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This computational study of line-broadening effects is based on
an accurate, analytical representation of the intermonomer
potential energy surface (PES) of the CO2 ·Ar van der Waals
(vdW) complex. The PES is employed to compute collisional
broadening coefficients for rovibrational lines of CO2 perturbed
by Ar. The semiclassical computations are performed using the
modified Robert–Bonamy approach, including real and imagi-
nary terms, and the exact trajectory model. The lines inves-
tigated are in the 10001 !00011, 01101 !00001, 00011 !

00001, and 00031 !00001 vibrational bands and the computa-

tions are repeated at multiple temperatures. The computed
results are in good agreement with the available experimental
values, validating both the intermonomer PES developed and
the methodology used. For lines in the 01101 !00001 band of
CO2, temperature-dependent Ar-broadening coefficients are
reported for the first time. The parameters presented should
prove useful, among other applications, for the accurate
experimental determination of CO2 and Ar abundances in
planetary atmospheres.

Introduction

Carbon dioxide, CO2, is a dominant species in the atmospheres
of Venus and Mars and it is the fourth most abundant molecule
in the Earth’s atmosphere. Thus, CO2 is an important contributor
to the greenhouse effect and its significant impact on the
radiative balance of atmospheres becomes especially relevant
when environmental and climate-change effects are examined
in dry atmospheres. The accurate determination of CO2

abundances and their vertical distributions becomes particularly
important when better understanding of the physical and
chemical processes occurring in planetary atmospheres is
seeked. Accurate retrieval of abundances requires detailed
simulation of CO2 rovibrational bands under diverse measure-
ment conditions. Like for all the other molecules present in
atmospheres, the rovibrational lines of CO2 are subject to
temperature-dependent collisional broadening and shifting.
Therefore, measurement and computation of line-shape
changes induced by different perturbers have special signifi-
cance.

Most of the early spectroscopic measurements of broad-
enings and shiftings of CO2 lines were not accompanied by
accurate first-principles computations. This has changed with
the development of dependable models and efficient computa-
tional strategies. The theoretical models employed highlighted
the importance of the accurate treatment of intermolecular
interactions, including the appropriate consideration of the
intricate and noticeably anisotropic interactions between CO2

and the perturber. The type of collider considered affects
significantly and mostly unpredictably, at least in a quantitative
sense, these interactions and their spectral effects. The collision-
induced changes in the rovibrational lines of CO2 caused by a
rare-gas (Rg) atom are closely connected with the translational
velocity of Rg. As a result, the exact trajectory model proposed
by Buldyreva and co-workers[1,2] represents an improvement
over the parabolic trajectory used within the Robert–Bonamy
(RB) formalism.[3] This model should be used with a high-quality
potential energy surface (PES), describing the CO2� Rg intermo-
nomer interactions as accurately as feasible.
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In this study, we are investigating the broadening, but not
the shifting, of lines in certain CO2 bands caused by the binary
collision of a CO2 molecule with an Ar atom. In the Earth’s
atmosphere, Ar is the third most abundant gas after N2 and O2,
with close to 1% abundance. Thus, collisions between CO2 and
Ar contribute significantly to the broadening of CO2 lines.
Furthermore, these collisions have an impact on the radiative
balance of the Earth’s atmosphere. Understanding the role of
CO2 in the radiative balance motivated several experimental,
theoretical, and computational studies, with investigations over
a wide range of pressure and temperature values.[4–20] It is worth
reiterating some of the most important results.

In 1974, the line widths of Ar-broadened CO2 transitions
have been determined by Boulet et al.[4] in the 10001 !00011
band, utilizing a stable laser source. These measurements were
carried out for both the P and R branches at 300 K, with an
average uncertainty of 6.7×10� 3 cm� 1 atm� 1. In 1992, Thibaut
et al.[5] used a Fourier-transform (FT) spectrometer and looked
at the rovibrational lines of the 00031 !00001 band of CO2 in
an Ar buffer gas, again at room temperature, and deduced
collisional broadening coefficients of CO2 lines after fitting the
experimental spectra with a Voigt profile. In 2001, a combined
experimental and computational investigation was performed,
again by Thibault and co-workers,[6] targeting the broadening of
lines in the 00011 !00001 band of CO2 perturbed by Ar at
various temperatures. This study utilized infrared FT spectro-
scopy, quantum-mechanical close-coupling and coupled-states
approaches, as well as improved Smith–Giraud–Cooper and
Robert–Bonamy methods. In the same year, semiclassical
calculations were performed,[7] in the temperature range of
160–760 K, for lines of the 00011 !00001 band broadened by
Ar. Buldyreva and Chrysos[7] worked within the framework of
the RB approach improved by the exact trajectory model. These
computations utilized an old PES for the weakly bound complex
CO2 ·Ar, computed by Parker and co-workers.[21] Comparison of
the computed data with the available experimental results
showed good agreement, validating the RB approach combined
with the exact trajectory model.

In recent years, collision-induced broadening of lines in the
00011 !00001 and 00031 !00001 bands have been studied
further. For example, Cole et al.[16] reinvestigated the 00031 !

