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The anisotropic rototranslational scattering of carbon dioxide gas is studied theoretically at 294.5 K, in the
frequency range 10–470 cm−1, at a density of 1.026254 mole/litre. The anisotropic double differential cross-section
for scattered light is calculated theoretically using new site–site Morse–Morse–Morse–spline–van der Waals
intermolecular potentials with the parameters fitted to the different thermophysical and transport properties. Our
theoretical calculations take into account multipole contributions from the first- and second-order dipole-induced
dipole, first-order dipole-induced octopole and first-order dipole–dipole–quadrupole light scattering mechanisms
as well as their cross contributions. The irreducible spherical form for the induced operator of these light
scattering mechanisms was determined. The high frequency wings are discussed in terms of the collision-induced
rotational Rayleigh effect and estimates for the dipole–octopole polarizability E4, is obtained and checked with
the ab initio theoretical value. Good agreement is obtained at moderate frequencies between the theoretical and
experimental spectra. When an exponential contribution exp(−ν/ν0), with ν0 = 115 cm−1 is considered to model
very short-range light scattering mechanism, good agreement is found over the whole frequency range.

PACS: 78.47.je, 34.20.Gj

1. Introduction

Collision-induced light scattering spectra have com-
monly been used to study such properties as intermolec-
ular interaction potentials, collision induced dipoles, and
polarizabilities. For instance, the scattered intensity in
the high frequency spectral region has been used to ex-
tract information about some of the molecular dipole–
multipole polarizability tensor components of several
isotropic molecules such as CH4, CF4, CCl4 and SF6

[1–5] and of anisotropic molecules belonging to symme-
try group C2v or D∞h (N2) [6, 7]. The special case of
very light molecules H2 and D2 has also been investigated
[8–12]. Such a procedure is correct because in this case
all the scattered intensity is due to collision-induced po-
larizabilities that arise from long range interaction mech-
anisms involving high order multipole polarizabilities.

However, for any system under consideration, one must
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make sure that the experimental conditions, and/or the
theory used for their analysis, are suitable for the extrac-
tion of the desired information. In this paper we focus
on the far wings of the anisotropic rototranslational scat-
tering spectra from gaseous carbon dioxide, which dif-
fers from those of tetrahedral and octahedral molecules
because of the presence of an anisotropic polarizability
which is responsible for an allowed rotational spectrum.
Such a spectrum adds to the collision-induced one and
the problem arises about their separability.

In this work, accurate measurements of the anisotropic
light scattering intensities for CO2 gas from a few cm−1,
up to 470 cm−1 with a higher resolution, have been added
to study more closely the low-frequency part of the spec-
tra [13]. Such a spectrum, recorded at room temperature
294.5 K, will be analyzed in order to develop refined mod-
els of the relevant interaction-induced properties, which
permit an accurate reproduction of the observed spectra
from lineshapes calculations.

To compare our theoretical spectra with the exper-
imental ones, we calculate these spectra taking into
consideration the first- and second-order dipole–induced
dipole light scattering mechanisms as well as the dipole–

(838)
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induced octopole effect related with the nonuniformity
of the local field acting on the CO2 molecule. The irre-
ducible spherical components of the second-order dipole–
induced dipole (DID), dipole–induced octopole (DIO)
and hyperpolarizability-permanent quadrupole BΘ light
scattering mechanisms are considered.

Our paper is organized as follows: the intermolecular
potential form adopted is presented in Sect. 2. Calcula-
tions of the thermodynamic and transport properties to
determine the different potential parameters is detailed
in Sect. 3. The light scattering experiments are briefly
described in Sect. 4. In Sect. 5 we give the multipolar the-
ory of the spectral shape of the scattered light, devoting
special attention to main broadening procedures of the
rotational stick spectrum due to translational motions of
the CO2 molecules. In Sect. 6 we compare the experimen-
tally measured spectra with those obtained theoretically;
whereas in Sect. 7 a summary is given.

2. Multi-property analysis and the
intermolecular potential

In order to calculate the line profiles, the intermolec-
ular potential is needed. Results with different potential
parameters can be compared with experiment to assess
the quality of the potential.

