.13 25.18 0.32

0.6658 21.18 1.0043 21.28 1.0027 21.34 21.24 0.47
21.09 21.18 21.24 0.0
21.13 21.22 21.28 0.19

323.15 0.3715 26.52 1.0055 26.66 1.0019 26.71 26.62 0.34
26.38 26.53 26.58 �0.15
26.44 26.59 26.64 0.08

0.6658 22.46 1.0046 22.56 1.0027 22.62 22.54 0.36
22.36 22.46 22.52 �0.09
22.40 22.50 22.56 0.09

373.15 0.3715 29.27 1.0057 29.43 1.0019 29.49 29.40 0.31
29.12 29.29 29.35 �0.17
29.18 29.35 29.40 0.0

0.6658 24.89 1.0050 25.02 1.0027 25.09 24.98 0.44
24.78 24.90 24.97 �0.04
24.83 24.95 25.02 0.17

423.15 0.3715 31.86 1.0059 32.05 1.0018 32.11 32.04 0.21
31.71 31.89 31.95 �0.28
31.77 31.96 32.02 �0.06

0.6658 27.16 1.0053 27.30 1.0026 27.37 27.28 0.33
27.04 27.19 27.26 �0.07
27.09 27.23 27.31 0.11

473.15 0.3715 34.33 1.0061 34.54 1.0019 34.61 34.51 0.29
34.17 34.37 34.44 �0.20
34.24 34.45 34.51 0.0

0.6658 29.29 1.0056 29.45 1.0026 29.53 29.45 0.27
29.17 29.34 29.42 �0.10
29.22 29.38 29.46 0.03

aReference 29.
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with kB, yA, yB, c̄AB, XA, and XB as defined earlier, CP
A the

heat capacity at constant pressure per molecule A, and �AB�
the expanded determinant

�AB� � S̃�10E�A�S̃�1010�B� − XAXBS2� 1010
10E �B

A�AB, �13�

in which the quantities S̃�1010 �B�, S̃�10E �A�, and
S� 1010

10E �B
A�AB are mixture effective cross sections associated

with the collisional transport of energy.43,57 Values of ��mix�1

calculated for the Ne–CO experimental mixture composi-
tions reported in Table VI have been evaluated using Eq. �12�
and CT values of the effective cross sections obtained using
the SAPT, S2, and the two XC�fit� PESs. Mixture thermal
conductivity values have not been reported in Table VI for
the XC�fit�vCO=0 PES, as they are essentially indistinguish-
able from those obtained for the XC�fit�r=re

PES.
The only experimental determination of the mixture ther-

mal conductivity for Ne–CO binary mixtures is that of
Imaishi and Kestin30 at a temperature of 300.65 K for three
different mixture compositions and the pure components. Be-
cause the experimental data have uncertainties of only
�0.3%, it is necessary, as for the mixture shear viscosity, to
include both second Chapman–Cowling approximation and
polarization correction factors in order to compare calculated
and experimental results. First-approximation values ob-
tained for the mixture thermal conductivity have been con-
verted into second-approximation values via multiplication
by Chapman–Cowling correction factors fmix,�

�2� calculated for
the translational component of the thermal conductivity
within the MM approximation.60 Values of �mix

calc have been
obtained from �mix

calc= ��mix�2f12�, in which f12� is the polar-
ization correction factor67 appropriate to the thermal conduc-
tivity. The correction factors fmix,�

�2� and f12� for the thermal
conductivity coefficient are, in general, slightly larger than
the corresponding correction factors fmix,�

�2� and f02� for the
shear viscosity coefficient, and are larger than or comparable
to the experimental uncertainty of �0.3%. As for the mixture
shear viscosity, it is also important to provide good estimates
of second Chapman–Cowling approximation corrections to
both pure gas thermal conductivities in order to determine
pure gas end points properly.

From Table VI it can be seen that the level of agreement
between the values of �mix

calc obtained from the present XC�fit�

PESs and the experimental mixture thermal conductivity val-
ues given by Imaishi and Kestin30 is very good, with devia-
tions from experiment lying on average at the specified ex-
perimental uncertainties of �0.3%. The values of �mix

calc

obtained from the S2 PES give slightly better agreement with
experiment, with absolute deviations averaging at 0.21%,
while the SAPT PES does not give as good agreement with
the experiment, with deviations averaging more than double
the experimental uncertainty.

4. The thermal diffusion factor

Although expressions describing thermal diffusion in bi-
nary mixtures of noble gases have been available for many
years, having appeared in the first edition �1939� of the clas-
sic monograph by Chapman and Cowling,70 it was not until
recently that reliable appropriate expressions have become
available71 for mixtures containing molecules. Utilization of
the formulas given in Ref. 71 for the two-flux expression for
the thermal diffusion factor �T, together with reliable CT
values for the set of relevant effective cross sections, showed
good agreement with the experiment for a number of atom-
molecule binary mixtures.68,69,72–74 Indeed, a significant dif-
ference between the values for �T calculated using the mon-
atomic mixture formula43,70 and the full thermal diffusion
factor formula of Ref. 71 was found for Ne–N2 mixtures;72

this suggests that similar additional contributions may also
exist for binary mixtures of Ne with the isoelectronic CO
molecule.

