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Abstract

The spectroscopic knowledge of sulfur hexafluoride, which is necessary for a correct remote sensing and monitoring of this

species in the Earth�s atmosphere, is still very partial. In particular, the hot bands in the strongly absorbing m3 region (near 948 cm�1)

have not been analyzed yet. Their study implies the analysis of many vibrational levels and thus the spectroscopy of various

fundamental, harmonic, and combination bands. The present work is a new contribution to this topic, concerning the m2 þ m4
combination band. The FTIR spectrum of this region has been recorded at room temperature with a resolution of 0.002 cm �1. The

data have been analyzed thanks to the HTDS software (http://www.u-bourgogne.fr/LPUB/shTDS.html) developed in Dijon for XY6

octahedral molecules. Seven hundred and fifty-nine lines could be assigned up to J ¼ 112, and the standard deviation is 0.0022 cm�1.

The distance between the two vibrational sublevels with respective symmetry F1u and F2u is 0.348 cm�1.

� 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Sulfur hexafluoride appears to be a species of growing

importance in the field of atmospheric physics and

chemistry [1] as a pollutant that can contribute to the

greenhouse effect [2,3]. SF6 concentration in the Earth�s
atmosphere is increasing at a rate of about 7% per year

due to industrial emissions and this very inert molecule
has an extremely long lifetime in the atmosphere (ca.

3200 years) [4,5]. SF6 is included as one of the species to

control in the Kyoto protocol [6–8].

However, as we have shown in a recent review article

[9] and in previous papers [10–13], the spectroscopy of

this molecule, which is essential for quantitative mea-

surements in the atmosphere, is still insufficiently

known. In particular, the region of the m3 fundamental
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near 948 cm�1 is of primary importance since its very

strong absorption is responsible for the huge greenhouse

capabilities of SF6. Although the v3 ¼ 1 level itself is

very well known [14], the hot bands in this region which

largely contribute to the absorption (the ground state

population is only 30% at 300K [9]) are very poorly

known. The study of these hot bands requires the in-

vestigation of many vibrational bands, including fun-
damentals, combinations, and harmonics.

The present paper is a new contribution to this topic

concerning m2 þ m4. We have recorded a high-resolution

Fourier transform infrared (FTIR) spectrum of this

combination band and analyzed it up to very high-ro-

tational quantum number values (J up to 112). The only

existing study concerning m2 þ m4 was reported in 1986

by McDowell et al. [15] using a very approximate model
which considered only the F1u sublevel; this is not suffi-

cient to interpret the high-resolution spectrum in detail.

The analysis presented here has been performed using

the HTDS program suite [16].

http://www.u-bourgogne.fr/LPUB/shTDS.html
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2. Experiment

Spectra of pure SF6 in the spectral region ranging from

500 to 2000 cm�1 have been recorded using a Bruker IFS

120 FTIR spectrometer. The recorded region contained

several transitions and, as a first step, we focused on the

m2 þ m4 transition. The spectrometer was equipped with a

KBr/Ge beamsplitter, a SiC source and a photovoltaic

MCT detector. It was continuously evacuated to obtain a
working residual pressure around 8� 10�3 mbar and the

whole optical path was maintained under vacuum. A

white-type cell, equipped with CaF2 windows, allowed an

optical path of 4.15m. The SF6 sample, 99.97% pure, was

supplied by ‘‘Alpha Gaz,’’ a division of ‘‘L�Air Liquide’’

and used without any further purification. Pressures were

measuredwith capacitance gauges and temperatures were

continuously monitored using four 100X-platinum sen-
sors set up inside the cell. Three spectra were recorded for

pressures equal to 6.894, 10.371, and 19.78mbar, re-

spectively, all at room temperature and under 0.002 cm�1

resolution. A particular procedure was used for improv-

ing the quality of these spectra. Every recorded interfer-

ogram, corresponding to one scan of the mobile mirror,

was phase corrected, Fourier transformed and stored.