The intermolecular potential we use is an Morse–
Morse–Morse–spline–van der Waals (M3SV) generaliza-
tion of the Morse–spline–van der Waals (MSV) form [14].
In regions i = I, II, and III it is represented by the Morse
potentials

Vi(r) = ε
[
exp(−2ξi(r/rm − 1))

− 2 exp(−ξi(r/rm − 1))
]
. (1)

These Morse potentials are chosen so that they are con-
tinuous and have continuous first derivatives where they
join.

The potential V is represented in region IV as a single
cubic Hermite spline

VIV = ε
{
β1 + (x− x1)

[
β2 + (x− x2)

× (β3 + (x− x1)β4)
]}

, (2)
where x = r/rm is a reduced distance, and in region V
by the asymptotic London or van der Waals expansion

VV = ε
(−C6x

−6 − C8x
−8 − C10x

−10
)
, (3)

where C6, C8, and C10 are fitting parameters.
Given VIII and VV, VIV is completely determined by

the requirements of continuity of the potential and its
slope.

Even at the present M3SV level, there are ten free
parameters ε, ξI, ξII, ξIII, rm, x1, x2, C6, C8, and C10

which are far too many to determine from the present
data. Accordingly we proceeded as follows: dispersion
force constants C6, C8 and C10 were fixed at the values
given by Visser and Wormer [15]. Similarly, x1 is usually
taken as the inflection point of VIII,

x1 = r1/rm = [1 + ln 2/ξIII] (4)
and x2 is usually held fixed at some value (≈ 1.76) such

that r2 = rmx2 is large enough that the series in Eq. (3)
is expected to be adequate but small enough to prevent
the spline in Eq. (2) from oscillating. Furthermore, in
the initial fitting the parameter ξI = ξII = ξIII = ξ (MSV
potential) was held fixed at some values while ε and rm

were chosen to minimize δB, δη, δD and δIso, the rms
deviations calculated from the pressure second virial co-
efficient, viscosity, self diffusion coefficient and isotopic
thermal factor. This minimization is further supported
by calculating δλ the rms deviations calculated from the
experimental thermal conductivity. This decision leads
to potential 3 of Table I as our best estimate of the
CO2–CO2 intermolecular potential.

TABLE I
Parameters of the trial potentials and the associated
values of δa.

Potential 1 2 3 4 5

Parameters

ε[K]/kB 244.6 245.8 247.5 249.3 250.8

σ[Å] 3.768 3.762 3.759 3.754 3.75

rm[Å] 4.285 4.27 4.25 4.23 4.215

ξI 6.65 6.8 7.0 7.15 7.2

ξII 5.74 5.825 6.0 6.16 6.28

ξIII 4.42 4.45 4.5 4.55 4.6

r1[Å] 4.957 4.935 4.905 4.874 4.8501

r2[Å] 7.285 7.0455 6.80 6.726 6.6397

β1 −0.75 −0.75 −0.75 −0.75 −0.75
β2 1.316 1.429 1.5585 1.58 1.6017

β3 −1.646 −1.61 −1.5506 −1.59 −1.6265
β4 −0.967 −1.8733 −3.207 −3.326 −3.4674
C6 0.644 0.6547 0.6688 0.683 0.6935

C8 0.478 0.4897 0.5049 0.521 0.5323

C10 0.3425 0.353 0.3674 0.3824 0.3939

δB 0.97 0.93 0.88 0.825 0.92

δη 0.85 0.62 0.53 0.81 0.6

δD 0.83 0.55 0.44 0.57 0.63

δIso 0.9 0.65 0.51 0.56 0.91

δλ 0.74 0.68 0.62 0.84 0.94

δt 0.91 0.77 0.69 0.76 0.83

δa is defined by δa =

√
(1/N)

∑N
j=1

(
1/nJ

∑nj
j=1 ∆−2

ji (Pji − pji)2
)
,

where Pji and pji are, respectively, the calculated and experi-
mental values of property j at point i and ∆ji is the experimental
uncertainty of property j at point i. The subscripts B, η, D,
Iso, λ and t refer, respectively, to the pressure second virial
coefficient, the viscosity, the self diffusion coefficient, the isotopic
thermal factor, the thermal conductivity and total.