The thermal diffusion factor can be split formally into
two parts as

�T = �T
iso + �T

pol, �14�

in which �T
iso is the component of the thermal diffusion factor

that corresponds to an isotropic nonequilibrium distribution
function43 and �T

pol, referred to as the polarization contribu-
tion, is associated with the dependence of the nonequilibrium
distribution function upon the vectorial nature of the molecu-
lar angular momentum. The polarization contribution is,
however, often only a small fraction of �T.

As shown in Ref. 71, there are two distinct, yet similar,
approximations for �T, referred to as the two-flux and total-

TABLE VI. Comparison between calculated and experimental mixture thermal conductivities for Ne–CO mix-
tures at T=300.65 K �units: mW m−1 K−1�.

XCO PES

Calculated mixture thermal conductivity Expt.a

� �%���mix�1 fmix,�
�2� ��mix�2 f12� �mix

calc �mix
expt

0.7364 XC�fit�r=re
28.86 1.0057 29.08 1.0031 29.17 29.13 0.14

S2 28.88 29.05 29.14 0.03
SAPT 28.78 28.94 29.03 �0.34

0.4835 XC�fit�r=re
33.99 1.0070 34.23 1.0010 34.27 34.43 �0.46

S2 34.03 34.27 34.30 �0.38
SAPT 33.85 34.08 34.12 �0.90

0.2742 XC�fit�r=re
39.43 1.0080 39.74 1.0002 39.75 39.88 �0.33

S2 39.47 39.78 39.79 �0.23
SAPT 39.28 39.59 39.60 �0.70

aReference 30.
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energy-flux approximations. The form taken by �T
iso, in par-

ticular, differs for these two approximations. For the two-flux
approximation, �T

iso can be written as

�T
iso�2F� � �T

mon�2F� + �T
int + �T

cf, �15�

in which �T
mon�2F� reduces to the expression for the thermal

diffusion factor for a binary monatomic gas mixture when
both mixture constituents are atoms, �T

int represents the con-
tribution to �T

iso from the internal �vibrational and/or rota-
tional� energy in the absence of translational-internal energy
coupling, and �T

cf represents the contribution to �T
iso due to

collisional coupling of the translational and internal energy
fluxes. For the total-energy-flux approximation, �T

iso can be
written as

�T
iso�totE� � �T

mon�totE� + �T
mol, �16�

in which �T
mon�totE� reduces to the thermal diffusion factor

for a binary monatomic mixture when both mixture constitu-
ents are atoms, and �T

mol represents the additional contribu-
tions to �T

iso present only for molecular constituents.
Calculations of the thermal diffusion factor �T based

upon the two-flux and total-energy-flux approximations,71

and employing CT values for the relevant effective cross
sections obtained from the XC�fit�r=re

, XC�fit�vCO=0, SAPT,
and S2 PESs, are compared with experiment28 in Table VII.
The experimental data are sparse, being available only at
temperature T=300 K and only for four values of the mole
fraction XCO of CO. Further, the mole fraction values appear
in the form of two pairs, with the two values for each pair
sufficiently near that the differences in the two experimental
values of �T are comparable to the experimental uncertainty
of �3.5%. Comparison between theory and experiment is
further complicated by the two approximations yielding sig-
nificantly different values for �T for a given PES. As an aid
to the discussion that follows, the relative behavior of the
four PESs in predicting the experimental thermal diffusion

results for Ne–CO mixtures for both approximations is pre-
sented in Table VIII, which also contains the related relative
results for �T�totE� versus �T�2F�.

For each PES considered here the results for the 2F ap-
proximation are always higher than those obtained from the
totE approximation; the difference between the results ob-
tained with the two approximations decreases “significantly”
as the mole fraction increases from XCO=0.185, 0.200 to
XCO=0.785, 0.815. From the first row of Table VIII, it can be
seen that the differences are remarkably consistent from one
PES to another. Moreover, in all cases the �T�2F� results lie
closer to the experiment than do the �T�totE� values, particu-
larly for the smaller mole fractions. The absolute average
deviations �AADs� between the calculated values of �T and
experiment for each of the four PESs and for both approxi-
mations are provided in Table VIII. In the following, how-
ever, consideration will be limited to the calculated results
for �T obtained from the apparently more reliable two-flux
approximation.

As might be expected from the comparisons already
made for the other transport properties, the results obtained
from the two XC�fit� PESs are very similar, and differ uni-
formly by about 0.5% for each value of XCO. The two-flux
results agree �essentially� with the experiment to within the
experimental uncertainty only for the two lowest mole frac-
tions. The two-flux results for the S2 and SAPT PESs are
similar as functions of XCO, and also agree with the experi-
ment only for the two smallest mole fractions; however, that
agreement is considerably better than is seen for the XC
PESs.

