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Abstract

Using coupled cluster singles and doubles linear response theory and the d-aug-cc-pVTZ

basis set extended with a 3s3p2d1f1g set of midbond functions, the interaction induced electric

dipole polarizability surface of the CO-Ar van der Waals complex is computed. Combining this

surface with accurate intermolecular potential energy and electric dipole surfaces, the pressure

and dielectric second virial coefficients of the complex are calculated by a classical statistical

approach. Excellent agreement with experimental results (to within the experimental error bars)

is obtained for the pressure second virial coefficient over a range of temperatures. No previous

experimental or theoretical investigations have been carried out for the dielectric second virial

coefficient, Bε(T ), which is estimated to be about 1.9 cm6 mol−1 at room temperature This

value results from a balance of terms due to the interaction induced electric dipole polarizability

(predominant at high temperatures) and orientational electric dipole contributions.

2
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I. INTRODUCTION

The CO-Ar complex is a well studied van der Waals system, see e.g. Ref. 1 for a recent

review of experimental and theoretical work on its intermolecular rovibrational structure.

Owing to its small size, the highly precise experimental data are matched by the high

degree of accuracy achievable with the most sophisticated ab initio approaches available

in concurrent quantum chemistry software packages.

Previously, we have computed the rovibrational spectrum of CO-Ar2,3 as well as mod-

elled the Ar broadening of CO absorption lines.4 In Ref. 2 we evaluated rovibrational

energies from a three-dimensional ab initio intermolecular potential energy surface cal-

culated with the size-extensive coupled cluster singles and doubles (CCSD)5 including

connected triples (CCSD(T))6 model and the augmented correlation consistent polarized

valence quadruple zeta (aug-cc-pVQZ)7,8 basis set extended with a 3s3p2d1f1g (denoted

33211 in the following) set of midbond functions.9 Approximately a thousand experimen-

tally assigned rovibrational transitions were reproduced with a root-mean-square error

of 0.13 cm−1, excluding states observed in the region around 25 cm−1 above the ground

state, where much larger discrepancies with respect to the experimental results were

found.

In order to shed light on these differences, we subsequently studied3 the temperature-

dependent spectral intensities computed from a CCSD/aug-cc-pVTZ-33211 interaction

induced dipole surface and suggested an alternative assignment of the experimental lines.

Controversy still remains, however, and Havenith and Schwaab1 have recently proposed

a new semi-empirical potential energy surface which preserves the original assignments of

experimental lines. This surface differs from all previous theoretical and semi-empirical

ones in that it contains a local minimum at the linear Ar—CO (θ = 180◦) geometry.

In the present work we proceed along this line of studies and evaluate an accurate

electric dipole polarizability surface to help in characterizing the CO-Ar interaction. We

use the d-aug-cc-pVTZ-33211 basis set and CCSD linear response theory for computing

the surface from which, in turn, we evaluate the dielectric second virial coefficient using

a classical statistical averaging procedure.

Interaction induced polarizabilities are well known to be a source of information on

intermolecular forces, and therefore a lot of work has been carried out over the last years

3
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aimed mainly at their accurate experimental determination.10–15 From the theoretical

point of view the evaluation of interaction induced polarizabilities in van der Waals com-

plexes is a challenge. The dispersion character of the van der Waals interaction places

substantial demands on the level of electron correlation treatment and on the choice of the

basis set. In previous work, we have carried out accurate studies of interatomic potentials

and of various interaction induced electric properties and second virial coefficients for the

dielectric constant and refractivity, the electric second harmonic generation (ESHG) hy-

perpolarizability, and the Kerr constant of the helium, neon, and argon homonuclear16–23

as well as heteronuclear24,25 van der Waals dimers. In all cases the interaction poten-

tials and the interaction induced properties were computed at the CCSD(T) and CCSD

levels of theory, respectively. For evaluating the second virial coefficients we have used

both semiclassical and quantum statistical approaches, and the general conclusion is that

quantum corrections are negligible except at very low temperatures. In addition, quan-

tum statistical corrections are in general a quite formidable task for systems involving

more than two atoms. In this work we therefore disregard quantum statistical effects

altogether.