Then, the individual spectra were averaged without any
weighting procedure. The three final spectra all corre-

spond to 140 scans. Fig. 1 shows anoverviewof the m2 þ m4
absorption spectrum.
3. Theoretical model

The theoretical model used in this paper is based on
the tensorial formalism and the vibrational extrapola-

tion methods developed in Dijon. These methods have

already been explained for example in [17,18]. If we

consider an XY6 molecule for which the vibrational

levels are grouped in a series of polyads designed by
Fig. 1. Overview of the FTIR spectrum of m2 þ m4.
Pk ðk ¼ 0; . . . ; nÞ; P0 being the ground state (GS), the
Hamiltonian operators can be put in the following form

(after performing some contact transformations):

H ¼ HfP0�GSg þHfP1g þ � � � þHfPng; ð1Þ
where the HfPkg contain rovibrational operators which

have no matrix elements within the Pk0<k basis sets. The

different terms are written in the form

HfPkg ¼
X

all indexes

tXðK;nCÞCvCv0
fsgfs0g T XðK;nCÞCvCv0

fsgfs0g : ð2Þ

In this equation the tXðK;nCÞCvCv0
fsgfs0g term is the parameter

and TXðK;nCÞCvCv0
fsgfs0g the rovibrational operator defined as

T XðK;nCÞCvCv0
fsgfs0g ¼ b �V CvCv0 ðCÞ

fsgfs0g

h
� RXðK;nCÞ

iðA1gÞ
; ð3Þ

where b is numerical factor equal to
ffiffiffi
3

p
ð�

ffiffiffi
3

p
=4ÞX=2 if

ðK; nCÞ ¼ ð0; 0A1Þ, and equal to 1 otherwise. As shown

by Eq. (3), the rovibrational operators T XðK;nCÞCvCv0
fsgfs0g are

obtained by coupling of a rotational operator RXðK;nCÞ of

degree X (in the angular momentum components Jx, Jy
or Jz) and a vibrational operator �V CvCv0 ðCÞ

fsgfs0g of degree Xv

(in creation or annihilation operators). The order of

each individual term is Xþ Xv � 2.

The effective Hamiltonian for polyad Pn is obtained

by projecting H in the Pn Hilbert subspace, i.e.,

H hPni ¼ P hPniHP hPni

¼ H hPni
fGSg þ � � � þ H hPni

fPkg þ � � � þ H hPni
fPng: ð4Þ

In order to analyze the m2 þ m4 Raman spectra, we

need the following effective Hamiltonians:

~HH hGSi ¼ ~HH hGSi
fGSg; ð5Þ

(the ground state effective Hamiltonian) and

~HH hm2þm4i ¼ ~HH hm2þm4i
fGSg þ ~HH hm2þm4i

fm2g þ ~HH hm2þm4i
fm4g þ ~HH hm2þm4i

fm2þm4g; ð6Þ

(the v2 ¼ v4 ¼ 1 effective Hamiltonian).
Fig. 2. Comparison between experimental and simulated spectra in the

Q branches region.



Table 1

Effective Hamiltonian parameters for the m2 þ m4 band of 32SF6

Order in eHH Parameter tXðK;nCÞCvC0
v

fsgfs0g Value (cm�1) ‘‘Usual notation’’

XðK; nCÞ fsgCv fs0gC0
v

Ground state

0 2ð0; 0A1gÞ 000000A1g 000000A1g 9.1078389192� 10�2a B0

2 4ð0; 0A1gÞ 000000A1g 000000A1g )6.3369998149� 10 �9a �D0

4ð4; 0A1gÞ 000000A1g 000000A1g 1.8196943510� 10�10a

4 6ð0; 0A1gÞ 000000A1g 000000A1g )1.5890094350� 10�13a

6ð4; 0A1gÞ 000000A1g 000000A1g 1.0083389785� 10�14a

6ð6; 0A1gÞ 000000A1g 000000A1g )1.0615255469� 10�16a

6 8ð0; 0A1gÞ 000000A1g 000000A1g 5.9060087823� 10�19a

8ð4; 0A1gÞ 000000A1g 000000A1g 6.5795734511� 10�20a

8ð6; 0A1gÞ 000000A1g 000000A1g )8.9391941374� 10�21a

8ð8; 0A1gÞ 000000A1g 000000A1g )9.6703402824� 10�22a

v2 ¼ 1

0 0ð0; 0A1gÞ 010000Eg 010000Eg 0.64337444254� 10þ3a m2
2 2ð0; 0A1gÞ 010000Eg 010000Eg 0.15925303267� 10�4a B2 � B0