Prior to the publication of a detailed expression for the
thermal diffusion factor for binary mixtures involving mol-
ecules in 2003,71 the only expression for the thermal diffu-
sion factor was that obtained for noble gas binary mixtures
by Chapman75 in 1917 �see also Ref. 70�. The monatomic
formula has routinely been employed for the calculation of
�T for atom-molecule mixtures and even for purely molecu-

TABLE VII. Thermal diffusion factor for Ne–CO mixtures at temperature T=300 K. The experimental results
�T

expt are from Ref. 28.

XCO PES �T
mon�2F� �T

iso�2F� �T�2F� �T
expt �T�totE� �T

iso�totE� �T
mon�totE�

0.185 XC�fit�r=re
0.1299 0.0819 0.0864 0.0896 0.0825 0.0760 0.0768

XC�fit�vCO=0 0.1303 0.0823 0.0868 0.0829 0.0764 0.0772

S2 0.1312 0.0848 0.0889 0.0847 0.0788 0.0798

SAPT 0.1300 0.0846 0.0894 0.0855 0.0786 0.0794

0.200 XC�fit�r=re
0.1285 0.0812 0.0856 0.0873 0.0817 0.0754 0.0761

XC�fit�vCO=0 0.1288 0.0816 0.0860 0.0821 0.0758 0.0765

S2 0.1298 0.0840 0.0880 0.0838 0.0781 0.0790

SAPT 0.1285 0.0838 0.0885 0.0846 0.0779 0.0786

0.785 XC�fit�r=re
0.0902 0.0580 0.0596 0.0659 0.0590 0.0562 0.0562

XC�fit�vCO=0 0.0903 0.0583 0.0599 0.0593 0.0565 0.0565

S2 0.0903 0.0592 0.0606 0.0599 0.0574 0.0574

SAPT 0.0891 0.0586 0.0603 0.0598 0.0568 0.0568

0.815 XC�fit�r=re
0.0888 0.0570 0.0585 0.0633 0.0582 0.0555 0.0554

XC�fit�vCO=0 0.0889 0.0573 0.0588 0.0585 0.0558 0.0557

S2 0.0889 0.0581 0.0595 0.0590 0.0566 0.0566

SAPT 0.0877 0.0576 0.0592 0.0589 0.0561 0.0560
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lar mixtures: it was the use of this formula coupled with
inaccurate collisional approximations that was the source
of significant disagreements between theory and
experiment.28,76–78

The quantities �T
mon appearing in each of Eqs. �12� and

�13� correspond to the monatomic Chapman expression for
�T. An examination of the explicit expressions given for
them in Ref. 71 shows that while the two expressions are
distinct and different, they both reduce to the classic Chap-
man expression in the limit of binary monatomic mixtures.
The two-flux expression for �T

mon�2F�, because it is based
upon the contribution to thermal diffusion from the transla-
tional heat flux, has a 1-1 correspondence with the effective
cross section combinations that occur in the Chapman ex-
pression and contains almost no contributions associated
with the internal states of the molecular component. The
total-energy-flux expression �T

mon�totE� has the same struc-
ture as the monatomic Chapman expression for �T, but it
inherently includes much of the molecular internal state con-
tributions to thermal diffusion via the detailed structures of
the effective cross sections.

As can be seen from Table VII, the values for �T
mon�2F�

overestimate the full �T�2F� by about 50% on average both
for XCO�0.2 and XCO�0.785, while those for �T

mon�totE�
underestimate the full �T�totE� by about 6.5% on average for
XCO�0.2 and by about 4.5% for XCO�0.785. Notice, how-
ever, that once the internal energy flux contribution has been
included in the two-flux approximation to give �T

iso�2F�, the
full �T�2F� is underestimated, on average, by about 5% for
XCO�0.2 and by about 2.6% for XCO�0.785. At this level of
theory these two-flux results are more comparable to those
for the total-energy-flux approximation for �T

iso, which under-
estimates �T�totE� by about 7.6% and 4.6%, respectively.
The full theoretical results for �T, which were discussed and

compared with the experiment in the context of Table VIII,
also include the corresponding polarization contributions to
the thermal diffusion factor.

V. GENERAL DISCUSSION

Based upon the analysis presented in Secs. III and IV,
and elsewhere9 for the MW, MMW, and mid-IR spectro-
scopic transition frequencies for various isotopologues of
Ne–CO, the two XC�fit� PESs offer the best representation of
the Ne–CO interaction currently available. Because the re-
sults obtained for the beam scattering and bulk gas mixture
properties being considered here are indistinguishable for the
two XC�fit� PESs, they will be referred to collectively as the
XC�fit� PES. It is clear from the results obtained in Ref. 9
that the XC�fit� PESs provide a far superior representation of
the Ne–CO interaction for the calculation of spectroscopic
transition frequencies than does the original SAPT PES or
the S2 PES; they are superior even to a version14 of the
SAPT PES that was scaled to improve the agreement with
experimental mid-IR spectral results. However, the perfor-
mance of the XC�fit� PES relative to the SAPT and S2 PESs
with regard to the beam scattering and bulk gas mixture
properties being considered explicitly here requires a more
detailed discussion.

