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I. INTRODUCTION II. CALCULATIONS

We evaluated interaction second virial coefficients from

. Astronomers use spectra of carppn monOX|de 0 dGterfhe SAPT potential using formulas given by PHcland
mine temperatures and particle densities in molecular ClOUd‘T’—ﬁrschfelder Curtiss, and Bir¢HCB).1” The classical coef-

Collisions with the predominant Hnolecules in the clouds ficient B was determined with Eq6.7-2 of HCB. The
affect the populations of CO internal states. Numerical cloud;, quantum correctionBﬁl) and Bgl) were calculated with

models, therefor.e, need quantitativ.e. estimates of st_ate t@qs. (21) and (20) of Pack: radial expansion coefficients
state cross sections and rate coefficients fer®O colli-  \yere constructed by quadrature. The second radial quantum
sions(for two examples, see Refs. 1 and Zhese quantities correctionsBﬁZ) (proportional to%) were calculated by ex-
are difficult to measure, and must be calculated from accutending Eq.(6.5-6) of HCB to the full four-dimensional in-
rate H—CO potential surfaces. Occasionally a paper appeafiggration.
in the astrophysics literature giving the best current estimates  Angular integrations were performed with Gauss—
of the cross sections and rate coefficiehtsThe most recent Legendre quadrature in cég, cosé,, and ¢. The radial in-
is that of Schinkeet al. from 19857 They used a “Hartree— tegral was divided into two parts: one from 0 to a small
Fock plus dispersion” potential whose repulsive part wasradiusr within which the term exp€V(r,6;,6,,$)/KT) was
determined by self-consistent field calculations and whoseet to zero, and one from, to infinity which was evaluated
dispersion damping coefficients were adjusted to matcly Gauss—Legendre quadrature in.IThe computed values
crossed molecular beam scattering data. were independent of the value f over a reasonable range

In 1998 Jankowski and Szalewicz published a rav ~ Wwithin the hard core of the potential. The reduced mass of
initio H,—CO potentidl determined by symmetry adapted the H—CO system was taken as 1.88027 amu, and the H
perturbation tl’*|eor'>(SAF>'|")_7 This new potentia' gives rea- and CO rotational constants were 59.322 and 1.9225165
sonable agreement with infraredR) absorption data on CM ', respectively.
pH,—CO van der Waals clustedt appears to be a good
candidate for new calculations of state to stae-€0 cross Il RESULTS

sections for use in astronomy. The contributions to the computed virial coefficients are
At least three comparisons between predictions of theisted in Table I. The angular first order quantum correction
SAPT surface and experimental data are under way: furthgg proken into the “orbital” or Coriolis temBSZ and the
work on the van der Waals spectra and extension terotational” terms B{}). The numerical quadrature is con-
oH,—CO,” comparisons with extensive measurements of CQrerged to+0.001 cni/mol; remaining errors arise from trun-
pressure broadening by,H° and comparisons with state to cation of the Wigner—Kirkwood expansion #?/m, neglect
state inelastic cross sections and thermally averaged depopof vibrational motions of CO and 41 and errors in the po-
lation cross sections. We thought it worthwhile to check tential.
the new surface against existing measurements of interaction At 77 K the radial second-order correction is about 10%
second virial coefficients for j+CO mixtures as well. These of the corresponding first-order one, or about 1% of the total.
coefficients are sensitive to the volume and depth of the poThe relative magnitudes of the angular and radial first-order
tential well at low temperatures and to the volume of thecorrections suggest that the second- and higher-order angular
repulsive core at high temperatures. They give a global mea2nd mixed radial/angular terms probably do not contribute
sure of the quality of a potential model and can be measurefiore than 2 crifmol. Below 77 K, the first- and second-
accurately. Several sets of virial coefficient measurement@rder quantum corrections rapidly become more important;
for H,—CO are availabl&!® The more recent ones are a we have not gompared with the very |QW t_emperature_data
very low temperature s¢86—60 K) calculated by Reuss and b_e_cause the first-order angular expansion is probably insuf-
BeenakkeY* from the solid—vapor equilibrium data of Dok- ficient there.
oupil et al,*® and a set between 77 and 296 K determined by
Schrammet al® In this Note we describe the computation V- PISCUSSION
of these coefficients from the SAPT potential and compare Figure 1 shows the experimental data of Schramm
them to the experimental data. et al,'® the values we computed from the SAPT potential,
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TABLE I. Contributions to calculated interaction second virial coefficients fgr®0O, from theab initio
SAPT surface. The experimental values are from Ref. 13. All terms have units’shom