3. Calculations

In this section the calculations of the experimental
quantities are described. The Monchick–Mason approx-
imation [16] which neglects the effect of inelastic tran-
sitions on the relative kinetic energy is applied in the
computations of the transport properties.

3.1. Analysis of pressure second virial coefficients

An effective mean for checking the validity of the dif-
ferent potential parameters can be made using pressure
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second virial coefficient data [17, 18] at different tem-
peratures. The pressure second virial coefficient B at
temperature T was calculated classically from [19]:

B(T ) = 2πN0

∫ ∞

0

[1− exp(−V (r)/kBT )] r2dr , (5)

where N0 is the Avogadro number. The calculated B
were compared with the experimental results of Lem-
mon et al. [17] and with the literature ones of Boushehri
et al. [18]. The uncertainty in the data was taken as 0.5%.

3.2. Analysis of traditional transport properties

An additional check on the proposed potential consists
of the calculation of the transport properties i.e. viscosity
η(T ), diffusion coefficient D(T ), isotopic thermal factor
Iso(T ) and thermal conductivity λ(T ) at different tem-
peratures of carbon dioxide, obtained via the formulae of
Monchick et al. [16] and their comparison to the accurate
experimental results of Lemmon and McLinden [17] and
to the literature ones of Boushehri et al. [18] and Vesovic
et al. [20].

Fig. 1. CO2–CO2 pressure second virial coefficients in
cm3 mol−1 versus temperature in K. The calculations
were performed using two different ab initio potentials
[21, 22] and our new M3SV potential given in Table I
and labeled 3.

Results of the classical pressure second virial coeffi-
cients B(T ) calculations with the quantum corrections
performed with our new M3SV potential and other ab
initio potentials [21, 22] considered in this work are pre-
sented in Fig. 1. As it may be clearly seen, our potential
gives the best agreement with the experimental values
over a high range of temperatures.

Also, the comparison between the calculations using
our new potential and experiment is shown in Fig. 2 for
the thermal conductivity λ(T ), isotopic thermal factor
Iso(T ), self diffusion coefficient D(T ) and viscosity η(T ).
The agreements are excellent in the whole temperature
range.

Fig. 2. Fig.2. Deviations in per cent as a function of
temperature of the viscosity coefficients the self diffu-
sion coefficients D(T ), isotopic thermal factor Iso(T )
and the thermal conductivity coefficients from the ex-
perimental results. Calculations were performed using
M3SV potential given in Table I and labeled 3.

4. Light scattering spectrum

The measurement and calculation of the CO2–CO2

light scattering spectra have been fully reported else-
where [7, 13]. For the sake of completeness, some de-
tails are repeated here. Collision-induced light scattering
refers to scattering from clusters (here pairs) of interact-
ing anisotropic molecules. The spectral feature of interest
is a broad depolarized band about the Rayleigh line. The
experimental setup is that typical of laser Raman spec-
troscopy. Excitation radiation was provided by an argon-
-ion laser operating at 514.5 nm at a power of 2 W. The
polarizations of the laser beam are perpendicular and
parallel to the scattering plane, that is the plane defined
by the incident and the scattered beams. The intensities
of the scattered light are then referred to as I⊥(ν) and
I‖(ν) and constitute the polarized (which is related to the
isotropic spectrum) and depolarized (anisotropic) spec-
trum, respectively. Intensities were put on an absolute
scale by taking as reference a rotational line of H2. The
anisotropic light scattering spectrum of gaseous carbon
dioxide in absolute units at room temperature is shown
in Fig. 3 [13]. The uncertainty in the scattering data was
taken as 10%.