The ability of the PESs considered in this paper to re-
produce the experimental results for the various properties of
Ne–CO mixtures discussed in Secs. III and IV is summarized
in Table IX. This table and discussion related to it apply to
results obtained at the highest level of theory �i.e., CC scat-
tering calculations of the microscopic properties and CT cal-
culations of transport properties�. As pointed out in Sec.
IV D 4, the discussion of the calculated results for the ther-
mal diffusion factor is complicated by the sparseness of re-

TABLE VIII. Relative behaviors of the four PESs in predicting thermal diffusion including the average absolute
deviations �AAD� between calculated and experimental results.

Quantity XCO

PES

XC�fit�r=re
�%�

XC�fit�vCO=0

�%�
S2
�%�

SAPT
�%�

�T�2F� − �T�totE�
�T�2F�

� 100%
0.185 4.5 4.5 4.8 4.4

0.200 4.5 4.5 4.8 4.4

0.785 1.0 1.0 1.2 0.83
0.815 0.51 0.51 0.84 0.51

�T�expt� − �T�2F�
�T�expt�

� 100%
0.185 3.6 3.1 0.78 0.22

0.200 1.9 1.5 0.80 �1.4

0.785 9.6 9.1 8.0 8.5
0.815 7.6 7.1 6.0 6.5

�T�expt� − �T�totE�
�T�expt�

� 100%
0.185 7.9 7.5 5.5 4.6

0.200 6.4 6.0 4.0 3.1
0.785 10.5 10.0 9.1 9.3
0.815 8.1 7.6 6.8 7.0

AAD2F�XCO�0.200� 2.7 2.3 0.8 0.8
AAD2F�XCO�0.785� 8.6 8.1 7.0 7.5
AADtotE�XCO�0.200� 7.1 6.7 4.7 3.8
AADtotE�XCO�0.785� 9.3 8.8 7.9 8.1
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liable experimental data and differences between the calcu-
lated results obtained from two relatively recent71

approximations for this property; the entries in Table IX are
based upon the results obtained from employing the two-flux
approximation for �T. The comparison between calculated
and experimental results for the state-to-state differential
cross sections and the state-to-state relative product densities
�which are related to the corresponding integral cross sec-
tions� of Sec. III is more qualitative in nature, with a focus
on agreement with experiment in the trends of observables as
a function of scattering angle and/or final rotational state.

It will be clear from Table IX and related discussions in
Secs. III and IV that the XC�fit� and S2 PESs give the best
representations of the Ne–CO interaction as sensed by the
combined bulk properties/beam scattering data. Based prima-
rily upon the difference between the results obtained for the
two PESs for the binary diffusion coefficient, the XC�fit�
PES gives a marginally better representation than does the
S2 PES; for all other properties surveyed in Table IX, the
XC�fit� and S2 PESs give a comparably good agreement with
experiment, in each case giving calculated results that lie
essentially within the experimental uncertainties. The SAPT
PES also gives very good results for many of the properties
considered in Table IX, but does not agree with experiment
for binary diffusion, mixture thermal conductivity, interac-
tion second virial coefficient, and the beam scattering data.
The interaction second virial coefficient data depend upon
both the repulsive core and the attractive well of the PES,
while the diffusion coefficient and mixture interaction shear
viscosity are dominated by the behavior of the repulsive
core. The deeper well of the SAPT PES is largely responsible
for its disagreement with the virial coefficient data and its

slightly greater anisotropy is likely the source of its disagree-
ments with the scattering data. Indeed, the relative ordering
of the XC, S2, and SAPT surfaces found in Table I �interac-
tion second virial coefficient� is consistent with the combi-
nation of hard-shell cross sections and well depths of the
three surfaces, while the comparisons in Table II �diffusion
coefficient� and Table III �interaction mixture viscosity� are
consistent with the ordering of the hard-shell cross sections
for the three surfaces. As the mixture thermal conductivity
�see Eqs. �12� and �13�� is a subtle blend of hard-sphere and
anisotropy contributions, it is more difficult to visualize its
relative behavior, but the ordering of the three surfaces seen
in Table VI is indeed consistent with the ordering of the
strengths of the anisotropies of the three PESs.

It should be emphasized that both the SAPT and S2
PESs are ab initio surfaces. For the properties considered in
Table IX the quality of agreement between calculations with
the S2 PES and experiment is remarkably good; the Ne–CO
dimer involves two sizable species and a very subtle interac-
tion, and provides a severe test for ab initio techniques.
While the SAPT PES does not fare as well in the compari-
sons presented here, its description of the shape of the
Ne–CO well and its consequent agreement with the spectro-
scopic data are superior to those of the S2 PES.

The XC�fit� PES is based upon the XC potential energy
model, which utilizes often readily available or obtainable
input, namely, long range multipolar interaction energy coef-
ficients and Heitler–London interaction energies �which re-
quire isolated species wave functions only; the SCF level of
approximation appears to suffice�. The flexibility in the
model is crucial to its success and is provided for the mostly
repulsive part of the model by adjustable parameters in the

TABLE IX. A summary of the predictive abilities of various Ne–CO PESs; see Secs. III and IV for details.

