Aroui 
  
F Hmida 
  
B Grouiez 
  
T Cours 
  
M Rotger 
email: maud.rotger@univ-reims.fr
  
L Manceron 
  
V Boudon 
  
H Aroui 
  
Line positions and intensities in the ν 2 fundamental band of Sulfuryl Fluoride using the C 2v Top Data System

Keywords: Quasi-spherical top molecules, tensorial formalism, molecular spectroscopy, line intensities, sulfuryl fluoride

   

Line positions and intensities in the ν2 fundamental band of sulfuryl fluoride using the C2 top data system

Fadoua Hmida, B.

Introduction

Sulfuryl fluoride (SO 2 F 2 ) is an industrial chemical released into the atmosphere in significant quantities [START_REF] Műhle | Sulfuryl fluoride in the global atmosphere[END_REF]. It is used increasingly as a fumigant of timber, buildings and construction materials. SO 2 F 2 is also used in agriculture and food processing as a replacement for CH 3 Br [START_REF]Handbook for the Montreal Protocol Substances that Deplete the Ozone Layer[END_REF]. Modeling its absorption spectrum is thus essential both for atmospheric concentration measurements and for theoretical aspects of spectroscopy, since SO 2 F 2 is close to a spherical rotor and can be considered as derived from tetrahedral SO 2- 4 sulfate ion by substitution of two ligands. It means that the vibrational structure of sulfuryl fluoride can be correlated to that of the sulfate ion. The spectroscopy of sulfuryl fluoride is still quite unexplored. Only quite a limited number of spectroscopic works exist for this rather heavy molecule which is one of the few quasi-spherical species [START_REF] Bürger | Microwave, Submillimeter-Wave, and High-Resolution FTIR Study of SO 2 F 2 in the ν 8 State[END_REF][START_REF] Sarka | Centrifugal Distortion Analysis of a Near-Spherical Top, SO 2 F 2 : The First Determination of All Six Quartic Centrifugal Distortion Constants for an Asymmetric Top[END_REF][START_REF] Bürger | Microwave, millimeter-wave, and high-resolution FTIR study of SO 2 F 2 : the ν 3 , ν 7 , ν 9 triad at 550 cm -1[END_REF][START_REF] Rotger | The ground state rotational spectrum of SO 2 F 2[END_REF][START_REF] Rotger | The bending triad of the quasi-spherical top molecule SO 2 F 2 in the 550 cm -1 region[END_REF][START_REF] Merke | Microwave, millimeterwave, and high-resolution FTIR study of the ν 2 =1 state of SO 2 F 2[END_REF][START_REF] Margulès | Breakdown of the reduction of the rovibrational Hamiltonian: The case of S 18 O 2 F 2[END_REF][START_REF] Hmida | Line position analysis of the ν 2 band of SO 2 F 2 using the C 2v Top Data System[END_REF][START_REF] Hmida | Line position analysis of the (ν 3 , ν 7 , ν 9 ) bending triad of SO 2 F 2 using the C 2v Top Data System[END_REF]. Existing studies have been devoted to investigate line positions in the pure rotation and fundamental band spectra of SO 2 F 2 . No absolute intensity experimental study existed up to now. Only two room temperature IR cross section studies exist [START_REF] Papadimitriou | Experimental and Theoretical Study of the Atmospheric Chemistry and Global Warming Potential of SO 2 F 2[END_REF][START_REF] Dillon | Direct detection of OH formation in the reactions of HO 2 with CH 3 C(O)O 2 and other substituted peroxy radicals[END_REF] and a computational quantum chemical study reported prediction of band intensities [START_REF] Kowal | First-principles computation of the anharmonic vibrational spectra of sulfuryl