TIK B© B B BY  BYMHy) BY(co) Buot Bexp
77.30 —97.218 10.644 —1.195 0.416 6.614 0.669 —80.071 —73%5
143.15 —24.861 2.690 -0.112 0.080 0.849 0.140 —21.214 —14+4
173.15 —13.002 1.874 —0.058 0.053 0.479 0.093 —10.561 —7+4
213.15 —-3.179 1.293 —0.029 0.035 0.263 0.062 —1.556 1.6:3
296.15 7.605 0.747 —-0.010 0.019 0.108 0.034 8.502 12.8

and the values computed by Buck from the potential of  The scaled surface should not be expected to show better
Schinkeet al*® The coefficients computed from the Schinke agreement with any experiments other than second virial co-
potential are consistently above the experimental data. Thosfficient measurements. We have used the scaling merely to
computed from the SAPT potential are consistently belowprovide a quantitative estimate of the error in the well depth
though the discrepancies are generally smaller. The comparf the SAPT potential.

son with experiment indicates that the potential well of the,

SAPT surface is too deep or has too large a volume. Sinc\e/' CONCLUSION

the IR data indicate that the shape of the SAPT well is  The SAPT surface of Jankowski and Szalewicz repre-

reasonabl&? the error is probably in the depth. sents an improvement over earlier surfaces but does not
To estimate the size of the error, we performed addi-achieve complete agreement with the experimental virial co-

tional calculations with a modified SAPT potential. Potential €fficient data. The van der Waals well of the SAPT potential

energies in the van der Waals well were multiplied by a@Ppears to be too deep by 4%-9%.
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mental data. Schramet al. list two experimental values of

B at 296.15 K: a literature value of 13.5 &mol, and their . . . .
program evaluating their potential surface and for help in

own value of 12.8 criimol. The optimum value of was 2 : .
. . using it, and K. Szalewicz and B. Schramm for constructive
sensitive to which of the values we used. We chose the lower

. . . comments. J.G. acknowledges support from the National
value because it appears more consistent with the data at. T .
. ; : cience Foundation’s 1999 Research Experiences for Under-
lower temperatures. We assigned it an uncertainty of

cm’mol for purposes ofy? fitting. The resulting optimum graduates program at The Ohio State University.

value off was 0.93, with a 68% confidence interva})(z Present address: Department of Chemistry, Ohio Northern University, Ada
. - .. . | | I\ |
=1) of [0.91, 0.96. The resulting virial coefficients are 5, 45810, P v v, A

shown in Fig. 1 as a dashed line. A nearly identical resulbElectronic mail: mcbane.2@osu.edu
was obtained if the entire potential surface, and not just its'P. Padoan, M. Juvela, J. Bally, and Kordlund, Astrophys. 04, 300

. (1998.

attracyve part, was scaled Uy Had we .C.hosen the Iarger 2B. Koster, H. Stozer, J. Stutzki, and A. Sternberg, Astron. Astrophys.

experimental value for the 296.15 K virial coefficient, the 284, 545(1994).

optimumf would be about 0.91 and the agreement with the3s. Green and P. Thaddeus, Astrophy<2QE, 766 (1976.

77 K measurement would be poorer. 4C. F. McKee, J. W. V. Storey, D. M. Watson, and S. Green, Astrophys. J.
259, 647 (1982.
5R. Schinke, V. Engel, U. Buck, H. Meyer, and G. H. F. Diercksen, Astro-
phys. J.299, 939 (1985.

L L L 5p. Jankowski and K. Szalewicz, J. Chem. PHy@8 3554(1998.

The authors thank P. Jankowski and K. Szalewicz for a

20 a "B. Jeziorski, R. Moszynski, and K. Szalewicz, Chem. R@4, 1887
- . (1994.
0 == 8A. R. W. McKellar, J. Chem. Phy<.08 1811(1998.
9K. Szalewicz, private communication.
1OM. Mengel, D. C. Flatin, and F. C. De Lucia, J. Chem. Phs. be
-20 published.

113, Antonova, A. P. Tsakotellis, A. Lin, and G. C. McBane, J. Chem. Phys.
112 554 (2000.

123. H. Dymond and E. B. SmitfThe Virial Coefficients of Pure Gases and
Mixtures (Oxford University Press, New York, 1980

®  experiment
B Schinke et al.

B/cm’/mol
&

60 SAPT 13B. Schramm, E. Elias, L. Kern, G. Natour, A. Schmitt, and C. Weber, Ber.
— — - modified SAPT Bunsenges. Phys. Che®5, 615 (1991).
14J. Reuss and J. J. M. Beenakker, Physgmsterdam 22, 869 (1956.
-80 157. Dokoupil, G. van Soest, and M. D. P. Swenker, Appl. Sci. Res., Sect. A
5, 182(1955.
doo o UV 18R, T Pack, J. Chem. Phy38, 7217(1983.
50 100 150 200 250 300 173. O. Hirschfelder, C. F. Curtiss, and R. B. Bimdplecular Theory of
T/K Gases and LiquidéWiley, New York, 1954. [Equation(6.5—-6 is miss-

ing a leading minus sign in the original edition; it is correct in the 1964
FIG. 1. Interaction second virial coefficients fop-HCO. printing.]