00001 band using dual frequency comb absorption and phase
spectroscopy up to 25 bar and 1000 K, while Chen et al.[18]

applied tunable diode laser absorption spectroscopy for
transitions with high J values, where J is the quantum number
characterizing the overall rotation of the molecule. Furthermore,
Arshinov and co-workers[22–24] utilized a frequency-stabilized CO2

laser to probe the unsaturated absorption coefficients of lines
in the 10001 !00011 band in pure CO2, as well as in binary
mixtures of CO2 with various gases, including Ar, in the
temperature range of 296–700 K.

In contrast to the 00011 !00001 and 00031 !00001 bands,
the 01101 !00001 band of CO2, despite its considerable
importance in the context of the greenhouse effect, was
examined only to a moderate extent: the literature is limited to
collision-induced self-, N2-, and O2-broadening values.[25–29] To

the best of our knowledge, Ar-broadenings of lines in the
01101 !00001 band have not been considered in the literature.

To determine the line-broadening parameters of CO2

colliding with Ar, an accurate PES for the weakly-bound CO2 ·Ar
complex must be generated. It is mandatory to obtain an
accurate description of the long-range interactions, as this
becomes particularly important when modeling the pressure
effect. One needs an analytical expression for the PES, which
must then be incorporated into a code computing line-broad-
ening parameters. In this study, an accurate interaction PES is
built and the Ar-broadening parameters are obtained within a
semiclassical framework. Comparison of our results with the
available experimental determinations reveals good agreement,
improved over earlier theoretical data for lines in the 00011 !

00001, 10001 !00011, and 00031 !00001 bands. This study
provides, for the first time, Ar-broadenings for transitions of the
01101 !00001 band. These data should prove useful for
applications in planetary, astrophysical, and chemical sciences.

The structure of this paper is as follows. The next section
details how the PES of the CO2 ·Ar vdW complex utilized for the
scattering computations was generated. The following section
describes the steps involved in the determination of line widths
and their temperature dependence. Next, we discuss our results
for lines in the 10001 !00011, 00031 !00001, 00011 !00001,
and 01101 !00001 bands of CO2. The closing section of the
paper summarizes the principal findings of this study.

Potential Energy Surface of the CO2 ·Ar Interacting System

It is widely appreciated that computed line-broadening coef-
ficients, particularly for molecules formed by strong covalent
bonds, like CO2, depend only very slightly on the intramolecular
degrees of freedom. It is also true that by now there are codes
available, like autoPES,[30,31] which make the production of high-
quality interaction PESs based on high-level electronic-structure
computations almost automatic.

The actual computation of line-broadening effects must be
carried out using simple prescribed functional forms. This
means that the PES we are going to utilize in this study was
generated in two steps. First, a four-dimensional (4D) PES was
built with the code autoPES, which was then simplified to 2D
and to a functional form which facilitates the scattering
computations.

A 4D PES

The code autoPES[30,31] was used to build a 4D PES for the
CO2 ·Ar dimer, whereby the bond length of the CO2 monomer
unit was fixed at Re(CO)=1.1631 Å, the equilibrium bond length
of the monomer at the frozen-core aug-cc-pVQZ[32] CCSD(T)[33]

level of electronic-structure theory. The O� C� O bond angle and
the (R, θ, ϕ) coordinates, see Figure 1, were sampled with a
weighted randomizing algorithm.[30,31] A total of 1015 grid
points were selected in the short-range subspace, for which
single-point energies were computed at the frozen-core,
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counterpoise-corrected[34] CCSD(T) level. In these computations,
the aug-cc-pVTZ and aug-cc-pVQZ basis sets were used,
extended with midbond functions[35] (this is the default in
autoPES). The final interaction energies at short-range config-
urations were ascertained by extrapolation of the single-point
energies to the complete basis set (CBS) limit using the
formulas of Ref. [36]. Thus, these electronic energies correspond
to the CBS CCSD(T) limit. In the long-range subspace, the
interaction energies were obtained, for 4500 grid points, via a
multipole expansion along the R coordinate, as described in
detail in Ref. [37]. The actual electronic-structure computations
employed the codes SAPT,[38,39] MOLPRO,[40] and ORCA.[41]

To improve the description of the interactions determined
by the intermonomer degrees of freedom, off-atomic (OA) sites
were introduced. They were treated as follows: (a) an even
number of OA sites, distributed symmetrically around the C
atom, were placed on the principal symmetry axis, (b) a
common parameter set was employed for the two O atoms,
reflecting the permutational symmetry of CO2 (the same holds
for the OA pairs placed at equal distance from the C atom),
(c) each OA site was restricted to remain along one of the
bonds of CO2, following the intramonomer bending motion,
and (d) the OA positions were optimized simultaneously with
the fitting parameters.

As to the accuracy of the fit, the root-mean-square deviation
of the computed and the reference energies, for points with
negative interaction energy (i. e., those within the potential
well), is only 0.02 cm� 1. Thus, our fitted 4D PES provides an
outstanding representation of the high-level electronic ener-
gies.

The PES of the CO2 ·Ar vdW dimer is characterized by a T-
shaped global minimum of C2v point-group symmetry, where
the O� C� O bond angle is 179.98°. The electronic-structure
computations performed suggest that the CO2 ·Ar complex
does not have a (collinear) secondary minimum.