halides SO 2 X 2 (X = F, Cl, Br)[END_REF]. The band of interest in the present work, namely the ν 2 fundamental band, has been the subject of two previous studies. The first one has been performed by Merke et al. [START_REF] Merke | Microwave, millimeterwave, and high-resolution FTIR study of the ν 2 =1 state of SO 2 F 2[END_REF] who analysed this band at room temperature. Using rotational and rovibrational data, parameters up to the sextic centrifugal distortion constants have been determined with Watson's Hamiltonian in S-reduction. For IR-transitions, the standard deviation was about 0.40×10 -3 cm -1 . This result was obtained by using about 1900 lines with rotational quantum number up to J = 68. This study showed that the ν 2 band can be treated as isolated. The second one has been performed by Hmida et al. [START_REF] Hmida | Line position analysis of the ν 2 band of SO 2 F 2 using the C 2v Top Data System[END_REF] using an oriented tensorial formalism in the O(3) ⊃ T d ⊃ C 2v group chain adapted to XY 2 Z 2 asymmetric tops close to spherical symmetry. This formalism has been developed by Rotger et al. [START_REF] Rotger | Spectroscopy of XY 2 Z 2 (C 2v ) Molecules: A Tensorial Formalism Adapted to the O(3) ⊃ T d ⊃ C 2v Chain. Application to the Ground State of SO 2 F 2[END_REF] and has been derived from the formalism developed for tetrahedral (T d ) XY 4 molecules [START_REF] Champion | Spherical top spectra. in "Spectroscopy of the Earth's Atmosphere and Interstellar Medium[END_REF][START_REF] Boudon | Symmetry-adapted tensorial formalism to model rovibrational and rovibronic spectra of molecules pertaining to various point groups[END_REF]. This tensorial model uses the so-called vibrational extrapolation, which makes global analyses much easier and enables studying any rovibrational band or polyad with a systematic development of all rovibrational interactions. Using a high-resolution spectrum recorded at the SOLEIL synchrotron facility at T = 165 K, the root-meansquare deviation (RMS) for IR-transitions was about 0.20 ×10 -3 cm -1 . This result was obtained by using about 1668 lines up to J max = 41. In the course of this intensity study, new data were acquired which permitted a reexamination of the line position model developed previously [START_REF] Hmida | Line position analysis of the ν 2 band of SO 2 F 2 using the C 2v Top Data System[END_REF]. More lines could be assigned and an improved set of parameters could be obtained. In this paper, we report on the line position analysis and on the first line intensity analysis of the symmetric SF 2 stretching vibration ν 2 which belongs to the symmetry species A 1 of the C 2v point group. This band centered at 849.46 cm -1 is located at the limit of the 10 microns atmospheric windows. The analysis was performed using the C 2v TDS software developed in Dijon [START_REF] Ch | C 2v top data system (C 2v TDS) software for infrared spectrum simulation of XY 2 Z 2 asymmetric molecules: some improvements to the TDS packages[END_REF]. The experimental details are described in Section 2 and the basic elements of the theoretical model are briefly recalled in Section 3. The details of the analysis are presented in section 4 in which we compare results with previous contributions. We will show in this paper that the tensorial approach is again more appropriate for the analysis of quasi-spherical molecules.

