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ABSTRACT

We present computations, solely using input data from the literature and thus free of any adjusted
parameter, of the far infrared collision-induced absorption (CIA) by interacting CHs and CO;
molecules. They are based on classical molecular dynamics simulations (CMDS) of the rotational and
translational motions of the molecules made using an accurate ab initio CH4-CO> anisotropic
intermolecular potential, and on a long-range expansion of the interaction-induced dipole. Various
desymmetrization procedures, which all ensure detailed balance of the spectral density function are a
posteriori applied to the CMDS results. The comparison with the available measurements, which have
been collected at room temperature, show that a good agreement can be obtained without introducing
any ad hoc short-range dipole components, and it enables to point out the limits of some of the
desymmetrization procedures. Tests are also made of the so-called "isotropic approximation", which
point out its strong limits, since it leads to large underestimations of the CIA, and question previous
computations made using an isotropic potential and long-range expansion of the induced dipole
complemented by ad hoc contributions at short distances. Finally, the temperature dependence of the

CIA is predicted for applications to planetary atmospheres.

1. Introduction

It has been recently suggested [1] that the presence of methane (and hydrogen) in the atmosphere
of early Mars could, through the contribution of the CH4+CO; (and H2+CO») collision-induced
absorption (CIA) in the far infrared, sufficiently enhance the greenhouse effect to enable water in the
liquid phase on the planet surface. This has stimulated the first laboratory measurements [2], quickly
followed by a second experimental investigation with reduced uncertainties [3]. Since the
measurement were limited to room temperature and because applications to planetary atmospheres
require temperature-dependent data, calculations of the collision-induced absorption were also made in
[3] using the so-called "isotropic approximation" [4,5], thus neglecting the anisotropy of the CH4+CO»
(and H>+CO») intermolecular potential. This approximation, with which the molecular rotation

remains unchanged regardless of collisions, is known [5] to underestimate the CIA, particularly for

1

© 2022 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0022407322000851
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0022407322000851

molecular pairs involving strongly anisotropic forces. In order to obtain agreement with
measurements, ad-hoc (but generally wrong) isotropic intermolecular potentials are often used, and
empirically short-range contributions to the induced dipole are introduced in order to obtain agreement
with measurements (see e.g. [3, 6]). This procedure is thus highly dependent on the availability of
precise experimental CIA data and, if only room temperature measurements can be used for the tuning
of the computations, extrapolations to other temperatures are hazardous. This being the situation of the
theoretical study of [3], there is a strong need for direct computations of the CH4+CO; CIA using an
accurate anisotropic intermolecular potential and, if possible, a precise induced-dipole moment
surface.

This is precisely what the present paper attempts to do. For this, classical molecular dynamics
simulations have been carried in order to predict the time-dependent rotational and translational
dynamics of mixtures of CO, and CH4 molecules, based on an accurate ab initio potential [7]. For the
dipole induced in interacting (CH4-CO) pairs, and in the absence of any usable (i.e. parameterized as
a function of the intermolecular distance and molecules orientations) ab initio results, the long-range
expansion given in [8] was used, which likely includes most of the dominant contributions. The
theoretical model and data used are presented in Sec. 2. We then compare our predictions with the
measurements and with the results of calculations made using the isotropic approximated presented in
[3] (Sec. 3.1), discuss the effects of this approximation on the calculated CIA spectra (Sec. 3.2), and
investigate the influence of temperature (Sec. 3.3). Concluding remarks and suggestions for future

investigations are finally given in Sec. 4

2. Calculations
2.1 Classical molecular dynamics simulations
Classical molecular dynamics simulations (CMDS) were performed for CH4+CO, mixtures at a

total density of d and different temperatures 7. After choosing the number N of molecules to be

treated, the initial positions of their centers of mass, defined by f’m (t=0) for molecule m, are