Dielectric second virial coefficient measurements in mixtures involving CF3H–Ar and

CFH3–Ar have been presented quite some years ago by Sutter and Cole,26 who used

a novel technique developed in collaboration with Buckingham.27 Copeland and Cole

later reproduced with good accuracy the results of measurements employing a theoretical

model of pair interactions.28 These properties are difficult to obtain, as proven by our

previous work where it was found that in some cases revision of experimental data is

needed.21 No previous experimental or theoretical investigations of the dielectric second

virial coefficient of CO-Ar have been reported, and we hope that the present results may

serve as a motivation for future studies.

II. DEFINITIONS AND COMPUTATIONAL DETAILS

For the system investigated here, the dielectric second virial coefficient Bε(T ) is given,

within a semiclassical approach, as a sum of two distinct contributions:25,28,29 an in-

duced moment effect Bε(ind) and an orientational contribution Bε(or). The former is ob-

tained by integration of the isotropic interaction induced polarizability ∆αave(r, R, θ) =

4
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[∆αxx(r, R, θ) + ∆αyy(r, R, θ) + ∆αzz(r, R, θ)]/3, a function of the CO internuclear dis-

tance r, the distance between the center of nuclear masses of carbon monoxide and the

argon atom R, and of the angle θ made by the axis of CO and the z-axis, aligned along

the line connecting the center of nuclear masses of CO to the atom (i.e. θ = 0◦ and

θ = 180◦ correspond to linear CO—Ar and Ar—CO, respectively), according to

Bε(ind) =
πN2

A

3ε0

∫
∆αave(r, R, θ) exp

[
−∆V (r, R, θ)

kT

]
R2dR sin θdθ =

N2
A

6ε0
X[T, r, I[∆α]],

(1)

whereas the orientation contribution is calculated as

Bε(or) =
πN2

A

9ε0kT

∫
[µ2(r, R, θ)− µ2

CO(r)] exp

[
−∆V (r, R, θ)

kT

]
R2dR sin θdθ. (2)

Above ∆V (r, R, θ) is the interaction potential, k the Boltzmann constant, NA Avogadro’s

number, ε0 the vacuum permittivity and T the temperature. We employ the notation

X[T, r, I[P ]] = 2π

∫
I[P ](T, r, R, θ)dRdθ, (3)

µ(r, R, θ) is the dipole moment of the van der Waals complex, which in Ref. 3 was written

as

µz(r, R, θ) = µCO(r) cos θ + ∆µz(r, R, θ) (4)

µx(r, R, θ) = µCO(r) sin θ + ∆µx(r, R, θ) (5)

in terms of the interaction induced dipole moment ∆µ(r, R, θ) and of the dipole moment

of carbon monoxide µCO(r) (complex on the x, z plane). Therefore

Bε(or) ≈ N2
A

18ε0kT
X[T, r, I[∆µ2]] +

N2
A

9ε0kT
µCO(r)X[T, r, I[∆µ]] (6)

= B(∆µ2)
ε (or) +B(∆µ)

ε (or) (7)

X[T, r, I[∆µ2]] = 2π

∫
∆µ2(r, R, θ) exp

[
−∆V (r, R, θ)

kT

]
R2dR sin θdθ (8)

X[T, r, I[∆µ]] = 2π

∫
[∆µz(r, R, θ) cos θ + ∆µx(r, R, θ) sin θ] exp

[
−∆V (r, R, θ)

kT

]
R2dR sin θdθ

(9)

Throughout the present work the CO internuclear distance is kept fixed at the experi-

mentally determined equilibrium value r = 1.128206 Å.30 Keeping the CO distance fixed

provides a significant computational simplification by reducing the number of points to

5
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be computed in the induced electric dipole polarizability surface and by reducing the

dimensionality of the classical integration from six to two variables. The contribution to

the electric properties due to the vibrational structure of the CO molecule is thus ne-

glected. This approximation can be employed without sacrificing accuracy: it was shown

in Ref. 2 that vibrational contributions (from CO) are negligible for the potential surface

of the trimer, except at very short CO–Ar distances. Since the static dipole moment and

polarizability are derivatives of this surface with respect to the electric field strength, it

is reasonable to assume that vibrational contributions are negligible for these quantities

as well.