Experimental details

The Fourier Transform Infrared (FTIR) spectra of the ν 2 band of a commercial sample of sulfuryl fluoride (SOLVAY FLUOR Gmbh, 99 % purity) were recorded in the 830 -930 cm -1 spectral range at different pressures using the Bruker IFS125HR spectrometer on the far-infrared AILES beamline, located at the SOLEIL Synchrotron facility [START_REF] Roy | The AILES Infrared Beamline on the third generation Synchrotron Radiation Facility SOLEIL[END_REF]. The instrument was installed with a KBr/Ge beam splitter and a HgCdTe 4Kcooled detector, achieving an eightfold increase in signal-to-noise ratio versus commercially available detectors in this region [START_REF] Faye | Improved mid infrared detector for high spectral or spatial resolution and synchrotron radiation use[END_REF]. The detector was equipped with a low pass optical filter with a 930 cm -1 cutoff. The interferometer was coupled to a simple-pass gas cell with base length of about 51 ± 1 mm. The SOLEIL synchrotron light source extracted by the AILES beamline has been used as the continuum source of the interferometer. A total of three spectra were recorded at the temperature T = 193 ± 2 K and at pressures of 0.52, 1 and 2.89 mbar. Low temperature was used to limit the presence of hot bands. An overview of the ν 2 region recorded at the different pressures is shown in Fig. 1. The resolution was set to 0.00102 cm -1 (according to the Bruker definition, resolution is 0.9/882 cm, 882 cm being the maximum optical path difference). An empty cell spectrum recorded under the same conditions and alignment was used as reference in order to limit the baseline variations which may cause errors on the measured absolute intensities. More than 80 interferome-ter scans were collected for each pressure. No apodization was applied (boxcar option in the Bruker software). The aperture used was 1.15 mm. The interferogram was transformed into a spectrum using a Fourier transform procedure included in the Bruker software Opus package [21]. Spectra were calibrated using 40 known (with sub-MHz accuracy) carbon dioxide lines and with the HITRAN2016 [START_REF] Gordon | The HITRAN2016 Molecular Spectroscopic Database[END_REF] values used as reference. The average RMS deviation after calibration was 1.04 × 10 -4 cm -1 (1σ). We thus retained three times the standard deviation (about 3.1 × 10 -4 cm -1 ) as a conservative estimate of our frequency accuracy. Taking into account the precision of measurements, the wavenumber accuracy (3σ) and the line intensities accuracy are estimated to be about 0.00031 cm -1 and 5%, respectively. Peak positions and lines intensities in the ν 2 band of SO 2 F 2 were determined for each pressure by non-linear least-squares curve fitting of the spectra using the program "WSpectra" [START_REF] Carleer | a Windows program to accurately measure the line intensities of high-resolution Fourier transform spectra[END_REF]. For the spectra recorded at 0.52 and 1 mbar, each line was given a Gaussian profile and we take into account the instrumental line shape of the Fourier Transform Spectrometer in the modeling of the spectra by including the input diaphragm diameter as a fixed parameter. For the spectrum recorded at 2.89 mbar, each line was given a Voigt profile. The Doppler width of about 0.84×10 -3 cm -1 is slightly larger than the width of the instrumental lineshape (about 0.68×10 -3 cm -1 ), giving a Gaussian profile for the low pressure spectra. For the higher pressure, a small collisional contribution of about 0.57×10 -3 cm -1 has been taken into account, so that, the line profile can be approximated by a Voigt profile.

Theoretical model

The theoretical model used in this paper is based on the tensorial formalism specific to an XY 2 Z 2 asymmetric top close to spherical symmetry and the vibrational extrapolation method developed in Dijon [START_REF] Boudon | Symmetry-adapted tensorial formalism to model rovibrational and rovibronic spectra of molecules pertaining to various point groups[END_REF][START_REF] Cheblal | Development of the Dipole Moment and Polarizability Operators of Octahedral Molecules[END_REF]. The tensorial formalism adapted to XY 2 Z 2 asymmetric molecules has been developed by Rotger et al. [START_REF] Rotger | Spectroscopy of XY 2 Z 2 (C 2v ) Molecules: A Tensorial Formalism Adapted to the O(3) ⊃ T d ⊃ C 2v Chain. Application to the Ground State of SO 2 F 2[END_REF] as a reorientation of the T d formalism [START_REF] Ch | Spherical top data system (STDS) software for the simulation of spherical top spectra[END_REF] into the C 2v subgroup. It means that the vibrational structure of sulfuryl fluoride can be correlated to that of the tetrahedral sulfate ion. The basic idea is the use of the O(3) ⊃ T d ⊃ C 2v group chain in order to unambiguously label molecular states. This approach follows closely the same steps as those used for C 4v and C 3v molecules [START_REF] Rotger | Spectroscopy of XY 5 Z (C 4v ) Molecules: A Tensorial Formalism Adapted to the O(3) ⊃ O h ⊃ C 4v Chain[END_REF][START_REF] Rotger | Spectroscopy of XY 5 Z (C 4v ) Molecules: Development of the Hamiltonian and the Transition Moment Operators Using a Tensorial Formalism[END_REF][START_REF] Hilali | Spectroscopy of XY 3 Z (C 3v ) molecules: A tensorial formalism adapted to the O h ⊃ C ∞v ⊃ C 3v group chain[END_REF][START_REF] Hilali | Development of the Hamiltonian and transition moment operators of symmetric top molecules using the O h ⊃ C ∞v ⊃ C 3v group chain[END_REF]. This model, which allows a systematic expansion of the Hamiltonian and dipole moment operator by including all possible interactions for a given rovibrational polyad scheme, has been described in Refs. [START_REF] Rotger | The ground state rotational spectrum of SO 2 F 2[END_REF][START_REF] Rotger | The bending triad of the quasi-spherical top molecule SO 2 F 2 in the 550 cm -1 region[END_REF][START_REF] Rotger | Spectroscopy of XY 2 Z 2 (C 2v ) Molecules: A Tensorial Formalism Adapted to the O(3) ⊃ T d ⊃ C 2v Chain. Application to the Ground State of SO 2 F 2[END_REF][START_REF] Boudon | Symmetry-adapted tensorial formalism to model rovibrational and rovibronic spectra of molecules pertaining to various point groups[END_REF][START_REF] Boudon | The SO 2 F 2 quasispherical top: Correspondence between tensorial and Watson's formalisms[END_REF]. We just briefly recall here the basic principles of this formalism.