1/3

randomly chosen in a cubic box of side length (N/d)'~ with the constraint that they should be at

least 6 A away from each other (in order to avoid un-physical situations involving very close pairs).
The associated translational velocity f’m (t =0) is set with a random orientation and a modulus such

that the associated energies M, ||[;’m(t=0)||2/ 2 (M,, being the molecular mass) satisfy the

Boltzmann distribution for the considered temperature. Simultaneously, for each CO, molecule, its

axis orientation is set randomly, defined by a unit vector i (¢t =0) along the C-O bond while its

angular momentum is set by defining a vector Iftm(t =0) perpendicular to i, (t =0) and of magnitude



such that the associated rotational energies /(CO,) ||ﬁm ®=0) ||2 /2, with I(CO,) the moment of
inertia, satisfy the Boltzmann distribution. For each CHs molecule, its orientation is set randomly

through the choice of three Euler angles 6,,(r=0), ¢, (t=0) and Y, (r=0) from which the four
quaternions ¢,,;_o3(f =0) and the rotation matrix A, (#=0) from the space-fixed (laboratory) to the
body-fixed (molecular) frame and are computed according to Egs. (3.35) and (3.36) of [9]. At the
same time, the components of the angular speed vector @, (¢t =0) in the (X, y,Z ) molecular frame of
principal axes are defined such that the associated rotational energies Iy (CHy)[G,, (¢ :O).G]Z/Z,
with 0 =X, y, orZ and Iy4(CHy) the components of the moment of inertia tensor, satisfy the

associated Boltzmann distributions. Once this initialization step is completed, the propagation in time

of the parameters defining the rotational and translational states of all molecules is carried as follows.
At each time ¢, we first compute the force Fm (t) and torque T, (¢) in the laboratory frame exerted on

each molecule m by its neighbors (within a conservative cut-off distance of 10 A) by using an input

(see below) site-site intermolecular potential. The positions of the sites in the laboratory frame needed
for this are directly obtained, for CO,, from knowledge of the above defined vectors 13m () and u,,(1).

For CHas, the site positions relative to the center of mass in the laboratory frame are obtained from
those in the molecular frame by applying the rotation matrix A, (t)_1 = tAm (t) [see Eq. (3.25) of [9]]

computed from the quaternions g,,;(#), and the absolute positions are then deduced by simply adding

13m (t) to the result. Once Fm (t) is known, the center of mass velocity F;’m (t+dr) is directly obtained
from F;’m (1) and the acceleration 1.3'm (t+dt) = Fm (t)/M,, while B, (t+dt) is computed from f’m (1)
and Ié'm (t) . In order to determine the rotational parameters at #+dt, different procedures are used for
CO; and CH4. For the linear molecule, Iftm(t +dt) and i, (¢t +dt) are obtained from knowledge of
T,,(¢) in the laboratory frame by using Eq. (3.41)-(3.46) of [9]. In the case of the non-linear methane,

the torque in the molecular frame is first computed from T, (t) by applying the rotation matrix A, (¢)

(Eq. (3.30) of [9]). Equations (3.29a)-(3.29c) of [9] are then used to compute the derivatives

)

ma=xyz(f) of the angular speed component in the molecular frame which, together with

(*)m,(x =X,y,Z

(t), enable to deduced G)m,(]:x,y,z (¢t +dr) . At the same time, the derivative ¢,;_3() of the

quaternions, computed from knowledge of the @y, 4y, (#) using Eq. (3.37) of [9], enable to obtain

Gmi=03 (t+dt) from Gmi=03 (1.

2.2 Collision-induced dipole



The components Uy y z(¢) in the laboratory frame of the interaction-induced dipole [i(7) in

colliding (CH4,CO») pairs was computed following [8], i.e.:

Uy (1) = [W, () = Wy (DVN2 5 iy (1) =T, () + Wy (DVN2 5 1y (8) = o (6) (1)
with:
Mp=-1,041(0) = an 2 Qa*rDDypn L [Repacon (t)]Dz%,m'[ecm (1) @epg () Wepy (f)]*
\/g a,b,)},L:‘ )
m,m ,m ,q

x Ymb"[ecoz (1), Pcon (t)]YAIZ —-q [6cts-coz (s opacon (] <abmm"]Ag><ALqM-q[IM> .
In this equation, D,Z,m‘[ecm(t),(pcm(t),L|JCH4(t)]* denotes the conjugate of the complex Wigner

rotation for the Euler angles defining the orientation of the CH4 molecule, while Y,f;.,[ecoz (), Qe (D]

and Yﬂﬁ_q[ecm_coz (1), @cpacop (1)1 are spherical harmonic dependent on the angles defining the

orientations of the CO> molecule and of the axis between the centers of mass of the pair, respectively,

and <...|.> are Clebsch-Gordan coefficients. The D, ) 1./ [Repucor(t)] depend on  the

intermolecular distance Ry, -0, (f) and type of dipole-induction process. Their expressions in terms
of intrinsic parameters (e.g. electric multipoles, polarizabilities, ..) of the CH4 and CO> molecules are
provided in [8] where their numerical values are also given, computed from a set of molecular
parameters listed in the same article. The sum in Eq. (2) thus runs over the 39 (a,b,A,L;m") sets given

in Table IV of [8], complemented by the associated values of m, m” and q allowed by the Clebsch-

Gordan selection rules.

2.3 Absorption spectrum

The above described CMDS and induced-dipole expressions provide the dipole [i(¢) at all times,

whose autocorrelation function in the low density limit:

ACF(t=1p)= X X H;jto)f (1) forrz1 3)
i=CH, j=CO,

can be obtained after an initial time £, has been chosen [note that equation (3), which disregards cross
terms associated with different CH4 (or CO;) molecules, is here valid because, at the considered low
density, intermolecular collisions are (practically) purely binary and uncorrelated]. From the latter, the

absorption coefficient at angular frequency W (wW=2Tco where O is the wavenumber in cm™), for the

temperature 7 and molecules density d, is given, in units of length™!, by [4,5]:

a(w) = Aﬂ fo (@l —e "bT]lC(w) )
3hc %

where V= N/d is the volume associated with the number of molecules (N) and density (d) chosen for

the calculations. A is a conversion factor [A=(e. a9)*/(4T®o)], e being the electron charge (=1.6 107 C),



ao the Bohr radius (=5.3 107! m) and € (=8.85 102 C%(Jm)) the vacuum permittivity] to switch from

atomic units used for the induced dipole to SI units, and C(w) is given by:
C(w) =Re {l o0 ACF(t)e_mdt} =1 oyax ™10 cos(6r) ACF (1)dt (5)
LIS T

where t,,,, is the ending time of the CMDS. In Eq. (4), fp(w) is the desymmetrization function
needed to insure the respect of the detailed balance relation or the fluctuation-dissipation theorem,
i.e. the fact that one should have C(+w)/C(—w) =exp(Aw/kgT) [5]. This is required since the CMDS

only provide the dipole ACF for positive times and thus cannot satisfy the relation

ACF(—t) = ACF(+t —ih/kgT) which leads to the above given detailed balance relation. The different

procedures that we used are:

. r =
P-1: /o (w)_l_l_e—hu)/kBT ’ ©)
hw 1
. £ (2) =
P-2: f (w)_kal_e_hw/kBT : (7)
P-3: £ () = V28T ®)

and

hw/ 2kgT
¢ ACEO) _tax _IOACF[\/tz+(h/2kBT)2}cos(oot)dt )

C(WACF| n/(N2k,T) |

pa: fo ()=

The first two are reported in [4] without information of who originally proposed them and they seem
to have been rarely (if not never) used. The third, known as the Schofield's procedure [10], has been
widely used and was applied in classical calculations of the CIA of pure CO, [11] and N» [12, 13] and,
recently of (CH4,N,) pairs [14], for instance. Finally, the P-4 procedure, which corresponds to that
initially proposed by Egelstaff [15] as modified by Frommhold [4] who added the scaling factor

ACF(O)/ACF[h/(\/EkBT)], was used in [14, 16], for instance. Recall that [17] showed that

Egelstaff's correction well describes the quantum mechanical rotational spectrum of freely rotating
linear molecules. It is important to note that all procedures being a posteriori corrections they are
approximate, and that choosing the best one is not straightforward since it may depend on the

temperature and/or the spectral domain of interest.