The IM PES

As a next step, we decrease the dimensionality of the 4D PES. In
the new PES, the CO2 molecule is kept linear; therefore, only
two intermolecular coordinates, R and θ (see Figure 1) remain
active. Based on theoretical considerations,[42,43] we decided to
use the following functional form:

V R; q; f; ~c; ~q; ~f
� �

¼
X

l2f0;2;4;6g

Vl;0;l Rð Þ
Xl

m¼� l

Dl
m0 ~f; ~q; ~c
� �

Ylmðq;fÞ
h i*

(1)

where Vl;0;l designates a radial function, Dl
m0 is a Wigner-D

matrix, Ylm means a spherical harmonic function, the asterisk
denotes complex conjugation, and (~c; ~q; ~fÞ is formed by three
Euler angles specifying the angular orientation of the rigid CO2

molecule in the CO2 ·Ar complex. Due to symmetry reasons,
ðf; ~c; ~q; ~fÞ ¼ ð0; 0; 0; 0Þ must be employed [hence the para-
metrical dependence indicated after the semicolon in Eq. (1)].

The radial functions are expanded in this study as follows:

Vl;0;l Rð Þ ¼
X12

p¼6

a pð Þ
l0l

Rp ; (2)

where the entries of the l1; l2; l1 þ l2ð Þ ¼ ðl; 0; lÞ triplet are
quantum numbers pertaining to the angular-momenta of CO2

ðl1), Ar l2ð Þ, and CO2*Ar (l1 þ l2). The a pð Þ
l0l coefficients were

adjusted to reproduce the radial form of the 4D PES as
accurately as possible. The intermolecular PES defined in
Eqs. (1) and (2) is denoted hereafter as ‘IM’. The a pð Þ

l0l coefficients
of the IM PES are given in Table 1, whereas the radial curves are
displayed in Figure 2. Note that the l=0 term of Eq. (1) can be
reduced to V iso Rð Þ � V0;0;0 Rð Þ, which is the isotropic part of the
IM PES.

Figure 1. Jacobi-type coordinate system (R, θ, ϕ) describing the position of
the Ar atom in the CO2 ·Ar dimer with respect to the CO2 monomer. The
origin of the frame coincides with the carbon atom. The distance of the Ar
atom from the origin is denoted by R, while θ and ϕ represent the standard
spherical coordinates.

Table 1. Fitted values of the a pð Þ
l0l parameters, defined in Eq. (2).

l0l p ¼ 12 p ¼ 11 p ¼ 10 p ¼ 9 p ¼ 8 p ¼ 7 p ¼ 6

000 1.36245×108 � 4.01792×108 4.65304×108 � 2.67921×108 8.11574×107 � 1.23401×107 7.18877×105

202 1.52198×108 � 4.48247×108 5.19152×108 � 2.99752×108 9.14623×107 � 1.41006×107 8.60422×105

404 6.01341×107 � 1.80662×108 2.14043×108 � 1.26844×108 3.98467×107 � 6.32900×106 3.98236×105

606 1.44246×107 � 4.47075×107 5.46672×107 � 3.34269×107 1.08382×107 � 1.77729×106 1.15539×105
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Computation of Line-Broadening Coefficients and Their
Temperature Dependence

Semiclassical calculations of the broadening of rovibrational
lines of CO2 colliding with Ar were carried out within the
framework of the modified Robert–Bonamy (MRB) model,[44]

utilizing the IM PES and exact time-dependent trajectories for R
and θ.[45,46] In this scheme, a radiative transition of CO2 is
assumed to yield an isolated rovibrational line when the
radiator, CO2, is interacting with the perturber, Ar. In what
follows, g denotes a general rovibrational state of CO2 ·Ar, Jg
and Vg symbolize the corresponding rotational and vibrational
parent quantum numbers, respectively, and f !i indicates a
rovibrational transition of CO2 ·Ar from initial state i to final
state f.

In the MRB formalism, the half width at half maximum of an
f !i line, gfi; is given as

[2,47–49]

gfi ¼
nAr

2pcvac

Z∞

0

vF vð Þsfi vð Þdv; (3)

where nAr denotes the number density of the Ar atoms, cvac is
the speed of light in vacuum, v designates the velocity norm of
the Ar atom approaching CO2, F vð Þ designates the Maxwell–
Boltzmann velocity distribution, and sfi vð Þ is the differential
cross-section (or diffusion) function[50] representing collisional
efficiency. In the complex MRB (CMRB) variant, sfi vð Þ of Eq. (3) is
expressed as[50]

sCMRB
fi vð Þ ¼

2p

Z∞

0

b 1 � cos Im S1 b; vð Þ þ S2;fi b; vð Þ
� �

exp � Re S2;fi b; vð Þ
� �� �

db;
(4)

while in the real MRB (RMRB) formalism, sfi vð Þ of Eq. (3) is
[2]

sRMRB
fi vð Þ ¼ 2p

Z∞

0

b 1 � exp � Re S2;fi b; vð Þ
� �� �

db; (5)

where S1 b; vð Þ and S2;fi b; vð Þ are called the first- and second-
order interruption functions, respectively. The term S1 b; vð Þ can
be specified as[1]