Tensorial model for the Hamiltonian

Let's consider an XY 2 Z 2 molecule for which the vibrational levels are grouped in a series of polyads designed by P k (k = 0, 1, 2, 3, .. , n), where P 0 is the ground state. Consequently, we assume that intra-polyad interactions are strong and should be treated exactly, while inter-polyad interactions can be considered as small perturbations. After performing contact transformations in order to eliminate inter-polyad interactions, the resulting hamiltonian operators can be written as a sum of contributions of the different polyads:

H = H{P 0 = GS} + H{P 1 } + ...... + H{Pn} , (1) 
The effective Hamiltonian for polyad P n is obtained by projection in the corresponding subspace,

H Pn = P Pn HP Pn (2) 
H Pn = H Pn {GS} + H Pn {P 1 } + .......... + H Pn {Pn} (3) 
This corresponds to the so-called vibrational extrapolation method. This one allows analysing molecular spectra by climbing up the polyad ladder, one polyad after the other: the effective hamiltonian for a given polyad contains all the parameters for the lower polyads (the terms that are added to the effective hamiltonian are a smaller contributions accounting for vibrational corrections to the lower polyad terms).

The different terms being written as:

H{P k } = all indexes tΩ(K,nΓ, Γ)Γ 1 Γ 2 Γν {ns}{ms} T Ω(K,nΓ, Γ)Γ 1 Γ 2 Γν {ns}{ms} (4) 
H{P k } is expressed as a linear combination of rovibrational operators T and it must be symmetric, Hermitian and time reversal invariant in the C 2v molecular point group. The t are the effective hamiltonian parameters to be determined by fitting experimental line positions. T refers to the rovibrational operators obtained by coupling of a rotational operator (R) of degree Ω (in angular momentum components (J x ,J y ,J z )) [START_REF] Champion | Composantes cubiques normales des tenseurs sphériques[END_REF][START_REF] Zhilinskii | Reduction of rotational operators to standard form[END_REF][START_REF] Rey | Orientation of O(3) and SU(2)⊗ C I representations in cubic point groups (O h , T d ) for application to molecular spectroscopy[END_REF] and a vibrational operator (V ) of degree Ω v (in creation and annihilation operators) constructed through recursive coupling of elementary creation and annihilation operators of the corresponding modes of the tetrahedral molecule. The order of each operator

T Ω(K,nΓ, Γ)Γ 1 Γ 2 Γν is Ω + Ω v -2.
The rotational and vibrational operators are symmetrized in the group chain and then coupled in the C 2v group.

T

Ω(K,nΓ, Γ)Γ 1 Γ 2 Γν {ns}{ms} = all indexes β R Ω(K,nΓr, Γ) ⊗ ε V Γ 1 Γ 2 (Γν , Γ) {ns}{ms} (a 1 ) . (5) 
where ε = (-1) Ω . β is the numerical factor that allows a straightforward comparison between the conventional and the tensorial notations and is defined as

β = √ 3(- √ 3/4) Ω/2 if (K, nΓ) = (0, 0A 1 ) and 1 otherwise. Γ = (A 1 , A 2 , E, F 1 , F 2 ) and Γ = (a 1 , a 2 , b 1 , b 2 )
denoting T d and C 2v irreducible representations, respectively, Γ 1 and Γ 2 are the symmetries of vibrational operators formed by coupling creation and annihilation operators. Matrix elements of the effective hamiltonian are calculated in a coupled rovibrational basis using the Wigner-Eckart theorem and uncoupling tensorial relations [START_REF] Boudon | Symmetry-adapted tensorial formalism to model rovibrational and rovibronic spectra of molecules pertaining to various point groups[END_REF]. In order to analyze the ν 2 (a 1 ) band of sulfuryl fluoride, considered as isolated and derived from the ν 1 (A 1 ) fundamental of SO 2- 4 , we use the following effective Hamiltonians:

• The ground state effective Hamiltonian

H GS = H GS {GS} (6)
• The ν 2 band effective Hamiltonian

H ν 2 = H ν 2 {GS} + H ν 2 {ν 2 } = HMoret-Bailly + all indexes β t Ω(K,nΓr)Γ R Ω(K,nΓr,a 1 ) ⊗ ε V A 1 A 1 (A 1 ,a 1 ) {1}{1} (a 1 ) , (7) 
where HMoret-Bailly is the effective ground state purely rotational contribution of degree Ω [START_REF] Rotger | The ground state rotational spectrum of SO 2 F 2[END_REF][START_REF] Moret-Bailly | Sur l'interprétation des spectres de vibration-rotation des molécules à symétrie tétraédrique ou octaédrique[END_REF][START_REF] Moret-Bailly | Calculation of the Frequencies of the Lines in a Threefold Degenerate Fundamental Band of a Spherical Top Molecule[END_REF]. After diagonalization, the Hamiltonian eigenfunctions obtained are denoted:

J, C, α , (8) 
α has no particular physical meaning. It's a running index that numbers eigenstates with the same C 2v symmetry C within a given J block, in increasing energy order. J is the quantum number associated to the total angular momentum of the molecule. This labelling is related to the group chain choice, which is an orientation from O(3) ⊃ T d into the symmetry subgroup C 2v of the XY 2 Z 2 asymmetric molecule.

Tensorial model for the dipole moment

To calculate line intensities, the dipole moment operator (in the case of infrared absorption spectroscopy) is expanded using the same methods as discussed above [START_REF] Rotger | Spectroscopy of XY 2 Z 2 (C 2v ) Molecules: A Tensorial Formalism Adapted to the O(3) ⊃ T d ⊃ C 2v Chain. Application to the Ground State of SO 2 F 2[END_REF]. The components µ Θ (Θ = X, Y , Z) in the laboratory fixed frame (LFF) can be related to the components µ θ (θ = x, y, or z) in the molecule-fixed frame (MFF) as follows:

µ Θ = θ λ Θθ µ θ , (9) 
where λ Θθ are the direction cosines.

The transformed LFF components can be expressed in terms of the MFF transformed components as follows:

μΘ = θ (λ Θθ μθ + μθ λ Θθ ). ( 10 
)
The effective dipole moment operator µ

( Γ) θ
is expanded in a tensorial form similar to that of the effective Hamiltonian. Thus µ

( Γ) θ
is expressed in terms of rovibrational operators [START_REF] Champion | Spherical top spectra. in "Spectroscopy of the Earth's Atmosphere and Interstellar Medium[END_REF], as:

µ ( Γ) θ = {i} µ {i} (R Ω(K,nΓr, Γr) ⊗ ε V Γ 1 Γ 2 (Γv, Γv) {ns}{ms} ) ( Γ) θ (11)
µ {i} are the effective dipole moment parameters to be determined using experimental intensities. The index i collects all the parameters of the operators R and

V , i.e. i = Ω, K, nΓ r , Γ r , Γ 1 , Γ 2 , Γ v , Γ v . The order of the individual terms is Ω + Ω v -1.
In the present study of the isolated ν 2 fundamental band of SO 2 F 2 , the effective dipole moment is expanded up to order one, leading to a set of three parameters: µ 0(0,A 1 ,a 1 ) , µ 1(1,F 1 ,b 1 ) and µ 1(1,F 1 ,b 2 ) . However, the last two turned out to be non-determinable using the present data and were fixed to zero; as we show below, only the order zero parameter can be fitted.