Properties Table Ref. Uncertainty XC S2 SAPT

Virials I 26 �1 cm3 mol−1 Easily Easily No
27 �1.5–3.0 cm3 mol−1 Easily Easily Easily

MW pressure broadening II 21 �10% Easily Easily Easily
MMW pressure broadening II 22 �3% Closea Easily Yes
Diffusion III 28 �0.3% Easily No No

29 �2% Easily Easily Easily
Interaction viscosity IV 29 �2% Easily Yes Easily
Mixture viscosity V 29 �0.5% Essentiallyb Easily Easily
Thermal conductivity VI 30 �0.3% Closec Closec No
Thermal diffusion VII 28 �3.5% Partiallyd Partiallyd Partiallyd

Figure Ref. Uncertainty XC S2 SAPT

IR pressure broadening 5 23 and 24 �5% Yes Yes Yes
State-to-state differential cross sections 2 20 Yes Yes Noe

State-to-state relative product densities and integral cross sections 3,4 19 Partiallyf Partiallyf Nog

Rotational relaxation ratesh 25 Easily Easily

aXC disagrees with the single measurement by 1.3 times its overall uncertainty.
bThere are ten data points. The prediction for T=298.15 K, XCO=0.3715 is 0.64% higher than the experiment.
cThere are three data points. The S2 result is lower than the experiment by 0.37% at XCO=0.4835, while the XC results are low by 0.48% and 0.32% for
XCO=0.4835 and 0.2742, respectively.
dThere are four data points. The predictions for two higher �lower� mole fractions XCO disagree �agree� with the experiment.
eThe predicted angular position of the main rotational rainbow is outside the estimated experimental uncertainty.
fThe phase of the interference oscillations is predicted correctly but the amplitude at j=5 is not.
gThe phase of the interference oscillations is not predicted correctly.
hThe SAPT PES was not tested, but can be expected to match the experimental rate data easily.

024308-16 Dham et al. J. Chem. Phys. 132, 024308 �2010�

Downloaded 19 May 2010 to 148.61.145.80. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



simple function multiplying EHL
�1� and for the mostly attractive

part through variations in the long range interaction energy
coefficients within their uncertainties. The need for such
flexibility is clearly related to the approximations inherent in
the construction of the model. The nature and importance of
this flexibility, and its balance between the repulsive and
attractive parts of the potential energy model, have been dis-
cussed in detail elsewhere.1–6,66,79,80

The adjustable parameters in the XC�fit� PES for Ne–CO
are determined by fitting a relatively small set of pure rota-
tional transition frequencies that sense features of the poten-
tial well in the energy range associated with the rotational
levels being excited by the radiation. Nevertheless, the re-
sulting PES reliably predicts a range of spectroscopic transi-
tions, beam scattering cross sections, and bulk properties of
the dimer that samples a wide range of configuration space
for this interaction that is not well sampled by the spectral
data. Similar observations have been made for interactions
for which second virial coefficient and/or MW data have
been utilized to determine the adjustable parameters in the
XC�fit� potential energy model.4,5,7,61,66,68,79,81,82

The XC�fit� PES provides overall the most reliable rep-
resentation of the Ne–CO interaction to date. This PES also
provides a suitable starting point for future studies of this
interaction: should new, accurate, data become available for
bulk relaxation phenomena, for example, it should be pos-
sible to use them to refine the anisotropy of the repulsive
wall of the PES. The flexibility still inherent in the XC PESs
can be exploited, as required, for such a purpose.

ACKNOWLEDGMENTS

W.J.M. and F.R.W.M. are grateful to NSERC of Canada
for the award of Discovery Grants that have funded this re-
search in part.

1 K.-C. Ng, W. J. Meath, and A. R. Allnatt, Chem. Phys. 32, 175 �1978�.
2 K.-C. Ng, W. J. Meath, and A. R. Allnatt, Mol. Phys. 37, 237 �1979�.
3 W. J. Meath, D. J. Margoliash, B. L. Jhanwar, A. Koide, and G. D. Zeiss,
in Proceedings of the 14th Jerusalem Symposium on Quantum Chemistry
and Biochemistry, edited by B. Pullmann �Reidel, Dordrecht, 1981�, pp.
101–115.

4 W. J. Meath and M. Koulis, J. Mol. Struct. 226, 1 �1991�.
5 R. J. LeRoy, C. Bissonnette, T. H. Wu, A. K. Dham, and W. J. Meath,
Faraday Discuss. 97, 81 �1994�.

6 A. K. Dham, F. R. W. McCourt, and W. J. Meath, J. Chem. Phys. 103,
8477 �1995�.

7 C. Bissonnette, C. E. Chuaqui, K. G. Crowell, R. J. Le Roy, R. J. Wheat-
ley, and W. J. Meath, J. Chem. Phys. 105, 2639 �1996�.