5. Theory

For linear centrosymmetric molecules such as CO2 we
encounter more complicated conditions for observation
of collision-induced scattering (CIS) than in the case of
globular molecules. The polarizability tensor of linear
molecules is no longer isotropic and its anisotropy leads
to a very strong allowed rotational spectrum. As a re-
sult of a pressure broadening mechanism, this allowed
spectrum produces substantial intensities even at very
high frequencies [23, 24]. The excess interaction-induced
part of the pair polarizability creates a continuous ro-
totranslational relatively weak but very broad spectral
distribution of scattered light. Finally in experiment,
both the allowed spectrum and CIS spectrum, overlap.
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Fig. 3. The intensity of the rototranslational
anisotropic spectra (E4 = 1.967 Å5) of CO2 at
294.5 K as a function of frequency shifts. The points
refer to the experiment presented in [13]. Calcula-
tions were performed using M3SV potential with the
parameters given in Table I and labeled 3.

For anisotropic spectra, collision-induced contribution
appears to be significant only at very high frequencies.

Consider scattering of light linearly polarized in the
scattering plane and detected with no analyzer. Then
the double differential cross-section of the scattered light
reads(

∂2σ

∂Ω∂ω

)

H

=
1
5
KiK

3
s

1
2π

∫
exp(− iωt)F 0

22(t)dt , (6)

where
F 0

22(t) = 〈A(2)(0)¯A(2)(t)〉 (7)
is the autocorrelation function of the irreducible sec-
ond rank pair polarizability tensor A(2) of the scattering
molecules. In Eq. (7), ¯ denotes a scalar tensor product
and 〈 〉 is a canonical average.

The pair polarizability tensor A(2) is composed of two
parts

A(2) = (1)A
(2) +(2)A

(2) + ∆A(2), (8)
the permanent pair polarizability (1)A

(2) +(2) A(2) and
the excess pair polarizability ∆A(2), originating in the
intermolecular interactions. The pair induction opera-
tor ∆A(2) is dependent on the molecular orientations Ω1

and Ω2, and the relative molecular separation r; for linear
molecules ∆A(2) has the form of an expansion in spheri-
cal harmonics Y l

m(Ω):

∆A(q)
µ =

(4π)3/2

(2q + 1)1/2

∑

λ1,λ2,Λ,L

B
(q)
λ1,λ2,Λ,L(r)

×
(
Y (L)(r̂)⊗ [Y (λ1)(Ω1)⊗ Y (λ2)(Ω2)](Λ)

)(q)

µ
. (9)

In the range of intermolecular separations r where the
molecular charge distributions do not overlap, the in-
duced variation ∆A(2) in the polarizability, in Cartesian
tensor notation, up to order r−6, reads [23–25]:

∆Aαβ = (1 + P 12)
[
A(1)

αγT γδ(r)A
(2)
δβ

+A(1)
αγT γδ(r)A

(2)
δε T εφ(r)A(1)

φβ

+
1
15

A(1)
αγT γδεφ(r)E(2)

β,δεφ +
1
15

E
(2)
α,γδεT γδεφ(r)A(1)

φβ

− 1
9
B

(1)
αβ,γδT γδ,εφ(r)Θ(2)

εφ + . . .
]
, (10)

where A is the dipole–dipole polarizability tensor of the
unperturbated molecule, E is the dipole–octopole po-
larizability tensor, B the dipole–dipole–quadrupole hy-
perpolarizability tensor, Θ the permanent quadrupole
moment of the molecule, moreover T α1...αn(r) =
∇α1 , . . .∇αn(r−1), whereas P 12 permutes the indices 1
and 2. The first and second term of inductional po-
larizability (10) originates, respectively, in the first-and
second-order DID light scattering mechanism. The third
and fourth terms are due to the DIO mechanism whereas
the last term comes from the permanent quadrupole mo-
ment of the molecule and its dipole–dipole–quadrupole
hyperpolarizability tensor B.

The irreducible spherical tensors version of Eq. (10)
has been elaborated elsewhere [6, 26, 27]. The induced
polarizability ∆A(2) is fully defined in spherical tensor if
the explicit form of all nonzero B

(q)
λ1,λ2,Λ,L(r) coefficients

of Eq. (9) is available. The explicit form of all nonzero
B’s of Eq. (10) are listed in Appendix of Ref. [13].