Analysis and results

The analysis of line positions and intensities in the ν 2 band of SO 2 F 2 involved a two-step process. We first assigned the line positions to determine parameters involved in the Hamiltonian. Then, parameters involved in the dipole moment operator are obtained using the experimental line intensities and the corresponding wavefunctions of the effective Hamiltonian. Analysis were performed using the SPVIEW (Spectrum View) and C 2v TDS packages [START_REF] Ch | C 2v top data system (C 2v TDS) software for infrared spectrum simulation of XY 2 Z 2 asymmetric molecules: some improvements to the TDS packages[END_REF] dedicated to the simulation and to the fit of high-resolution molecular spectra.

Line positions analysis

Line assignments

As already mentioned, we performed a simultaneous analysis of the ground state and of the ν 2 fundamental band of sulfuryl fluoride. For the ground state, we have used the microwave assignments of Ref. [START_REF] Rotger | The ground state rotational spectrum of SO 2 F 2[END_REF]. The infrared transitions of the ν 2 band, reported in the present work, were recorded at the SOLEIL Synchrotron at T = 193 K and at the pressure of 1 mbar where the lines are intense and unsaturated in the P and R branches (Fig. 1). The contributions of the ground state (GS) and of the ν 2 band to the effective Hamiltonians have been expanded up to order 4. The dipole moment has been expanded up to order one, leading to a set of 3 parameters. To analyze the ν 2 fundamental band of SO 2 F 2 , we needed as an initial step a first guess of the tensorial parameters. Initial assignments were based on parameters available in the literature. The results of the tensorial analysis performed by Hmida et al. [START_REF] Hmida | Line position analysis of the ν 2 band of SO 2 F 2 using the C 2v Top Data System[END_REF] have been the starting point for the work explained here. The parameters of the GS have been fixed to the values of Table 1 of Ref. [START_REF] Hmida | Line position analysis of the (ν 3 , ν 7 , ν 9 ) bending triad of SO 2 F 2 using the C 2v Top Data System[END_REF] whereas those of the ν 2 have been fixed to the values of Table 2 of Ref. [START_REF] Hmida | Line position analysis of the ν 2 band of SO 2 F 2 using the C 2v Top Data System[END_REF]. These preliminary values allow a correct reproduction of the experimental spectrum when taking into account the experimental details such as temperature, resolution, pressure and path length. The initial set of tensorial parameters allowed us to start the analysis procedure which was rather straightforward. We made a preliminary simulation and assigned a few lines with the SPVIEW software by comparing the positions of experimental and calculated spectrum [START_REF] Ch | XTDS and SPVIEW: Graphical tools for the analysis and simulation of high-resolution molecular spectra[END_REF]. Following this step, a new set of parameters was determined. This set of parameters provided us a more accurate simulation of the spectrum and allowed us to continue the analysis by assigning transitions with higher J quantum numbers. This process was repeated until no more experimental lines could be assigned.