S1 b; vð Þ ¼

�
3p

8�hvb5 aAr m
CO2
i

� �2
� m

CO2
f

� �2
þ
3
2

ICO2 IAr

ICO2 þ IAr a
CO2
f � a

CO2
i

� �
� �

;
(6)

where �h is the reduced Planck constant, mCO2
g and aCO2

g are the
dipole moment and the polarizability of the unperturbed i and f
states in CO2, respectively,

[51] aAr is the polarizability of the Ar
atom, and ICO2 and IAr designate the ionization energies of CO2

and Ar, respectively. The Da
CO2
fi ¼ a

CO2

f � aCO2
i parameter of

Eq. (6) was set to 1.09 Å3 for all the transitions studied (we
arrived at this approximate value after adjusting the CMRB
results to the experimental broadenings of Brownsword
et al.[11]).

For the calculation of the S2;fi b; vð Þ term of Eqs. (4) and (5)
through exact trajectories, one needs to replace the integration
variable b with b ¼ rc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � V�iso rc; vð Þ

p
, which implicitly defines

the rc parameter, usually referred to as the distance of the
closest approach.[1,2] Furthermore,

V�iso rc; vð Þ ¼
2V iso rcð Þ
m�v2

; (7)

where m� is the reduced mass of the CO2 ·Ar dimer. In this case,
Re S2;fi rc; vð Þ can be formulated as[3]

Re S2;fi rc; vð Þ ¼ Souter2;i rc; vð Þ þ Souter2;f rc; vð Þ þ Smiddle2 rc; vð Þ ; (8)

while Im S2;fi rc; vð Þ, whose exact form is given in Ref. [3], is
obtained here via an approximate expression,

Im S2;fi rc; vð Þ � Souter2;f rc; vð Þ � Souter2;i rc; vð Þ: (9)

For solvated linear molecules, such as CO2 ·Ar, the additive
terms of Eq. (8) can be calculated efficiently. Based on the
results of Refs. [2] and [48],

Smiddle2 rc; vð Þ ¼ �
4r2c
�h2v2

X

l2 2;4;6f g

klF
�
l rc; vð Þ; (10a)

with

Figure 2. Radial curves of the IM PES obtained for the CO2 ·Ar complex. In
this figure, Vl;0;l designates the radial function defined in Eq. (2), and R
denotes the C� Ar distance. The discrete points correspond to values derived
from the 4D PES, whereas the solid lines indicate the fitted analytical curves,
showing excellent agreement between the two potential representations.
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kl ¼ � 1ð ÞlþJiþJf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M Jið ÞM Jfð Þ

p

M lð Þ
CJi0

Ji0l0
CJf 0

Jf 0l0
W JiJf JiJf ; 1lð Þ, (10b)

where M lð Þ ¼ 2l þ 1, CJg0
Jg0l0

is a Clebsch–Gordan coefficient with
g 2 {i, f}, W JiJf JiJf ; 1lð Þ is a Racah coefficient, and F�l ðrc; vÞ stands
for a so-called resonance function. This F�l function can be
formulated as

F�l ðrc; vÞ ¼
Xl

m¼� l

l þ mð Þ! l � mð Þ!

2l lþmð Þ

2

h i
!

l� mð Þ

2

h i
!

n o2 Ilmðrc; vÞ
� �2

; (11)

which includes the following integral with respect to the
y ¼ R=rc variable:

Ilm rc; vð Þ ¼

Z∞

1

y G y; rc; vð Þ cosbm y; rc; vð Þ Vl;0;l rcyð Þdy; (12)

where

G y; rc; vð Þ ¼ y2 � 1þ V�iso rc; vð Þ � y2V�iso rcy; vð Þ
� �

� 1=2
; (13)

bm y; rc; vð Þ ¼
wfirc
v

A0 y; rc; vð Þ þ mA2 y; rc; vð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 � V�iso rc; vð Þ

q

(14)

Aq y; rc; vð Þ ¼

Zy

1

G z; rc; vð Þz1� qdz; (15)

and wfi is the angular frequency of the f !i transition calculated
from the effective Hamiltonian parameters of Ref. [52]. As to the
Souter2;g rc; vð Þ function of Eqs. (8) and (9) with g 2 {i, f}, one can
deduce the expression[2,48]

Souter2;g rc; vð Þ ¼
2r2c
�h2v2

X

l2 2;4;6f g

1
M lð Þ

X

�g
V�g¼Vg

CJ�g0
Jg0l0

� �2
F�l rc; vð Þ; (16)

where the internal sum runs over each �g state whose vibrational
parent is identical to that of g: Note that CJ�g0

Jg0l0
cancels any �g

-related term of Eq. (16) which does not meet the collision
selection rule, ð� 1ÞDJg�g ¼ 1 and jDJg�gj � l; where DJg�g ¼ Jg � J�g.

To provide an improved representation for the temperature
dependence of the g � gfi parameters, Gamache and Vispoel
introduced a so-called multiple power-law (MPL) model:[53]

g Vð Þ ¼
XP

k¼1

ckV
nk ; (17)

where V ¼ T ref=T is the relative temperature with respect to a
T ref reference temperature, P is the number of power-law (PL)
terms, and ck and nk designate the prefactor and the temper-
ature exponent of the kth PL term, respectively. The MPL
scheme of Eq. (17) can be viewed as an extension of the

standard PL form, g Vð Þ=cVn.[24] The T ref parameter is set to
296 K in this study.