2ð2; 0EgÞ 010000Eg 010000Eg 0.31554501045� 10�4a

3 3ð3; 0A2gÞ 010000Eg 010000Eg )0.14349111424� 10 �7a

v4 ¼ 1

0 0ð0; 0A1gÞ 000100F1u 000100F1u 0.61498196293� 10þ3a m4
1 1ð1; 0F1gÞ 000100F1u 000100F1u )0.83691354775� 10 �1a 3

ffiffiffi
2

p
ðBfÞ4

2 2ð0; 0A1gÞ 000100F1u 000100F1u )0.19670143352� 10 �4a B4 � B0

2ð2; 0EgÞ 000100F1u 000100F1u 0.10265400000� 10�4a

2ð2; 0F2gÞ 000100F1u 000100F1u )0.16680802563� 10 �4a

3 3ð1; 0F1gÞ 000100F1u 000100F1u )0.33454281827� 10 �7a

3ð3; 0F1gÞ 000100F1u 000100F1u 0.17115870822� 10�7a

4 4ð0; 0A1gÞ 000100F1u 000100F1u )0.19318206570� 10�10a ;b �ðD4 � D0Þ

v2 ¼ v4 ¼ 1 : F1u sublevel

2 0ð0; 0A1gÞ 010100F1u 010100F1u )0.134301(36)
3 1ð1; 0F1gÞ 010100F1u 010100F1u )0.2237(26)� 10�2

4 2ð0; 0A1gÞ 010100F1u 010100F1u 0.1283(27)� 10�4

2ð2; 0EgÞ 010100F1u 010100F1u 0.844(14)� 10�5

2ð2; 0F2gÞ 010100F1u 010100F1u )0.636(22)� 10�5

5 3ð1; 0F1gÞ 010100F1u 010100F1u )0.207(37)� 10�7

3ð3; 0F1gÞ 010100F1u 010100F1u 0.478(37)� 10�7

6 4ð0; 0A1gÞ 010100F1u 010100F1u )0.179(33)� 10�9b

v2 ¼ v4 ¼ 1: F1u–F2u interaction

3 1ð1; 0F1gÞ 010100F1u 010100F2u )0.684(13)� 10�3

4 2ð2; 0EgÞ 010100F1u 010100F2u 0.0a

2ð2; 0F2gÞ 010100F1u 010100F2u 0.0a

5 3ð1; 0F1gÞ 010100F1u 010100F2u 0.0a

3ð3; 0A2gÞ 010100F1u 010100F2u )0.48(14)� 10�8

3ð3; 0F1gÞ 010100F1u 010100F2u 0.0a

3ð3; 0F2gÞ 010100F1u 010100F2u 0.0a

v2 ¼ v4 ¼ 1: F2u sublevel

2 0ð0; 0A1gÞ 010100F2u 010100F2u )0.99525(52)
3 1ð1; 0F1gÞ 010100F2u 010100F2u 0.1842(27)� 10�2

4 2ð0; 0A1gÞ 010100F2u 010100F2u )0.118(26)� 10�4

2ð2; 0EgÞ 010100F2u 010100F2u 0.495(33)� 10�5

2ð2; 0F2gÞ 010100F2u 010100F2u )0.327(38)� 10�5

5 3ð1; 0F1gÞ 010100F2u 010100F2u )0.294(22)� 10�7

3ð3; 0F1gÞ 010100F2u 010100F2u )0.234(15)� 10�7

759 data fitted, Jmax ¼ 112; rc¼ 2:14� 10�3 cm�1

Standard deviation is given in parentheses in the unit of the last two digits.
a Fixed parameter.
bOther parameters at this order are fixed to 0 and not indicated.
cRoot mean square of mobs: � mcalc:
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Fig. 3. Comparison between experimental and simulated spectra: detail
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To calculate transition intensities for infrared ab-
sorption, the dipole moment operator is expanded using

the same methods, as described in [18]. However, as we

do not study here absolute intensities, this operator is

developed up to the zeroth order only, and the corre-

sponding parameter is simply set to 1.