8 H. Wei, R. J. Le Roy, R. Wheatley, and W. J. Meath, J. Chem. Phys. 122,
084321 �2005�.

9 A. K. Dham, F. R. W. McCourt, and W. J. Meath, J. Chem. Phys. 130,
244310 �2009�.

10 K. A. Walker, T. Ogata, W. Jäger, M. C. L. Gerry, and I. Ozier, J. Chem.
Phys. 106, 7519 �1997�.

11 G. Winnewisser, B. S. Dumesh, I. Pak, L. A. Surin, F. Lewen, D. A. Roth,
and F. S. Rusin, J. Mol. Spectrosc. 192, 243 �1998�.

12 D. A. Roth, I. Pak, L. A. Surin, B. S. Dumesh, and G. Winnewisser, Z.
Naturforsch. A 55, 754 �2000�.

13 L. A. Surin, A. V. Potapov, V. A. Panfilov, B. S. Dumesh, and G. Win-
newisser, J. Mol. Spectrosc. 230, 149 �2005�.

14 R. Moszynski, T. Korona, P. E. S. Wormer, and A. van der Avoird, J.
Phys. Chem. A 101, 4690 �1997�.

15 G. C. McBane and S. M. Cybulski, J. Chem. Phys. 110, 11734 �1999�.
16 R. W. Randall, A. J. Cliffe, B. J. Howard, and A. R. W. McKellar, Mol.

Phys. 79, 1113 �1993�.

17 A. R. W. McKellar and M.-C. Chan, Mol. Phys. 93, 253 �1998�.
18 L. Monchick and E. A. Mason, J. Chem. Phys. 35, 1676 �1961�; E. A.

Mason and L. Monchick, ibid. 36, 1622 �1962�.
19 S. Antonova, A. Lin, A. P. Tsakotellis, and G. C. McBane, J. Chem. Phys.

110, 11742 �1999�.
20 K. T. Lorenz, D. W. Chandler, and G. C. McBane, J. Phys. Chem. A 106,

1144 �2002�.
21 R. B. Nerf, Jr. and M. A. Sonnenberg, J. Mol. Spectrosc. 58, 474 �1975�.
22 J.-M. Colmont, L. Nguyen, F. Rohart, and G. Wlodarczak, J. Mol. Spec-

trosc. 246, 86 �2007�.
23 J.-P. Bouanich, J. Quant. Spectrosc. Radiat. Transf. 12, 1609 �1972�.
24 D. A. Draegert and D. Williams, J. Opt. Soc. Am. 58, 1399 �1968�.
25 D. A. Hostutler, T. C. Smith, G. D. Hager, G. C. McBane, and M. C.

Heaven, J. Chem. Phys. 120, 7483 �2004�.
26 J. Brewer, “Determination of mixed viral coefficients,” AFOSR Report

No. MRL-2915-C, 1967; see also J. H. Dymond, K. N. Marsh, and R. C.
Wilhoit, in Virial Coefficients of Pure Gases and Mixtures, Landolt–
Börnstein New Series, Group IV: Physical Chemistry Vol. 21, edited by
M. Frenkel and K. N. Marsh �Springer, New York, 2003�, subvol. B, p.
64.

27 K. Vatter, H. J. Schmidt, E. Elias, and B. Schramm, Ber. Bunsenges.
Phys. Chem. 100, 73 �1996�.

28 R. D. Trengove, H. L. Robjohns, and P. J. Dunlop, Ber. Bunsenges. Phys.
Chem. 88, 450 �1984�.

29 J. Kestin, S. T. Ro, and W. A. Wakeham, Ber. Bunsenges. Phys. Chem.
86, 753 �1982�.

30 N. Imaishi and J. Kestin, Physica A 126, 98 �1984�.
31 A. Koide, W. J. Meath, and A. R. Allnatt, Chem. Phys. 58, 105 �1981�.
32 H. Kreek and W. J. Meath, J. Chem. Phys. 50, 2289 �1969�.
33 A. Kumar and W. J. Meath, Chem. Phys. 189, 467 �1994�.
34 W. J. Meath and A. Kumar, Int. J. Quantum Chem. S24, 501 �1980�.
35 A. J. Thakkar, H. Hettema, and P. E. S. Wormer, J. Chem. Phys. 97, 3252

�1992�.
36 H. Hettema, P. E. S. Wormer, and A. J. Thakkar, Mol. Phys. 80, 533

�1993�.
37 J. M. Hutson and S. Green, MOLSCAT computer code, version 15, 1994,

available at http://www.giss.nasa.gov/tools/molscat.
38 M. H. Alexander and D. E. Manolopoulos, J. Chem. Phys. 86, 2044

�1987�.
39 P. Brumer, Chem. Phys. Lett. 28, 345 �1974�.
40 C. W. McCurdy and W. H. Miller, J. Chem. Phys. 67, 463 �1977�.
41 S. Antonova, A. Lin, A. P. Tsakotellis, and G. C. McBane, J. Chem. Phys.

110, 2384 �1999�.
42 D. Carty, A. Goddard, I. R. Sims, and I. W. M. Smith, J. Chem. Phys.