Following the protocol of Ref. [53], an attempt was made to
employ the double-power-law (DPL) model,

g Vð Þ ¼ c1V
n1 þ c2V

n2 ; (18)

for the description of the broadening coefficients over a set of
temperatures. However, for the present case, strong correlation
was found between n1 and n2 of Eq. (18), making DPL
inapplicable for all the transitions considered.

To overcome this difficulty, an alternative model is used,
obtained by modifying Eq. (17) as follows:

g Vð Þ ¼
XP

k¼1

ckFk Vð Þ; (19)

where Fk Vð Þ > 0 is a suitable function with Fk 1ð Þ ¼ 1.
Assuming the existence of the required derivatives, the positive
Fk Vð Þ function can be approximated as a truncated logarithmic
power series,

logFk Vð Þ ¼ nk logVþ n0k log
2 Vþ n00k log

3 Vþ . . . : (20)

Eq. (20) leads to a generalized multiple-power-law (gMPL)
model,

g Vð Þ ¼
XN

k¼1

ckV
nkþn

0
k logVþn

0 0

k log
2Vþ:::: (21)

In this study the g values do not change sign over a wide
temperature range of 80-800 K (vide infra); thus, Eq. (21) could
be reduced to a 4-parameter model, abbreviated as GPL3:

gGPL3 Vð Þ ¼ cVnþn0 logVþn00 log 2 V: (22)

Results and Discussion

Following the procedure outlined in the previous section, Ar-
broadening coefficients have been determined for lines of
certain bands, 10001 !00011, 01101 !00001, 00011 !00001,
and 00031 !00001, of CO2 at multiple temperature values. In
what follows, the computed results are compared to previous
literature values.

Pressure-Broadening Coefficients for Lines in the 00011 !

00001 Band

First, let us analyze the broadenings of lines in the 00011 !

00001 band of CO2, studied extensively in the literature.[6,11–13,20]

Let the temperature be 296 K. Figure 3 illustrates the computed
Ar-broadening coefficients against the absolute value of the
quantum number m (note that m ¼ � J in the P branch and
m ¼ Jþ 1 in the R branch). This figure also presents the latest
experimental results,[6,11–13] indicating reasonable agreement
across the full range of mj j values. Our computational results
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are also compared to those of Ivanov and Buzykin,[20] which rely
on exact trajectories but do not take into account the Maxwell–
Boltzmann velocity distribution. As clear from Figure 3, our
CMRB estimates agree well, but are slightly higher than their
RMRB counterparts.

To test the reliability of the semiclassical protocol employed
here, the line widths of the 00011 !00001 band have also been
computed at a low temperature, T=160 K. The numerical data
obtained for 0� jm j �80 are illustrated in Figure 4. Clearly, our
CMRB and RMRB estimates agree well with each other. They are
compared to those observed by Brownsword et al.[11] and
calculated by Buldyreva et al.,[7] as well. Except for one case, our
predictions lie fairly close to those of Ref. [11], while the values
of Ref. [7] are systematically lower. These deviations can be
rationalized by noting that the computations of Ref. [7] relied

on (a) average velocities rather than those integrated over the
Maxwell–Boltzmann velocity distribution, and (b) an earlier
CO2 ·Ar PES,

[21] which is less accurate than the one developed in
this study. Thus, the discrepancies between the two datasets
are about as large as one would expect. For a few transitions,
our computations were repeated at a high temperature, 765 K,
and these test results also match well their literature
counterparts.[6,20]

Pressure-Broadening Coefficients for Lines in the 10001 !

00011 Band

Table 2 reports computed Ar-broadening coefficients obtained
in this work at T=300 K for lines in the 10001 !00011 band of
CO2. The corresponding experimental values determined by
Boulet et al.,[44] measured using a stabilized laser source, are also
provided. To appreciate the quality of the present computa-
tions, Table 2 also contains unsigned percent deviations (UPD),
specified as

UPDhE1 ;E2i ¼ 100 ghE1i � ghE2i
�
�

�
�=ghE1i; (23)

where ghE1i and ghE2i are two distinct estimates for the broad-
ening parameter of the same transition.

From R(3) to R(39), our predictions exhibit an overall
decrease and closely mimic their experimental counterparts,
especially for low J values. Similarly, the computed broadenings
of the P branch are also characterized with a decreasing trend
for 4� J�40 and match the low-J measurement values. The
average UPD from the observed data is about 10% for both the
CMRB and RMRB models, less than the mean experimental
accuracy, 11.2%. The UPDs between the CMRB and RMRB
predictions are small, only 1.3% on average.

Pressure-Broadening Coefficients for Lines in the 00031 !