2.4 Implementation and data used

CMDS were carried at various temperatures for a 50%CO,+50%CH4 mixture at a total density of
d=2 amagat (1 amagat corresponding to 2.687 10* molec/m?®). Numerous simulation boxes, each
containing 20,000 molecules, were treated sequentially, using periodic boundary conditions and

closest neighbor spheres [9], leading to a total number of at least 20 million particles. In order to save



CPU time, only CO,-CH, interactions were taken into account using the accurate site-site ab initio
anisotropic potential of [7]. This approximation is valid, since at the moderate density retained,
collisions involving three molecules are extremely rare and can be disregarded. After initializations,

computations were carried up to f,, =105 ps with a temperature-dependent time step small enough to
accurately describe the rotational and translational motions, and time origin #;=100 ps was retained

for the computation of the dipole ACF. This value of the thermalization delay was chosen from
analysis of the convergence of the radial distribution function. The dipole ACF was thus computed

over a time interval of t,, —1,=5 ps, which implies that the Fourier Laplace transform in Eq. (5) is

truncated in time. The computed spectrum is thus the convolution of the true one by a

sinc[2TcO(?y,,, —1,)] function, which has negligible consequences since the latter (which has a full

width at half maximum of about 4 cm™) is much narrower than the spectrum. In the calculations, a cut-
off distance of 10 A was retained for interacting pairs with the same criterion applied for the
computation of the induced dipole through the sums in Eq. (3). The equilibrium geometries were used
for the CO, and CHs molecules which were treated as rigid rotors. For the induced dipole, the 39

Dy p n.Lim'[Renacor (1)1 parameters given in Table IV of [8], which depend on the intermolecular

distance Ry, o, (f) and type of dipole-induction process, were used without modification.

3. Results and discussion
3.1 Comparison with experimental data and previous computations at T=300K

We performed simulations at 7=300 K to compute the absorption coefficient and compare it with
available experimental and computed results [3]. For this, we tested the four desymmetrization
procedures presented in section 2.3 [Egs. (6)-(9)] in order to evaluate them. The corresponding results,
displayed in Fig. 1, call for several remarks. (i) The first is that the various desymmetrization
procedures lead to roughly equivalent spectra up to ~100 cm™ with differences that increase at high

frequencies, as could be expected from their dependences on 7w/ 2k,T . This result is similar to the

one found for CH4-N; in [14] where the authors noticed the same behavior. (i1) The second is that P-2
and P-3 are those which lead to the best consistency with experimental data (within the associated
error bars, except at low frequencies). It is worth noting that no ad hoc short-range dipole
contributions are here needed to obtain agreement with measurements. (iii) Thirdly, significant
differences are obtained between our results and those calculated in [3]. However, note that the latter
have been obtained using the isotropic approximation and empirical short-range dipole contributions.
As further discussed in the next section, by their isotropic nature, such computations strongly
underestimate the absorption, which requires the use of both an ad hoc (and wrong) isotropic potential
and the adding, as previously done for CHs-N: [6] for instance, of some short-range dipole

components in order to obtain agreement with the experimental data. (iv) Finally, the remarks above



raise the question of the "trueness" of the bump in the measured spectra around 300 cm™ since it is not
predicted by our computations and is neither observed [18] nor calculated [6, 14] in the case of CHs-

N. This demonstrates the need for new measurements of the far infrared absorption by CH4+CO>

mixtures.
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Figure 1: Density normalized CH4-CO; binary absorption coefficients at 7=300 K. The blue, orange, green and
red lines are the values obtained in the present study using the desymmetrization procedures P-1, P-2, P-3, and P-
4, respectively. The experimental data from [3] are shown with black dots and error bars. The dashed black line

represents the values calculated in [3] using empirical estimated short-range components of the dipole.