The CCSD(T)/aug-cc-pVQZ-33211 interaction potential discussed in Ref. 2 is em-

ployed. The CCSD/aug-cc-pVTZ-33211 interaction induced dipole moment given in

Ref. 3 corresponding to the equilibrium value of r was originally obtained for a rather

limited range of Ar-CO distances, and the functional form obtained in Ref. 3 was found

to be poorly suited for the long range extrapolations needed to perform the integrations

of Eqs. 8 and 9. Indeed it was found that for a large range of angles θ the parallel

component extrapolated from the functional form of Ref. 3 diverges as R increases above

≈12-13 au. For this reason we have extended the number of points of the interaction

induced dipole moment surface computed with respect to those of Ref. 3. A total of 325

points were computed, for the equilibrium value of r, in a range of R from 2.75 Å to 20

Å. The same wave function model and basis set exploited in Ref. 3 were employed. The

induced dipole moment was recomputed with a geometrical setup corresponding to a ro-

tation by π/2−θ with respect to the one adopted here, see above, and which corresponds

to an arrangement where the CO molecule is aligned along the x′ axis. The complete set

of results is available in Ref. 31. We label the computed induced electric dipole moment

as ∆µ′(R, θ). The relationships

∆µz(r, R, θ) = ∆µ′x(r, R, θ) cos θ + ∆µ′z(r, R, θ) sin θ (10)

∆µx(r, R, θ) = ∆µ′x(r, R, θ) sin θ −∆µ′z(r, R, θ) cos θ (11)

trivially hold.

The two components ∆µ′x(R, θ) and ∆µ′z(R, θ) (at r = 1.128206 Å) were then fitted

6
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to the functional forms (R in Å and θ in radians, electric dipole in au)

∆µ′x(R, θ) =
10∑
λ=1

5∑
ρ=1

Cx
λρR

−Dxρθλ, (12)

∆µ′z(R, θ) =
9∑

λ=0

5∑
ρ=1

Cz
λρR

−Dzρθλ, (13)

which yield an excellent smooth analytical description of the behavior of the interaction

dipole surface, and they are employed — after transformation according to Eqs. 10 and 11

— in the calculation of the integrals of Eqs. 8 and 9. The parameters Cσ
λρ and Dσ

ρ (σ=x,z)

are given in Table I. The high quality of the fit within the range of values for R and

θ where the property was computed analytically was checked carefully, and it can be

appreciated by an inspection of Fig. 1, which shows both the ab initio computed points

and the interpolating curve for a selection of R distances as a function of the angle

θ. The long range behavior appears to be well reproduced, and the analytical form

was employed far beyond the region of interpolation, see below for a discussion of the

techniques of integration. The experimental dipole moment of CO (at r = 1.128206 Å,

µCO(r) = +0.0481131 e a0, corresponding to a relative electric polarity −CO+)32 was

employed for the purpose of evaluating the B
(∆µ)
ε (or) contribution.

The interaction induced electric dipole polarizability was computed at several inter-

molecular geometries chosen so that the range of values for R and θ where the integrand

of Eq. 1 is non-negligible is reasonably covered. For this purpose, we use CCSD linear

response theory as implemented in the dalton program33 and the d-aug-cc-pVTZ-33211

basis set. The latter was chosen after a series of test calculations at the intermolecular

equilibrium geometry R = 3.73 Å, θ = 93◦,2 carried out using the xaug-cc-pVXZ (x= -,

d, t; X= T, Q) basis sets. The Boys-Bernardi counterpoise correction34 is employed to

account for basis set superposition errors. A subset of the computed interaction induced

electric dipole polarizabilities is given in Table II. The whole set of values, which were

computed for a finer grid of values of θ than shown in the Table (a total of 210 points)

is available in Ref. 31.