00001 Band

Table 3 lists the computed Ar-broadening coefficients for the
00031 !00001 band of CO2, together with the measured values
of Thibault and co-workers,[5] both obtained at room temper-
ature. From R(3) to R(13), our computed data follow closely the
monotonous decrease in the observed broadenings, with mean
UPDs of 5.4% and 6.3% for the CMRB and RMRB models,
respectively. A similar pattern can be seen for the P branch,
where our computed estimates decrease as J increases, while
the measured broadening parameters show moderate fluctua-
tions. In this case, the average UPDs, with respect to the
experimental values,[5] are 13.1% and 12.4% for the CMRB and
RMRB models, respectively. As seen in the previous subsection,
the typical UPDs between the CMRB and RMRB broadenings are
on the order of 1% for both branches. This good overall
agreement supports the high quality of the IM PES, as well as
the adequacy of the methodology employed.

Figure 3. Comparison of Ar-broadening coefficients, obtained at 296 K, for
lines in the 00011 !00001 band of CO2. RMRB and CMRB correspond to this
work.

Figure 4. Comparison of Ar-broadening coefficients, obtained at 160 K, for
lines in the 00011 !00001 band of CO2. RMRB and CMRB correspond to this
work.
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Pressure-Broadening Coefficients for Lines in the 01101 !

00001 Band

Due to the importance of the 01101 !00001 band during the
investigation of the greenhouse effect, our study has been

Table 2. Experimental and computed Ar-broadening coefficients,
in 10� 3 cm� 1 atm� 1; determined at 300 K for lines in the 10001 !00011
band of CO2. The lines are characterized by a branch symbol, P/R, and the J
value of the initial state, given in parentheses. UPD (unsigned percent
deviation) is defined in Eq. (23).

Calc. (this work) UPDhCalc., Expt.i

Line Expt.[4] CMRB RMRB CMRB RMRB

R(3) 67�10 66.41 65.56 0.9 2.2

R(5) 69�8 66.04 65.19 4.5 5.8

R(7) 77�9 65.91 65.06 16.8 18.4

R(9) 73�8 65.83 64.98 10.9 12.3

R(11) 65�6 65.76 64.92 1.2 0.1

R(13) 64�9 65.71 64.87 2.6 1.3

R(15) 62�6 65.64 64.81 5.5 4.3

R(17) 60�6 65.56 64.74 8.5 7.3

R(19) 58�6 65.47 64.65 11.4 10.3

R(21) 60�9 65.38 64.57 8.2 7.1

R(23) 58�8 65.20 64.39 11.0 9.9

R(25) 59�5 65.06 64.26 9.3 8.2

R(27) 56�6 64.87 64.07 13.7 12.6

R(29) 54�5 64.62 63.82 16.4 15.4

R(31) 57�7 64.31 63.52 11.4 10.3

R(33) 52�6 63.97 63.18 18.7 17.7

R(35) 53�5 63.58 62.78 16.6 15.6

R(37) 51�5 63.09 62.29 19.2 18.1

R(39) 49�5 62.54 61.74 21.7 20.6

P(4) 65�7 66.41 65.56 2.1 0.9

P(6) 70�9 66.04 65.19 6.0 7.4

P(8) 69�8 65.91 65.06 4.7 6.1

P(10) 64�9 65.82 64.98 2.8 1.5

P(12) 62�5 65.76 64.92 5.7 4.5

P(14) 60�7 65.71 64.87 8.7 7.5

P(16) 60�9 65.64 64.81 8.6 7.4

P(18) 59�4 65.57 64.74 10.0 8.9

P(20) 62�7 65.47 64.65 5.3 4.1

P(22) 59�4 65.39 64.58 9.8 8.6

P(24) 57�6 65.20 64.39 12.6 11.5

P(26) 61�5 65.06 64.26 6.2 5.1

P(28) 54�6 64.87 64.07 16.8 15.7

P(30) 52�6 64.62 63.82 19.5 18.5

P(32) 53�7 64.32 63.52 17.6 16.6

P(34) 53�5 63.99 63.19 17.2 16.1

P(36) 54�7 63.58 62.78 15.1 14.0

P(38) 49�6 63.09 62.29 22.3 21.3

P(40) 52�7 62.54 61.74 16.9 15.8

Table 3. Experimental and theoretical Ar-broadening coefficients,
in 10� 3 cm� 1 atm� 1; determined for the 00031 !00001 band of CO2 at
296 K. The assignment of a specific line contains its branch symbol, P/R,
and the J value of its initial state in parentheses. UPD (unsigned percent
deviation) is defined in Eq. (23).