121, 4671 �2004�.
43 F. R. W. McCourt, J. J. M. Beenakker, W. E. Köhler, and I. Kuščer,

Nonequilibrium Phenomena in Polyatomic Gases. 1. Dilute Gases �Ox-
ford University Press, New York, 1990�.

44 R. T. Pack, J. Chem. Phys. 78, 7217 �1983�.
45 R. Moszynski, T. Korona, T. G. A. Heijmen, P. E. S. Wormer, A. van der

Avoird, and B. Schramm, Pol. J. Chem. 72, 1479 �1998�.
46 G. C. McBane and P. Valiron, “PMP MOLSCAT,” a parallel version of

MOLSCAT, version 14, available at http://faculty.gvsu.edu/mcbaneg/
pmpmolscat.

47 R. Shafer and R. G. Gordon, J. Chem. Phys. 58, 5422 �1973�.
48 S. Green, PRBR_SAVE, an auxiliary program of the MOLSCAT computer

code, available at http//www.giss.nasa.gov/tools/molscat.
49 P. J. Davis and P. Rabinowitz, Numerical Integration �Blaisdell, Waltham,

1967�.
50 G.C.M. is grateful to B. Stewart for pointing out this approach to finding

the total classical cross section for a convex hard shell.
51 A. Henry, D. Hurtmann, M. MargottinMaclou, and A. Valentin, J. Quant.

Spectrosc. Radiat. Transf. 56, 647 �1996�.
52 A. S. Dickinson and M. S. Lee, J. Phys. B 18, 3987 �1985�.
53 A. S. Dickinson and M. S. Lee, J. Phys. B 18, 4177 �1985�.
54 A. S. Dickinson and M. S. Lee, J. Phys. B 19, 3091 �1986�.
55 F. R. W. McCourt, J. J. M. Beenakker, W. E. Köhler, and I. Kuščer,

Nonequilibrium Phenomena in Polyatomic Gases. 2. Cross Sections,
Scattering, and Rarefied Gases �Oxford University Press, New York,
1992�.

56 H. O’Hara and F. J. Smith, J. Comput. Phys. 5, 328 �1970�.
57 F. R. W. McCourt, in Handbook of Molecular Physics and Quantum

Chemistry, Vol. 3, Molecules in the Physico-Chemical Environment:
Spectroscopy, Dynamics and Bulk Properties, edited by S. Wilson, P. F.

024308-17 Ne–CO scattering and bulk gas phenomena J. Chem. Phys. 132, 024308 �2010�

Downloaded 19 May 2010 to 148.61.145.80. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp

http://dx.doi.org/10.1016/0301-0104(78)87049-9
http://dx.doi.org/10.1080/00268977900100191
http://dx.doi.org/10.1039/fd9949700081
http://dx.doi.org/10.1063/1.470158
http://dx.doi.org/10.1063/1.472127
http://dx.doi.org/10.1063/1.1850462
http://dx.doi.org/10.1063/1.3157169
http://dx.doi.org/10.1063/1.473756
http://dx.doi.org/10.1063/1.473756
http://dx.doi.org/10.1006/jmsp.1998.7672
http://dx.doi.org/10.1016/j.jms.2004.11.007
http://dx.doi.org/10.1021/jp9708557
http://dx.doi.org/10.1021/jp9708557
http://dx.doi.org/10.1063/1.479118
http://dx.doi.org/10.1080/00268979300101871
http://dx.doi.org/10.1080/00268979300101871
http://dx.doi.org/10.1080/00268979809482208
http://dx.doi.org/10.1063/1.1732130
http://dx.doi.org/10.1063/1.1732790
http://dx.doi.org/10.1063/1.479119
http://dx.doi.org/10.1021/jp013441t
http://dx.doi.org/10.1016/0022-2852(75)90226-X
http://dx.doi.org/10.1016/j.jms.2007.08.003
http://dx.doi.org/10.1016/j.jms.2007.08.003
http://dx.doi.org/10.1016/0022-4073(72)90102-1
http://dx.doi.org/10.1364/JOSA.58.001399
http://dx.doi.org/10.1063/1.1687314
http://dx.doi.org/10.1016/0378-4371(84)90145-6
http://dx.doi.org/10.1016/0301-0104(81)80049-3
http://dx.doi.org/10.1063/1.1671379
http://dx.doi.org/10.1016/0301-0104(94)00309-2
http://dx.doi.org/10.1063/1.463012
http://dx.doi.org/10.1080/00268979300102451
http://www.giss.nasa.gov/tools/molscat
http://dx.doi.org/10.1063/1.452154
http://dx.doi.org/10.1016/0009-2614(74)80363-5
http://dx.doi.org/10.1063/1.434890
http://dx.doi.org/10.1063/1.477943
http://dx.doi.org/10.1063/1.1780163
http://dx.doi.org/10.1063/1.444762
http://faculty.gvsu.edu/mcbaneg/pmpmolscat
http://faculty.gvsu.edu/mcbaneg/pmpmolscat
http://dx.doi.org/10.1063/1.1679162
http//www.giss.nasa.gov/tools/molscat
http://dx.doi.org/10.1016/S0022-4073(96)00118-5
http://dx.doi.org/10.1016/S0022-4073(96)00118-5
http://dx.doi.org/10.1088/0022-3700/18/19/019
http://dx.doi.org/10.1088/0022-3700/18/20/020
http://dx.doi.org/10.1088/0022-3700/19/19/022
http://dx.doi.org/10.1016/0021-9991(70)90065-3


Bernath, and R. McWeeney �Wiley, New York, 2003�, Chap. 28.
58 G. C. Maitland, M. Rigby, E. B. Smith, and W. A. Wakeham, Intermo-

lecular Forces: Their Determination and Origin �Clarendon, Oxford,
1981�.