The calculated interaction induced electric dipole polarizabilities are fitted to the func-

tion (again R in Å and θ in radians, yielding polarizability in au),

∆αave(R, θ) =
N∑
λ=0

[
N∑
n=0

CλnR
n

]
exp (−DλR)Pλ(θ), (14)

7
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where Pλ(θ) denotes the Legendre polynomial of order λ. Different values of N were

used to find the optimal size of the expansion. The expansion with N = 6 contains

56 parameters and has enough flexibility to yield a smooth description of the property;

the resulting parameters are given in Table III. In spite of its formal appearance, which

might lead to suspect that the competition of large powers of R and exponential decay

in the expansion may at some point yield a wrong long range behavior, Eq. 14 performs

indeed remarkably well very far beyond the range of internuclear distances employed

in our semiclassical integration. The excellent agreement between computed ab initio

property and interpolating function is shown in Fig. 2, where the interpolating function

Eq. 14 is plotted for the series of values of R corresponding to those of Table II, ranging

from 2.75 Åup to 20.0 Å, as θ varies from 0◦ to 180◦. In Fig. 2 also the computed values

of the interaction induced electric dipole polarizability are shown. The maximum errors

of the interpolation amount to a few percent only, with larger deviations at the lower end

of the R range, where the virial coefficient integrand is negligible, see below.

Figure 2 shows also that the interaction induced polarizability varies smoothly with

the intermolecular geometry. Neglecting the shortest value of R (R=2.75 Å), with its own

special features, as general behavior it is noted that the interaction induced polarizability

is always positive for low values of θ; it becomes negative at a value of θ which increases

rapidly from θ ≈45◦ to θ ≈60◦ as R increases; it remains negative until the region

around θ ≈110—120◦ (thus being negative around the T-shaped configurations (where the

potential minimum is included) at θ close to 90◦. At θ around 180◦ the interaction induced

electric dipole polarizability starts as negative for small values of R and it becomes

positive between R=4.0 Å and R=4.5 Å.

The integrands I[∆α], I[∆µ2] and I[∆µ] for three temperatures (100 K, 298.15 K and

600 K) are shown in Fig. 3. They are plotted as a function of R at angles θ varying

from 0 to 360 degrees in steps of 5 degrees. As expected, the integrands corresponding

to the orientational contributions decrease rapidly in magnitude when the temperature

increases. Those in the induction contribution go down at a considerably slower rate with

the temperature. Note that I[∆α] and I[∆µ] show a similar profile, when the curves are

mirrored through the x axis, whereas I[∆µ2] is positive for all values of θ, and it appears

to be of shorter range with respect to the other two integrands.

The semi-classical integrals X[T, r, I[∆α]] (defined in Eq. 1), X[T, r, I[∆µ2]] (Eq. 8)

8
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and X[T, r, I[∆µ]] (Eq. 9) were computed employing two different and independent ap-

proaches, both with mathematica: by employing the NIntegrate internal routine

performing directly the two-dimensional integration, and by splitting the two-dimensional

integrals in two parts, first integrating for each of 180 different values of θ the correspond-

ing function of R on the R variable, with a numerical procedure in a grid of 600 values of R

between the limits of integration, and then integrating numerically on θ. The dependence

on the limits of integrations has been carefully monitored. In all cases the results did not

change appreciably when the lower integration limit (Rmin) was gradually lowered from

Rmin=3.21 Å (1.7 au) to 2.46 Å (1.3 au). The data shown below correspond the choice

Rmin=2.46 Å. A variety of choices for the higher integration limit (Rmax) were tested. In

the two-step integration Rmax=320 Å in all cases. In the direct two-dimensional integra-

tion Rmax=80 Å for X[T, r, I[∆α]], whereas for X[T, r, I[∆µ2]] and X[T, r, I[∆µ]] we have

monitored the convergence of the results by performing integrations at values of Rmax

increasing from Rmax=20 Å to Rmax=320 Å. As it could also be inferred from Fig. 3,

convergence in the case of X[T, r, I[∆µ2]] was very rapid. Conversely, the integrand in

X[T, r, I[∆µ]] decays at a slower pace at long range. In this case the integrals obtained

at increasing higher integration limits were fitted to a polynomial in R−1
max, keeping as

final value the Rmax → ∞ extrapolation. All in all, the values obtained with the two

integration procedures describe above were very close, with differences lower than the

number of digits given in the Tables below.