We calculate the pure rotational and translational
parts of our spectrum assuming negligible translational-
-rotational coupling between CO2 molecules. Then the
resulting spectrum takes the form of the convolution of
the rotational and translational parts

∂2σ

∂Ω∂ω
= KiK

3
s

∫ (
∂2σ

∂Ω∂ω‘

)rot(
∂2σ

∂Ω∂(ω − ω′)

)tr

dω.

(11)
From the above procedure we note that the following
molecular parameters:

C
(q)
λ1,λ2,L(r) =

∑

Λ

[
B

(q)
λ1,λ2,Λ,L(r)B(q)

λ1,λ2,Λ,L(r)
]

(12)

govern the interaction-induced rotational branches of
our stick spectrum. We calculate these parameters us-
ing spherical components of Eq. (9) which are listed in
Ref. [13]. Consequently the translational part of our
spectrum is described by the following functions:

(L,n,k)Str(t) =
4π

2L + 1
〈r−n(0)Y L[r̂(0)]

¯ r−k(t)Y L[r̂(t)]〉 . (13)
These functions depend on L, n, and k. However, since

(L,n,k)Str(t) = (L,k,n)S
tr

(t) (14)
different translational functions emerge only for differ-
ent pairs of indices L and n + k. Finally, 31 rotational
stick spectra are computed resulting from different rota-
tional branches: ∆J1 = 0,±2,±λ1; ∆J2 = 0,±2,±λ2

and within each branch from different translational func-
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tions. To deal with translational motion we calculate the
Birnbaum–Cohen model spectrum of (L,n,k)Str(t) which,
by way of the zeroth, second, and fourth translational
moments is given by [28]:

(L,n,k)Str
BC(ω) =

M0(L, n, k)τ (L,n,k)
1

π

× exp(τ (L,n,k)
2 /τ

(L,n,k)
1 )

× exp(ωτ0)
Z(L,n,k)K1[Z(L,n,k)]

1 + (ωτ
(L,n,k)
1 )2

(15)

with the parameters defined as:
τ0 = ~/2kBT , (16)

τ
(L,n,k)
1 =

[
M̂2(L, n, k)

]−1/2

×
{

M̂4(L, n, k)/3[M̂2(L, n, k)]2 − 1
}1/2

, (17)

τ
(L,n,k)
2 =

[
M̂2(L, n, k)

]−1/2

×
{

M̂4(L, n, k)/3[M̂2(L, n, k)]2 − 1
}−1/2

, (18)

Z(L,n,k) =
[1 + (ωτ

(L,n,k)
1 )2]1/2[τ2

0 + (τ (L,n,k)
2 )2]1/2

τ
(L,n,k)
1

,

(19)
and K1(Z(L,n,k)) is a modified Bessel function of the sec-
ond kind.

We calculate the successive spectral moments for suc-
cessive L and n + k by means of the following formulae
[27, 29]:

M0(L, n, k) =
〈
r−(n+k)

〉
, (20)

M̂2(L, n, k) = (βm12)−1(L + L2 + nk)

×〈r−(n+k+2)〉/M0(L, n, k), (21)

M̂4(L, n, k) = (βm12)−2
{

(2L + 7kL− k2L + 5L2

+7kL2 − k2L2 + 6L3 + 3L4 + 7kn + k2n + 7Ln

+4kLn + 7L2n + 4knL2 + kn2 + 3k2n2 − Ln2

−L2n2)〈r−(n+k+4)〉+ (k2n− kL− kL2 − 2kn

−Ln− L2n + kn2)〈βV ′(r)r−(n+k+3)〉

+nk〈[βV ′(r)]2r−(n+k+2)〉
}/

M0(L, n, k), (22)

where β = 1/kBT, V ′(r) = [dV (r)]/dr and,

〈F (r)〉 = 4π

∫ ∞

0

F (r) exp(−βV (r))r2dr . (23)

In our spectrum we have seven different translational
“subspectra” with different pairs of indices L and n + k
as indicated in Fig. 4. The formulae for the translational
moments [27, 29] require the isotropic potential between

the CO2 molecules. We selected for this purpose a M3SV
type potential.

Fig. 4. Translational spectra for selected light scatter-
ing mechanisms of CO2 at 294.5 K as a function of fre-
quency shifts. Calculations were performed with our
new potential.