3.2 Effect of the potential anisotropy

In theoretical approaches of the CIA, the use of an isotopic potential greatly simplifies the
formalism, but it is known that, when the intermolecular potential anisotropy is large, this
approximation may lead to largely underestimated computed spectra [4,5]. As demonstrated below, it
is the case for the CH4-CO, system considered in this study. A first indication of this is given by Fig. 2
which displays the interaction energy for various intermolecular distances R and a dense and uniform
sampling of the orientations (in order to provide a good sampling of the phase space) computed using
the potential of [7] [Note that results for specific configurations can be found in Fig. 2 of [7] which
demonstrates that the orientation of CO, has a bigger influence on the potential than that of the
spherical top CH4]. Indeed, as already noted in [7] and shown by Fig. 2, the position of the repulsive
front (and of the minimum) significantly varies from one angular configuration to another, with
distances for which the potential is zero ranging from about 3.0 to 4.5 A. Now recall that dominant
contributions to the induced dipole moment come [8] from the matrix elements D(0223;0) and
D(3034; +/-2) in Eq. (2) which vary as R* and R, respectively. This implies that the dipole ACF for a

pair of colliding molecules is a highly nonlinear and quickly decreasing function of the distance and



thus that its value computed using the mean (isotropic) potential will be significantly smaller than the
true average ACF obtained taking the potential anisotropy into account. Another way to say this is that
interactions at short distances make a much larger contribution than those at larger separation to the
dipole, while the two essentially contribute with the same weight in the isotropization of the potential.
From this one can expect (as confirmed below), that disregarding the potential anisotropy will strongly
underestimate the absorption and that agreement with measurements can only be obtained, within the

isotropic approximation, by using a potential wrongly and significantly shifted toward close distances
(see Fig. 2).

Potential CH4-CO2

—— Hellman et al. (2016)
—— Hellman et al. (2016) isotropized
—— Bastien et al. (2011)

400

200 A

Interaction energy (K)

—200 A

—400

R (4)

Figure 2: CH4-CO; interaction energies as a function of the distance R between the centers of mass of the two
molecules. The values for various molecular orientations, computed using the anisotropic potential of [7], are
shown by the grey lines, while the isotropic component, obtained by averaging, is represented by the red line.
The isotropic potential used in [3] is represented by the blue curve.

In order to confirm these statements, we have "isotropized" the anisotropic potential of [7] by
averaging it over all possible angular configurations of both CH4 and CO:; for fixed distances between
the centers of mass of the two molecules. The result was then fitted with a modified version of a
Hartree-Fock dispersion (HFD) potential, developed by [19] and used previously for the molecular
dynamics computation of CIA spectra for rare gases in the liquid phase [20]. The expression of this

pair potential is:
V(R) =£[Ae_ax —(C6/x6 +Cg/x° +C10/x10)F(x)} , (10)
where x =R/, and:

F(x) =exp[—(D/x—1)2] forx<D, while F(x)=1forx=D . (11)



The parameters obtained thanks to a Levenberg-Marquardt least square minimization procedure are:
ra=4.6 A, £2162 K, A=1066968., 0=13.2273, Cs=3.238, C §=-9.596, C 1p=11.549, and D=1.758. Note
that -£ and r, are respectively the value of the potential minimum and the distance for which it is
obtained. In Fig. 2, we show a comparison between this isotropized potential and the 12-6 Lennard-
Jones isotropic potential, originally developed in [21], used in [3]. As can be seen, while their
respective depths are quite consistent (203 K and 162 K, respectively), the repulsive front of the
isotropic potential used in [3] is significantly shifted to the left, the distance for which it is zero being
about 3.7 A against 4.2 A for the isotropic component of Hellman's potential [7]. This implies that the
former will allow colliding CH4 and CO; molecules to get (unrealistically) closer, thus resulting in a
stronger dipole moment and absorption, (artificially) compensating for the errors associated with the
use of the isotropic approximation in the computed CIA spectrum.