The conversion factors used for Bε are 1 au = a6
0 mol−2 = 2.19587× 10−50 cm6mol−2.

III. THE VIRIAL COEFFICIENTS

The results for the CO-Ar dielectric second virial coefficients in the range of temper-

atures from 140 to 600 K are given in Table IV and plotted in Fig. 4. The individual

contributions are also included. The behavior of the dielectric coefficient with the tem-

perature is different from that found for diatomic rare gas van der Waals complexes, see

Ref. 25 where Bε(T ) always decreased with an increased temperature. Here we have a

clear increase in the dielectric coefficient with the temperature. As expected, for large

temperatures the dominating contribution is given by Bε(ind). For each temperature

B
(∆µ)
ε (or) is about twice B

(∆µ2)
ε (or) and of opposite sign. The combination of the two ori-

9
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entational contributions therefore yields a partial cancellation, thus giving rise to a smaller

orientational contribution to the property compared to the electronic effect included in

Bε(ind). For low temperatures the orientational contribution is larger in absolute value

and plays a role in modulating the dependence of the property with the temperature.

Around room temperature, we estimate a second dielectric virial coefficient of the CO-Ar

van der Waals complex of ≈1.9 cm6 mol−1.

Considering the accuracy of our previous theoretical calculations,2–4 it is reasonable

to claim that the present results are predictive and that they may serve as benchmarks

for additional theoretical and experimental investigations on CO-Ar.

To give an idea of the quality of the interaction potential ∆V (r, R, θ) employed in the

semiclassical determination of the dielectric second virial coefficients of the CO-Ar van

der Waals complex, and as a natural extension of the analysis, the pressure second virial

coefficient was also evaluated according to35

B(T ) = NAπ

∫ [
1− exp

(
−∆V (r, R, θ)

kT

)]
R2dR sin θdθ =

NA

2
X[T, r, I[g]]. (15)

The results yielded by the CCSD(T)/aug-cc-pVQZ-33211 surface from Ref. 2 are com-

pared to those obtained in this work by employing the CCSD(T)/aug-cc-pVTZ-33221

potential taken from Ref. 36.

The integrands I[g] appearing in B(T ) show a peculiar behavior with respect to the

temperature (see Fig. 5, where I[g] is shown for the potential of Ref. 2). At low temper-

ature and intermediate values of θ the negative part of the integrand clearly dominates.

As the temperature increases the negative and positive reach about the same magnitude,

cancelling out almost exactly at around 375 K, where the virial coefficient B(T ) vanishes.

At larger temperatures the positive contribution slightly dominates.

The integration in X[T, r, I[g]] is carried out in the range Rmin=1.27 Å to Rmax=200

Å. The functional form given in Ref. 2 yields somewhat inaccurate potential energy values

below the chosen Rmin. Since the integrand is still quite sizable at such low distance, see

Figure 5, values of the integrals at a few (five) values of Rmin (starting from 1.3 Å and

increasing) were computed, for each T . A cubic fit was performed for these five values

as a function of Rmin, and a limit for Rmin → 0 was performed. Good accuracy was

achieved only when we performed the two-step integration described above, where the

two-dimensional integrals are split in two parts, first integrating on the R variable, for
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each of 180 different values of θ, the corresponding function of R, computed numerically

this time on a finer grid of 4000 values of R between Rmin and 320 Å. Then the integration

on θ was performed.

In Fig. 6 we report the CO-Ar theoretical pressure second virial coefficients, obtained

with the potentials in Refs. 2 and 36. The differences between the two sets of values are

very small and larger at low temperatures. The values obtained from the potential in

Ref. 36 are always lower than those calculated from the other potential. In Fig. 6 we

also compare our results with the available experimental data37,38 and with the results of

ab initio calculations by Gianturco and co/workers.39 Except for the lowest temperature,

the theoretical results are within the experimental error bars.
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IV. CONCLUDING REMARKS

Using the CCSD(T)/aug-cc-pVQZ-33211 intermolecular potential energy surface from

Ref. 2, the CCSD aug-cc-pVTZ-33211 interaction induced dipole moment surface from