We can finally notice that m2 þ m4 has two vibrational

sublevels since

Eg � F2u ¼ F1u � F2u: ð7Þ
Only transitions from the ground state to the F1u

sublevel are allowed in a first approximation, since the
dipole moment has F1u symmetry in the molecule-fixed

frame [18]. However, transitions to the F2u sublevel

appear due to strong interactions that mix the two

sublevels, as we will see below.
in the P branches region.

Fig. 4. Calculated (A) and observed (B) reduced energy levels (see text).
4. Analysis

The analysis of the m2 þ m4 combination bands takes

advantage of the vibrational extrapolation concept il-

lustrated in Eq. (6): the effective Hamiltonian contains

contributions from the lower levels (GS, m2, and m4)
which are known from previous studies [11,12,14]. The

first step then consists in finding correct positions for

the two sublevels. Initial simulations were performed

by placing the ‘‘allowed’’ F1u sublevel on the most
prominent Q branch feature near 1257 cm�1 (see Fig. 2).

The ‘‘forbidden’’ F2u sublevel was then moved by hand

until the simulation looks acceptable, at least for the

lowest J values. It was then possible to assign many

transitions.

The contributions of the GS, m2, m4, and m2 þ m4 to the

final effective Hamiltonian were expanded up to orders

6, 3, 4, and 6, respectively. GS; m2; and m4 parameters
were fixed to the values taken from [11, 12]. The spec-

trum is quite dense with many coalesced line clusters and

is thus not very easy to assign in all parts. However, we

could obtain a very satisfactory agreement using 759

assignments up to J ¼ 112, which is quite a high-rota-

tional excitation. Seventeen parameters from m2 þ m4
could be fitted, the others being fixed to zero. Only one

6-order (for the F1u sublevel) and two F1u–F2u interaction
parameters have been used. The distance between the

two vibrational sublevels is 0.348 cm�1. Table 1 sum-

marizes the results. Correspondence between our pa-

rameter notation and that of other authors for the GS,
m2, and m4 can be found in previous papers [12,17]. The

‘‘usual notation’’ as been indicated only for the ‘‘main’’

parameters (band centers, rotational, and Coriolis con-

stants) in the Table. As it can bee seen in Figs. 2 and 3
the overall agreement is very good. It seems likely that

many hot band lines also occur in the experimental

spectrum. It was not possible to assign transitions aris-

ing from the minor sulfur isotopes.
The analysis has been performed using a non-linear

least squares fit procedure included in the HTDS pro-

gram suite dedicated to octahedral XY6 molecules [16]
which has been recently updated to handle high-J values

(up to J ¼ 199).

Fig. 4 shows the ‘‘observed’’ and calculated reduced

energy levels obtained by subtracting the scalar term, i.e.,
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Ered ¼ E �
X

t
Xð0;0A1gÞA1gA1g

f0gf0g ðJðJ þ 1ÞÞX=2

¼ E � B0JðJ þ 1Þ þ D0J 2ðJ þ 1Þ2 � � � � ð8Þ

The ‘‘observed’’ levels are those that are reached by

observed transitions. We can see that they are relatively

well distributed between the two sublevels. This means

that we have in this way a correct sampling of the whole

band.
5. Conclusion

We have presented here the first detailed analysis of

the m2 þ m4 combination band of 32SF6. Since the m2,
m2 þ m6 [10,11], m4 and m4 þ m6 � m6 [12] bands have al-

ready been analyzed separately, a further step could be a
simultaneous fit of these four bands together with

m2 þ m4. This may improve the determination of the

parameters for the lowest and forbidden v6 ¼ 1 level

which is responsible for many hot bands. Of course, one

could think to include even more bands (m3; m2 þ m3; . . .)
in order to perform a global fit of all the lowest SF6

vibrational levels.

The HTDS software [16] used to perform the present
analysis can be freely downloaded though the World

Wide Web at the URL: http://www.u-bourgogne.fr/

LPUB/shTDS.html.
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