This statement is confirmed by the results in Fig. 3, where the results obtained using the anisotropic
potential of [7] and the associated isotropized one show that the isotropic calculation largely
underestimates the magnitude of the absorption coefficient. It is interesting to note that the relative
effect of the potential anisotropy significantly varies with the wavenumber, as it is less pronounced for
the first peak around 60 cm™ than for the barely discernable second one around 250 cm!. In order to
explain this observation, recall that the first peak is mainly due to the polarization of CH4 by the
electric field of the CO; quadrupole, which corresponds to the D(0223;0) term and leads to an induced
dipole varying as R*. The second peak results from the polarization of CO; by the electric field of the
CH,4 octopole, which corresponds to the D(3034; +/-2) terms and leads to an induced dipole varying as
R, It is thus clear that allowing molecules to get closer will lead to a relative increase of the second
peak greater than for the first peak. In order to be a little more quantitative, consider the two isotropic
potentials plotted in Fig. 2 and recall that they become positive (i.e. the beginning of the repulsive
fronts) around 3.7 and 4.2 A, respectively. For such distances, the squared dipoles due to the two
mechanisms discussed above thus change by the ratios (4.2/3.7)8 and (4.2/3.7)'°, respectively, leading
to a change of the absorption at the first peak by a factor of about 2.7 while the change for the second
peak is a factor 3.6. These numbers, which are consistent with the differences between the two
isotropic results in Fig. 3 (which use the same molecular parameters and interaction-induced dipole
contributions, confirm the large role of the potential anisotropy and the fact that, in [3], the errors
resulting from the isotropic approximation are partly compensated by the use of a somehow ad hoc
intermolecular potential. Note that this statement also applies to the calculations for CH4-N, presented
in [6]. Indeed, in this case also, the isotropic Lennard Jones potential used (0=3.65 A, =90 K) is
significantly and wrongly shifted toward closer distances when compared with the isotropic
component of the accurate CHs-N> potential of [22] (which intercepts zero at 3.9 A). Note that the
CMDS spectra presented in Fig. 3 have been obtained using the Schofield's procedure (P-3, see section

2.3), but similar conclusions would be obtained with the other desymmetrization procedures.
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Figure 3: Computed density-normalized CH4-CO, binary absorption coefficients at 7=300 K. The red and blue
lines are results obtained using the anisotropic potential of [7] and its isotropized version. The black corresponds
to the values calculated in [3] without the introduction of the short-range dipole components

It is worth noting that the influence of the anisotropy of the intermolecular potential on the CHs-
CO:; CIA pointed out by the results in Fig. 3 is much larger than what was found for the few other
molecular pairs for which this issue has been investigated. Indeed, the classical [12] and quantum [23]
computations of the far infrared CIA spectrum for pure N> have demonstrated small anisotropy effects,
with a similar conclusion drawn for H,-He [24] for instance. This can likely be attributed to the fact
that N> and H, are much smaller molecules than CO, (and CHy), which leads to significantly lower
influences of the molecules orientations on intermolecular forces at the relatively short distances in the
attractive well and repulsive front. This explanation (and influence of CO,) is supported by the fact
that, for H>-CO,, the integrated intensity of the roto-translational CIA band computed using an
anisotropic potential is significant larger, by a factor of 1.85 at 300 K, than that obtained within the

isotropic approximation [3].

3.3 Absorption coefficients for various temperatures

In [3], predictions of the temperature dependence (namely at 7=100, 200, 300, 400 and 500 K) of
the far infrared CIA by CH4-CO, mixtures were made. They have the merit, at a time when only
measurements at room temperature were available, of providing data for planetary studies but, as
discussed above, they have the disadvantage of using the isotropic approximation and a wrong
potential and were complemented by ad hoc short range induced dipole contributions. Indeed, since

using an isotropic intermolecular potential leads to wrong predictions of the collisional dynamics, the