Ref. 3, and the CCSD/d-aug-cc-pVTZ-33211 interaction induced polarizability surface

calculated in the present work, we have evaluated the CO-Ar pressure and dielectric sec-

ond virial coefficients. While excellent agreement between theoretical and experimental

pressure coefficients is obtained, no previous experimental or theoretical investigations

have been reported on the dielectric second virial coefficient. We do expect, however,

that the present results, estimating a second dielectric virial coefficient of the CO-Ar van

der Waals complex of ≈1.9 cm6 mol−1 around room temperature, are predictive and may

be used as benchmarks for future studies of the CO-Ar van der Waals complex.

The dielectric second virial coefficient of the CO-Ar complex results from a partial

cancellation between the two combined orientational contributions (which show a quite

pronounced temperature dependence and are of opposite sign) and a weakly temperature

dependent electronic contribution. Work is under way in our group to compute the fre-

quency dispersion of the collision induced electric dipole polarizability, along the lines of

the procedure adopted in our studies of the noble gas van der Waals dimers.16–18,21,23–25

This can be used to compute the refractivity second virial coefficient,40 which accounts

only for the effect of the electronic induced moment effect – the orientational contribu-

tions averaging to zero in the dynamic regime – besides being, together with the static

induced electric dipole polarizability studied here, an essential ingredient also for studies

of the second Kerr virial coefficient41,42 and of the collisional induced scattering of light

(CILS).43,44
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Figure Captions

Figure 1 The interaction induced electric dipole moment as a function of the angle θ for a

choice of values of R. Comparison of computed (symbols) and interpolated (full

curves) values. Both the x and z components are shown.

Figure 2 The interaction induced electric dipole polarizability as a function of the angle θ

for a choice of values of R. Comparison of computed (symbols) and interpolated

(full curves) values. The top panel is devoted to the shorter range, R between 2.75

and 5.0 Å. The lower panel shows the longer range, with R between 6.0 and 20.0

Å.

Figure 3 The integrands I[∆α] (appearing in Bε(ind)), I[∆µ2] (appearing in B
(∆µ2)
ε (or)) and

I[∆µ] (appearing in B
(∆µ)
ε (or)) as a function of R and θ for three temperatures

T=100 K, T=298.15 K and T=600 K.

Figure 4 The dielectric second virial coefficients.

Figure 5 The integrand I[g] appearing in B(T ), the pressure virial coefficient, shown as a

function of R and θ for three temperatures T=100 K, T=298.15 K and T=600 K.

Figure 6 The pressure virial coefficients.
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TABLE I: The parameters Cσλρ and Dσ
ρ (σ=x, z) for the functional fit employed for the inter-

action dipole moment, see Eqs. 12 and 13.