Calc. (this work) UPDhCalc., Expt.i

Line Expt.[5] CMRB RMRB CMRB RMRB

R(3) 76.55 67.43 66.57 13.5 15.0

R(5) 71.70 67.07 66.21 6.9 8.3

R(7) 70.80 66.92 66.06 5.8 7.2

R(9) 68.35 66.84 65.98 2.3 3.6

R(11) 67.05 66.77 65.92 0.4 1.7

R(13) 64.30 66.71 65.87 3.6 2.4

P(2) 81.50 69.41 68.59 17.4 18.8

P(4) 73.50 67.44 66.58 9.0 10.4

P(6) 70.45 67.08 66.22 5.0 6.4

P(8) 65.55 66.93 66.07 2.1 0.8

P(10) 62.25 66.84 65.99 6.9 5.7

P(12) 62.40 66.78 65.93 6.6 5.4

P(14) 60.85 66.71 65.87 8.8 7.6

P(16) 60.35 66.65 65.81 9.5 8.3

P(18) 58.15 66.57 65.74 12.6 11.5

P(20) 56.50 66.48 65.65 15.0 13.9

P(22) 59.40 66.37 65.55 10.5 9.4

P(24) 57.20 66.25 65.43 13.7 12.6

P(26) 57.70 66.06 65.25 12.7 11.6

P(28) 55.75 65.86 65.05 15.4 14.3

P(30) 53.85 65.61 64.80 17.9 16.9

P(32) 51.40 65.31 64.50 21.3 20.3

P(34) 48.70 64.96 64.15 25.0 24.1

P(36) 47.70 64.52 63.72 26.1 25.1

Figure 5. Temperature-dependent deviations of the CMRB and RMRB results
in the 00011 !00001 band. The UPDX(T) values correspond to the average
(X=avg) and the maximum (X=max) of the UPDs obtained for 41 transitions
at absolute temperature T.
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extended to this band, as well. For the 01101 !00001 band, no
experimental data are accessible for comparison, but similar

accuracy is expected here as for the other bands discussed
above, that is, a couple of percent in relative terms.

Table 4. Temperature-dependent models for the Ar-broadenings of selected lines in the 01101 !00001 band. The broadening values have been computed
via the RMRB model in the 80–800 K temperature range. Columns 2–4 show the root mean-square deviations (RMSD) of the PL, DPL, and GPL3 models,
introduced in Eq. (17), Eq. (18), and Eq. (22), respectively. The GPL3 parameters, along with the standard 1σ uncertainties of the last digits in parentheses, are
placed in the last four columns. The asterisked values are fixed to zero in the GPL3 model.

unit: 10� 3 cm� 1 atm� 1 unit: dimensionless

Line RMSD(PL) RMSD(DPL) RMSD(GPL3) c n n’ n’’

R(0) 5.18 1.34 0.59 76.4(2) 1.044(4) � 0.137(4) 0.0*

R(2) 4.71 0.99 0.60 67.1(3) 1.095(5) � 0.121(9) � 0.016(7)

R(4) 4.76 0.97 0.59 66.4(3) 1.100(5) � 0.121(9) � 0.018(7)

R(6) 4.84 0.97 0.58 66.2(3) 1.101(5) � 0.122(9) � 0.019(7)

R(8) 4.96 0.94 0.55 66.0(2) 1.101(5) � 0.123(8) � 0.022(6)

R(10) 5.04 1.00 0.58 66.0(3) 1.099(5) � 0.127(9) � 0.021(7)

R(12) 5.20 1.00 0.57 65.9(2) 1.098(5) � 0.130(9) � 0.024(6)

R(14) 5.41 1.00 0.56 65.9(2) 1.097(5) � 0.132(9) � 0.028(6)

R(16) 5.68 0.98 0.53 65.8(2) 1.097(5) � 0.135(8) � 0.033(6)

R(18) 6.00 1.03 0.55 65.6(2) 1.097(5) � 0.140(9) � 0.038(6)

R(20) 6.38 1.07 0.47 65.5(2) 1.096(4) � 0.152(7) � 0.040(6)

R(22) 6.73 1.09 0.45 65.4(2) 1.092(4) � 0.158(7) � 0.046(5)

R(24) 7.05 1.23 0.51 65.3(2) 1.084(5) � 0.169(8) � 0.049(6)

R(26) 7.34 1.33 0.52 65.1(2) 1.075(5) � 0.179(8) � 0.051(6)

R(28) 7.49 1.61 0.69 64.9(3) 1.058(7) � 0.20(1) � 0.045(8)

R(30) 7.52 1.96 0.83 64.8(4) 1.036(8) � 0.22(1) � 0.03(1)

R(32) 7.54 2.09 0.93 64.9(3) 1.009(8) � 0.258(8) 0.0*

R(34) 7.58 2.36 0.91 64.2(3) 0.993(8) � 0.264(8) 0.0*

R(36) 7.48 2.59 1.02 63.5(3) 0.972(9) � 0.265(9) 0.0*

R(38) 7.32 2.66 1.16 62.6(4) 0.95(1) � 0.26(1) 0.0*

R(40) 7.09 2.48 1.29 62.4(6) 0.91(1) � 0.30(2) 0.04(2)

R(42) 6.72 2.33 1.53 61.7(7) 0.87(2) � 0.32(3) 0.07(2)

R(44) 6.29 2.32 1.76 60.9(8) 0.82(2) � 0.33(3) 0.10(3)

R(46) 5.86 2.54 1.96 60.0(9) 0.78(2) � 0.35(4) 0.14(3)

R(48) 5.46 3.02 2.17 59(1) 0.72(2) � 0.36(4) 0.19(3)

R(50) 5.22 3.49 2.27 58(1) 0.68(3) � 0.37(4) 0.23(3)

R(52) 5.03 3.94 2.28 57(1) 0.63(3) � 0.36(4) 0.26(3)

R(54) 4.99 4.38 2.22 56(1) 0.60(3) � 0.35(4) 0.29(3)

R(56) 5.11 4.25 2.11 54.2(9) 0.56(3) � 0.34(4) 0.32(3)