10



errors in the computed CIA of [3] resulting from this approximations vary with 7. It is thus likely that
these predictions do not well represent the evolution with temperature of the CIA. In order to check
this, we carried CMDS computations, still using the anisotropic potential of [7] and the induced-dipole
development of [8], for the same temperatures as in [3]. The results obtained are displayed in Figs. 4a-
d, calling for the following remarks. (i) The first is that the results for 100 K (Fig. 4a), rule out the use
of the desymmetrization procedure P-3 which leads to an unrealistic increase of the CIA in the high

frequency tail of the band. This results in this spectral region from the very quick increase of the

f]§3>(00) =exp(7w/ 2kgT) factor with decreasing temperature (at 400 cm’, it varies from 2.6 at

T=300 K to 18 for T=100 K, with corresponding numbers of 4 and 75 for 600 cm™ !). (ii) The second
remark is that, as could be expected, the relative evolution of the absorption with temperature depends
on the desymmetrization procedure. (iii) The comparisons between our calculations, for instance
obtained with the P-2 correction which leads to satisfactory results at room temperature (Fig. 1), and
the predictions in [3] show that the latter predict significantly different temperature effects: a much
quicker increase, with increasing 7, of the absorption around 300 cm™! while the effect on the first peak
(near 60 cm™) is reversed and reduced. Considering the approximate nature of the isotropic
calculations and ad hoc short-range dipole component used in [3], we believe that the temperature
dependences obtained with this model are questionable and less accurate than our calculations. (iv)
Finally, these results stress the crucial need for new experiments investigating the influence of
temperature. These would enable to further test our model and help in choosing the "best"
desymmetrization procedure as well as to confirm the limits of the isotropic approximation pointed out
in the present study. This is relevant since the recent experimental results at 200 and 250 K of [25]
have too large uncertainties for any definitive conclusion on these issues. Our computations at 200 K
fall within their error bars but the latter are far too large to enable a sufficiently stringent test of our

predictions.
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Figure 4: Computed density normalized CH4-CO; binary absorption coefficients at various temperatures. The
blue, orange, green and red lines are the values obtained in the present study using the desymmetrization
procedures P-1, P-2, P-3, and P-4, respectively. The black line represents the values calculated in [3] using
empirical estimated short-range components of the dipole.

4. Conclusion

Classical molecular dynamics simulations of the translational and rotational dynamics in CH4-CO:
collisions have been carried using an accurate anisotropic CH4-CO, intermolecular potential. Together
with a long-range expansion of the associated interaction-induced dipole, they have enabled
calculation of the CH4-CO> binary collision-induced absorption in the far infrared. A good agreement
with the available measured values (at room temperature) is obtained without adjusting any parameter
(and, in particular without introducing empirical short-range dipole components). This gave
confidence in the model, which was thus used to predict CIA values in the 100-600 K temperature
range for studies of planetary atmospheres. In addition, various desymmetrization procedures, which
all ensure detailed balance of the spectral density function, a posteriori applied to the CMDS results,
are tested. This enables to rule out some of them, particularly because they lead to unphysical
behaviors at low temperature. Finally, a detailed analysis of the limits of the isotropic approximation,
which was used in previous predictions of the CH4-CO> CIA, has been made. It points out and
quantifies the large breakdown of calculations made using and isotropic intermolecular potential, and
demonstrates that agreement with experimental values can then only be obtained by using an ad hoc

and wrong (significantly shifted toward close distances) isotropic potential. Although the long range
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expansion of the induced dipole used in the present study likely makes the dominant contribution the
CIA, the fact that short range components may also play a role cannot be excluded, particularly at
elevated temperature and/or high frequency. Unfortunately, the significant uncertainties on the
available measured values do not enable to conclude on this issue, which stresses the crucial need for
further experimental studies, if possible more accurate and investigating a broad range of
temperatures. In addition, computations of an accurate CHs-CO; interaction-induced dipole would be
of great interest, which would enable calculations based on precise dipole and interaction energy

surfaces, as recently done with success for the CH4-N, CIA [14, 26].
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