∆µx ∆µz ∆µx ∆µz

C1,1 3.91465×105 1.87885×102 C6,4 −1.23584×107 7.46147×106

C1,2 −3.75769×105 −2.38171×104 C6,5 1.12697×107 −1.47233×106

C1,3 −3.43456×104 7.44944×104 C7,1 1.00642×107 1.80247×104

C1,4 1.54180×105 −6.24732×104 C7,2 −9.62275×106 −1.55678×106

C1,5 −1.37621×105 1.25015×104 C7,3 −1.07151×106 4.67473×106

C2,1 −3.32765×106 −9.94104×102 C7,4 5.92065×106 −3.82642×106

C2,2 3.18094×106 8.58094×104 C7,5 −5.40084×106 7.56798×105

C2,3 3.57644×105 −2.57635×105 C8,1 −2.98082×106 −5.32695×103

C2,4 −1.98406×106 2.10798×105 C8,2 2.85038×106 4.59709×105

C2,5 1.80931×106 −4.16360×104 C8,3 3.15879×105 −1.38108×106

C3,1 1.18704×107 7.91707×103 C8,4 −1.74337×106 1.13151×106

C3,2 −1.13441×107 −6.65128×105 C8,5 1.59076×106 −2.24982×105

C3,3 −1.29102×106 1.99037×106 C9,1 4.91416×105 8.34426×102

C3,4 7.23119×106 −1.62537×106 C9,2 −4.69967×105 −7.22424×104

C3,5 −6.59886×106 3.21020×105 C9,3 −5.18174×104 2.17341×105

C4,1 −2.34532×107 −2.49611×104 C9,4 2.85563×105 −1.78395×105

C4,2 2.24185×107 2.16785×106 C9,5 −2.60628×105 3.57675×104

C4,3 2.52486×106 −6.51462×106 C10,1 −3.43205×104

C4,4 −1.40176×107 5.33351×106 C10,2 3.28259×104

C4,5 1.27818×107 −1.05403×106 C10,3 3.60245×103

C5,1 2.78265×107 3.94506×104 C10,4 −1.98259×104

C5,2 −2.66018×107 −3.44090×106 C10,5 1.80988×104

C5,3 −2.98086×106 1.03439×107 D1 5.73841 5.02654

C5,4 1.64883×107 −8.46936×106 D2 5.72854 5.88734

C5,5 −1.50322×107 1.67158×106 D3 6.33533 6.13020

C6,1 −2.09231×107 −3.49795×104 D4 7.31722 6.35669

C6,2 2.00036×107 3.03488×106 D5 7.44852 7.03447

C6,3 2.23549×106 −9.11657×106
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TABLE III: Parameters of the analytic surface, Eq. 14 used to fit the interaction induced

isotropic polarizability calculated at the CCSD/d-aug-cc-pVTZ-33211 level.

Parameter Parameter

C00 235.982524 C40 23.242990

C01 117.013050 C41 4.211370

C02 70.051774 C42 −5.860846

C03 62.176476 C43 1.504238

C04 27.983865 C44 −0.176698

C05 −25.984205 C45 0.010477

C06 8.327798 C46 −0.000266

C10 −116.141705 C50 0.435423

C11 −32.827401 C51 5.052074

C12 45.578439 C52 −9.953601

C13 −14.181304 C53 3.582890

C14 2.107401 C54 −0.694699

C15 −0.155488 C55 0.085258

C16 0.004632 C56 −0.005429

C20 35.402619 C60 −1.597688

C21 128.527546 C61 1.762004

C22 −89.918426 C62 −0.623128

C23 24.492478 C63 0.100749

C24 −3.407260 C64 −0.007654

C25 0.240823 C65 0.000229

C26 −0.006973 C66 0.000000

C30 −91.951356 D0 2.701917

C31 4.440155 D1 0.886300

C32 15.318405 D2 0.891755

C33 −5.227270 D3 0.879037

C34 0.772246 D4 0.891510

C35 −0.056269 D5 1.608195

C36 0.001689 D6 1.123331

20

Page 21 of 27

URL: http://mc.manuscriptcentral.com/tandf/tmph

Molecular Physics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

TABLE IV: CO-Ar dielectric second virial coefficients in cm6/mol.

T/K Bε(ind) B
(∆µ2)
ε (or) B

(∆µ)
ε (or) Bε(T )

140 3.771 4.066 −6.618 1.219

160 3.723 3.355 −5.924 1.154

180 3.683 2.865 −5.332 1.216

200 3.649 2.508 −4.837 1.320

220 3.619 2.237 −4.418 1.438

240 3.592 2.025 −4.061 1.556

260 3.568 1.855 −3.754 1.669

280 3.546 1.715 −3.488 1.773

300 3.526 1.598 −3.256 1.869

320 3.509 1.500 −3.050 1.959

340 3.490 1.415 −2.867 2.037

360 3.473 1.341 −2.704 2.110

380 3.457 1.277 −2.558 2.176

400 3.442 1.220 −2.426 2.237

420 3.428 1.170 −2.306 2.292

440 3.415 1.124 −2.197 2.342

460 3.401 1.084 −2.097 2.388

480 3.389 1.047 −2.005 2.431

500 3.377 1.013 −1.920 2.470

520 3.365 0.983 −1.842 2.506

540 3.353 0.955 −1.769 2.539

560 3.342 0.929 −1.702 2.569

580 3.331 0.905 −1.639 2.597

600 3.321 0.883 −1.580 2.624
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