R(58) 5.37 3.92 1.97 52.8(9) 0.53(2) � 0.32(4) 0.34(3)

R(60) 5.73 3.69 1.77 51.5(8) 0.51(2) � 0.30(3) 0.36(3)

R(62) 6.18 3.46 1.61 50.1(7) 0.49(2) � 0.27(3) 0.38(3)

R(64) 6.68 3.27 1.47 48.8(6) 0.47(2) � 0.24(3) 0.38(2)

R(66) 7.23 3.09 1.34 47.4(6) 0.47(2) � 0.20(3) 0.39(2)

R(68) 7.62 2.99 1.32 46.1(6) 0.47(2) � 0.16(3) 0.38(2)

R(70) 7.97 2.94 1.45 44.7(6) 0.48(2) � 0.12(3) 0.36(2)

R(72) 8.33 2.92 1.57 43.5(7) 0.49(2) � 0.08(3) 0.35(2)

R(74) 8.56 2.83 1.71 41.8(5) 0.51(2) 0.0* 0.30(1)

R(76) 8.76 2.79 1.88 41.3(5) 0.53(2) 0.0* 0.30(1)

R(78) 8.90 2.73 2.12 40.9(6) 0.55(3) 0.0* 0.30(2)

R(80) 9.04 2.72 2.40 40.5(7) 0.58(3) 0.0* 0.31(2)
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To compare the broadening data of the 01101 !00001 and
00011 !00001 bands, our computations have been carried out
for 41 transitions within the two bands. The broadening
coefficients, obtained at 22 temperature values in the range of
80–800 K with the RMRB model, are given in the Supplementary
Material (Tables S1 and S2). These results indicate that the
differences between the broadening coefficients of the 01101 !

00001 and 00011 !00001 bands are small [the largest deviation
is 7×10� 4 cm� 1 atm� 1 at 80 K for R(80)]. As obvious from
Figure 5, the deviations between the CMRB- and RMRB-based
estimates also decrease with the increase of the temperature,
remaining below 5% in the region studied.

For the 41 lines analyzed in the 01101 !00001 band of CO2,
three distinct models have been utilized to describe the
temperature dependence of the broadening coefficients. The
results of our fits yielded with the PL [Eq. (17)], DPL [Eq. (18)],
and GPL3 [Eq. (22)] models are summarized in Table 4. As
Table 4 reveals, the fitting errors are the smallest for the GPL3
model. Note that the n1 and n2 parameters of the DPL model
became strongly correlated, producing unacceptably large
uncertainties for these exponents in all cases. For a few
transitions, there were parameters with high uncertainties in
the GPL3 model, as well, but they could be eliminated by fixing
them to zero, which did not cause a significant increase in the
fitting residuals. Nevertheless, this is not the case for the DPL
model, where none of the four parameters could be frozen
without a notable increase in the fitting errors.

To validate the GPL3 model results shown in Table 4, the
same fits have been carried out for the broadenings of the
00011 !00001 band, as well. These fits reveal no significant
differences among the models of the two bands. Since changes
in the GPL3 parameters remain within the calculated uncertain-
ties, the GPL3 model of Table 4 can be applied for lines in the
00011 !00001 band, as well. For the R(50) transition, GPL3
yields n=0.68, which is in good accord with n=0.61,[13] a value
derived from experimental broadenings in the 00011 !00001
band via the standard PL model. Furthermore, the agreement is
also good with another experimental/empirical estimate, n=

0.88�0.18, reported for J�40 in Ref. [11].

Conclusions

With the goal of determining temperature-dependent line
broadenings for the CO2 molecule perturbed by an Ar atom, a
high-quality intermonomer potential energy surface was devel-
oped for the CO2 ·Ar van der Waals complex. The semiclassical
method used for the computation of the broadenings is built
upon the modified Robert–Bonamy (MRB) formalism and the
exact trajectory model. Within the MRB model we consider both
the real and the complex terms.

For the CO2 ·Ar model and the bands chosen, differences
between the results obtained with the real and imaginary
formalisms are rather small. As expected, our results show
improvement over previous determinations[7] of line broadening
parameters, perhaps due partially to the high quality of the PES
we use.

Computations of the broadening parameters were per-
formed at 22 temperature values in the 80–800 K range, for the
00011 !00001 and 01101 !00001 bands, whereas for the
10001 !00011 and 00031 !00001 bands they were carried out
at 300 and 296 K, respectively. The 00011 !00001 band of the
CO2 molecule has been subjected to numerous studies when
CO2 interacts with Ar, allowing the validation of our computed
Ar-broadening coefficients. For the first time, this study
provides very useful Ar-broadening coefficients and temper-
ature parameters for lines in the 01101 !00001 band.

Beyond the standard power-law (PL)[24] and the multiple
PL[53] models, a new functional form, called here the generalized
PL (GPL) model, was utilized to describe the temperature
dependence of the broadening values of lines in the 00011 !

00001 and 01101 !00001 bands. Using at most four parameters
in the fits, the GPL model delivers the best representation for
these broadening coefficients as a function of temperature.
Although the GPL scheme was tested only on CO2 ·Ar, it might
be useful for other systems, as well. This would require further
investigations.
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