59 A. K. Dham and S. C. Gupta, J. Phys. B 9, L127 �1976�.
60 K. Singh, A. K. Dham, and S. C. Gupta, J. Phys. B 25, 679 �1992�.
61 R. A. Aziz, W. J. Meath, and A. R. Allnatt, Chem. Phys. 78, 295 �1983�.
62 A. van der Pol, A. van der Avoird, and P. E. S. Wormer, J. Chem. Phys.

92, 7498 �1990�.
63 E. A. Mason, J. Chem. Phys. 27, 75 �1957�.
64 T. S. Storvick and E. A. Mason, J. Chem. Phys. 45, 3752 �1966�.
65 A. K. Dham and S. C. Gupta, J. Phys. B 8, 2898 �1975�.
66 A. K. Dham and W. J. Meath, Chem. Phys. 196, 125 �1995�.
67 Expressions for the polarization factors f02�=1+�02 and f12�=1

+5�12 /3 can be obtained by using Eqs. �7.1-24� and �7.2-7b� of Ref. 43
for �02 and �12, respectively.

68 A. K. Dham, W. J. Meath, J. W. Jechow, and F. R. W. McCourt, J. Chem.
Phys. 124, 034308 �2006�.

69 A. K. Dham, F. R. W. McCourt, and A. S. Dickinson, J. Chem. Phys.
127, 054302 �2007�.

70 S. Chapman and T. G. Cowling, The Mathematical Theory of Nonuniform
Gases, 3rd ed. �Cambridge University Press, Cambridge, England, 1970�.

71 F. R. W. McCourt, Mol. Phys. 101, 2181 �2003�.
72 F. R. W. McCourt, Mol. Phys. 101, 2409 �2003�.
73 F. R. W. McCourt, D. Weir, G. B. Clark, and M. Thachuk, Mol. Phys.

103, 17 �2005�.
74 F. R. W. McCourt, D. Weir, M. Thachuk, and G. B. Clark, Mol. Phys.

103, 45 �2005�.
75 S. Chapman, Philos. Trans. R. Soc. London, Ser. A 217, 115 �1917�.
76 P. S. Arora, J. M. Symons, M. L. Martin, and P. J. Dunlop, Chem. Phys.

Lett. 62, 396 �1979�.
77 W. L. Taylor and P. T. Pickett, Int. J. Thermophys. 7, 837 �1986�.
78 W. L. Taylor, J. Chem. Phys. 105, 8333 �1996�.
79 A. K. Dham and W. J. Meath, Mol. Phys. 88, 339 �1996�.
80 R. A. Aziz, M. J. Slaman, A. Koide, A. R. Allnatt, and W. J. Meath, Mol.

Phys. 77, 321 �1992�.
81 A. K. Dham and W. J. Meath, Mol. Phys. 99, 991 �2001�.
82 K. Watanabe, A. R. Allnatt, and W. J. Meath, Chem. Phys. 68, 423

�1982�.

024308-18 Dham et al. J. Chem. Phys. 132, 024308 �2010�

Downloaded 19 May 2010 to 148.61.145.80. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp

http://dx.doi.org/10.1088/0022-3700/9/5/013
http://dx.doi.org/10.1088/0953-4075/25/3/015
http://dx.doi.org/10.1016/0301-0104(83)85115-5
http://dx.doi.org/10.1063/1.458185
http://dx.doi.org/10.1063/1.1743721
http://dx.doi.org/10.1063/1.1727396
http://dx.doi.org/10.1088/0022-3700/8/17/021
http://dx.doi.org/10.1016/0301-0104(95)00082-Y
http://dx.doi.org/10.1063/1.2159001
http://dx.doi.org/10.1063/1.2159001
http://dx.doi.org/10.1063/1.2753483
http://dx.doi.org/10.1080/0026897031000116565
http://dx.doi.org/10.1080/0026897031000116574
http://dx.doi.org/10.1080/00268970412331290616
http://dx.doi.org/10.1080/00268970412331292722
http://dx.doi.org/10.1016/0009-2614(79)80204-3
http://dx.doi.org/10.1016/0009-2614(79)80204-3
http://dx.doi.org/10.1007/BF00503841
http://dx.doi.org/10.1063/1.472688
http://dx.doi.org/10.1080/00268979200102471
http://dx.doi.org/10.1080/00268979200102471
http://dx.doi.org/10.1080/00268970010034559
http://dx.doi.org/10.1016/0301-0104(82)87051-1