All spectral moments for light scattering mechanisms
at room temperature (T = 294.5 K) used in our com-
putations, together with the characteristic times τ

(L,n,k)
1

and τ
(L,n,k)
2 of the respective Birnbaum–Cohen profiles

are listed in Table II.
Finally, having calculated the rotational stick spectra

and appropriate translational profiles, we compute with
Eq. (11) our resulting spectrum as the convolution of the
rotational and translational spectra.

6. Results and discussion

We have studied theoretically the anisotropic light
scattering from gaseous carbon dioxide at 294.5 K and
at density 1.026254 mole/litre. The results clearly show
that, in all the spectra, the DID mechanism alone is not
able to reproduce well their high-frequency interaction-
-induced rototranslational wings. To improve agreement
between our theoretical spectra and the experimental
ones we considered the multipolar light scattering mech-
anisms specified by Eq. (10). Figure 3 shows the com-
parison of the experimental anisotropic double differen-
tial cross-section and the theoretical cross-section. In
the course of our calculations we found that the high fre-
quency part of the anisotropic spectrum is mainly due to
the components B

(2)
4044(R12) = B

(2)
0444(R12) of the dipole–

induced octopole light scattering mechanism, which in-
volves the dipole–octopole anisotropy tensor E4 and the
isotropic part α of the linear polarizability. Contribu-
tions due to all the components give the intensities at
relatively low frequencies and are significantly overshad-
owed by the permanent intrinsic anisotropy spectrum.
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TABLE II

The zeroth M0(L, n, k), and normalized second M̂2(L, n, k), and fourth M̂4(L, n, k) translational moments
at T = 294.5 K for the successive light scattering mechanisms discussed in this work. The last two columns
give the respective Birnbaum–Cohen profile characteristic times (L,n,k)

τ1 and (L,n,k)
τ2 .

M0(233) M̂2(233) M̂4(233)
(233)
τ1

(233)
τ2

0.133 Å−3 7.71× 1024 s−2 6.86× 1050 s−4 6.069× 10−13 s 2.14× 10−13 s
M0(236) M̂2(236) M̂4(236)

(236)
τ1

(236)
τ2

1.38× 10−3 Å−6 1.44× 1025 s−2 2.14× 1051 s−4 4.132× 10−13 s 1.68× 10−13 s
M0(455) M̂2(455) M̂4(455)

(455)
τ1

(455)
τ2

3.19× 10−4 Å−7 2.77× 1025 s−2 4.97× 1051 s−4 2.045× 10−13 s 1.76× 10−13 s
M0(456) M̂2(456) M̂4(456)

(456)
τ1

(456)
τ2

7.47× 10−5 Å−8 3.15× 1025 s−2 6.40× 1051 s−4 1.92× 10−13 s 1.66× 10−13 s
M0(066) M̂2(066) M̂4(066)

(066)
τ1

(066)
τ2

1.77× 10−5 Å−9 2.31× 1025 s−2 5.43× 1051 s−4 3.22× 10−13 s 1.34× 10−14 s
M0(266) M̂2(266) M̂4(266)

(266)
τ1

(266)
τ2

1.77× 10−5 Å−9 2.69× 1025 s−2 6.17× 1051 s−4 2.61× 10−13 s 1.42× 10−14 s
M0(466) M̂2(466) M̂4(466)

(466)
τ1

(466)
τ2

1.77× 10−5 Å−9 3.59× 1025 s−2 8.25× 1051 s−4 1.78× 10−13 s 1.57× 10−13 s

TABLE III

Numerical values of the carbon dioxide multipole polarizabilities and the permanent quadrupole
moment used in our calculations (all values are in atomic units and from Refs. [30–35]).

Ex,xxx Ez,zzz Bxx,xx Bxx,zz Bzz,zz Bxz,xz Θ α γ

−64.0 175.4 −125.0 65.0 −195.0 −156.0 −3.201 17.93 1590

Our theoretical anisotropic double differential cross-
-sections were calculated using the numerical values
of components of the carbon dioxide dipole–dipole α,
the dipole–octopole E4, the dipole–dipole–quadrupole
B and the permanent quadrupole moment Θ listed in
Table III.

Quantum chemistry computations give E4 = 1.967 Å5

[30, 31]. Figure 3 shows however that the purely theoret-
ical (based on the above mentioned computed values of
the multipole polarizability tensors) anisotropic double
differential scattering cross-sections give us too low in-
tensity in comparison with the experimental values. The
best fit of the experimental and theoretical spectra is ob-
tained for E4 = 3.62 Å5 as shown clearly in Fig. 5.

The application of different broadening functions [6]
leads to no significant difference in the final spectrum, ob-
tained from first order information theory [36], the Mori
theory, or the Birnbaum–Cohen [37] scheme. We thus
conclude, in agreement with Barocchi et al. [38], that
the profile of the rototranslational far wing is not sensi-
tive to the details of the broadening function but reflects
the distribution of the individual rotational lines of the
spectrum.

One notices a distinct difference between the computed
and fitted values of E4. The discrepancy may suggest
that there are other collisional mechanisms that should
be considered in order to obtain a better theoretical de-
scription of the experimental spectrum. Nevertheless, we

have shown that DIO provides an essential contribution
to the wings, improving agreement between experimen-
tal and theoretical results. It is also worth noticing that
the interaction-induced mechanism of L = 4 symmetry
with E4 = 3.62 Å5 provides very good agreement, in the
frequency range 0–115 cm−1, between the experimental
and theoretical anisotropic rototranslational spectra of
carbon dioxide. Beyond the 115 cm−1 frequency range
some excess intensity appears. We attribute this inten-
sity to a mechanism of shorter-range than DIO, such as
an overlap mechanism, or the next higher multipole po-
larizability of CO2. When we model this contribution by
an exponential curve exp(−ν/ν0) with ν0 = 115 cm−1,
and add this contribution to the theoretical spectrum
resulting from the permanent intrinsic anisotropy, DID
and DIO + BΘ (with E4 = 3.62 Å5) mechanisms, we ob-
tain good agreement with the experimental results in the
whole frequency range as shown in Fig. 5.

This conclusion is further supported by calculating the
zeroth moment M0 and the square-rooted reduced second
moment M

−1/2
2 of the rototranslational spectrum.

M0 is proportional to the total light scattering inten-
sity and M

−1/2
2 is the band’s mean extent over frequency

and are given by
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Fig. 5. The intensity of the rototranslational
anisotropic spectra (E4 = 3.62 Å5) of CO2 at 294.5 K
as a function of frequency shifts. The points refer to
the experiment with the theoretical spectrum presented
in [13]. Calculations were performed using M3SV
potential with the parameters given in Table I and la-
beled 3. An exponential contribution exp(−ν/ν0), with
ν0 = 115 cm−1, due to a very-short-range mechanism,
has been included in the theoretical spectrum (—).

M2n =
15
2

(
λ

2π

)4 ∫ ∞

−∞
(2πcν)2nIaniso(ν)dν , (24)

M
−1/2
2 =

(
1

2πC

) √
M2

M0
(25)

The experimental values for these moments are 0.08005±
0.00651 Å9 [39] and (32±4.0)/108 Å−1 [39] and the values
calculated from Eqs. (24), (25) using our M3SV potential
are 0.07815 Å9 and (30.4)/108 Å−1.

7. Summary

Anisotropic rototranslational scattering from gaseous
carbon dioxide in the far-frequency range up to about
500 cm−1 has been computed at room temperature
294.5 K and density about 1.026254 mole/litre using a
new site–site intermolecular potential. This potential
confirms that the thermodynamic and traditional trans-
port properties over a wider temperature range can de-
termine the interaction parameters. The experimental
spectra have been compared with the theoretical ones
calculated using a first and second-order DID light scat-
tering, first order of the DIO as well as first order of the
BΘ light scattering mechanisms. Good agreement was
found between the experimental and theoretical spectra
in the frequency range up to 115 cm−1. When an expo-
nential contribution with ν0 = 115 cm−1 was considered
to model the very short-range light scattering mecha-
nisms at room temperature, good agreement between the
theoretical and experimental spectra was found over the
whole frequency range.
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