Effective Hamiltonian fit and discussion

This analysis is based on the use of the MW data of the ground state [START_REF] Rotger | The ground state rotational spectrum of SO 2 F 2[END_REF] and the IR data of the ν 2 band recorded at the SOLEIL Synchrotron. Among 29 parameters involved in the effective Hamiltonians of Eqs. ( 6) and [START_REF] Rotger | The bending triad of the quasi-spherical top molecule SO 2 F 2 in the 550 cm -1 region[END_REF], only 26 parameters are fitted. In this analysis, the ground state parameters are fitted except t 6(2,0F 2 ,a 1 ) and t 6(4,0E,a 1 ) are fixed to the value obtained in Ref. [START_REF] Hmida | Line position analysis of the (ν 3 , ν 7 , ν 9 ) bending triad of SO 2 F 2 using the C 2v Top Data System[END_REF]. All possible parameters of the ν 2 band are fitted except t 4(4,0F 2 ,a 1 ) , which is kept to zero because its standard deviation being too high compared to its value. We notice that the t 4(0,0A 1 ,a 1 ) and t 4(4,0A 1 ,a 1 ) have now been fitted, knowing that in our previous work [START_REF] Hmida | Line position analysis of the ν 2 band of SO 2 F 2 using the C 2v Top Data System[END_REF], they have been fixed to zero. It should be noticed that keeping some parameters fixed is not equivalent to fixing the parameters in the two well-known A and S reductions defined by Watson [START_REF] Watson | Determination of Centrifugal Distortion Coefficients of Asymmetric-Top Molecules[END_REF][START_REF] Watson | Aspects of quartic and sextic centrifugal effects on rotational energy levels[END_REF]. As a matter of fact, fixing one parameter of the ν 2 band to zero in the present model does not mean to fix the corresponding parameter to zero in the Watson Hamiltonian. Table 1 lists the tensorial rovibrational parameters obtained in this global fit. As it can be seen all parameters are well determined. In this analysis, the fit leads to more precise parameter values because we were able to assign significantly more lines (739 new weak lines were added and the value of J max becomes 45 instead of 41) than in our previous study [START_REF] Hmida | Line position analysis of the ν 2 band of SO 2 F 2 using the C 2v Top Data System[END_REF]. The ground state and the ν 2 parameters are very similar to previous works [START_REF] Hmida | Line position analysis of the ν 2 band of SO 2 F 2 using the C 2v Top Data System[END_REF][START_REF] Hmida | Line position analysis of the (ν 3 , ν 7 , ν 9 ) bending triad of SO 2 F 2 using the C 2v Top Data System[END_REF]. The corresponding values in the Watsonian model are given in Table 2. In this Table , we also compare the values of the ν 2 parameters up to the quadratic order in the Watsonian model as recalculated from our results with those of Refs. [START_REF] Merke | Microwave, millimeterwave, and high-resolution FTIR study of the ν 2 =1 state of SO 2 F 2[END_REF][START_REF] Hmida | Line position analysis of the ν 2 band of SO 2 F 2 using the C 2v Top Data System[END_REF]. The tensorial parameters are converted to the Watson's ones thanks to formulas given in Ref. [START_REF] Boudon | The SO 2 F 2 quasispherical top: Correspondence between tensorial and Watson's formalisms[END_REF]. In this Reference, a detailed correspondence between the tensorial formalism and the usual approach of Watson is presented for asymmetric tops. We can note from this Table that the Watson's rovibrational constants derived from this fit are in reasonably good agreement with previous works [START_REF] Merke | Microwave, millimeterwave, and high-resolution FTIR study of the ν 2 =1 state of SO 2 F 2[END_REF][START_REF] Hmida | Line position analysis of the ν 2 band of SO 2 F 2 using the C 2v Top Data System[END_REF]. The current analysis gives very similar results with no significant differences for A, B and C constants and the quadratic centrifugal distortion constants are close to those obtained with the usual approach but no sextic parameters are used in our fit. The variation of the value of d 1 is due to the fact that the fixed parameters in both fits are not equivalent. Using about 1070 MW data of the ground state up to J = 98 of Ref. [START_REF] Rotger | The ground state rotational spectrum of SO 2 F 2[END_REF] combined with our 2407 IR data of the ν 2 band up to J = 45, we obtained a RMS deviation of about 0.002× 10 -3 cm -1 and 0.19× 10 -3 cm -1 , respectively. The results obtained are satisfactory. The RMS values of IR data is within the spectral resolution and frequency accuracy margins. The statistics for line positions analysis (number of lines included in the fit, maximum value of the quantum number J and standard deviations achieved for the ν 2 band) are reported in Table 3. In the same Table, we compare different analyses of the ν 2 band of SO 2 F 2 . As it can be seen, more rovibrationnal transitions have been assigned, more parameters have been fitted and we have obtained better root mean square deviation (RMS) with less free adjustable parameters than in Ref. [START_REF] Merke | Microwave, millimeterwave, and high-resolution FTIR study of the ν 2 =1 state of SO 2 F 2[END_REF]. The present analysis also confirms that there is no need to develop the Hamiltonian to order 6 because the fit converges with lower order parameters. Fig. 2 shows the experimental spectrum in comparison to the simulated one under the same experimental conditions (T = 193 K and P = 1 mbar) using the line list built in this work. As it can be seen, the calculation of intensities with the terms of zero order of the dipole moment was enough to get a rough profile and identify each line, as well. The detailed views in Figs. 3, 4 and5 reveal the achieved accuracy of the calculated positions in the spectrum. The infrared spectrum of the ν 2 band of sulfuryl fluoride has a P QR structure with well-separated J clusters which makes it relatively straightforward to analyze. These clusters are extremely dense for the higher values of the J quantum number. Compared to the P and R branches, only a few assignments have been performed in the very crowded Q branch. As it can be seen in Figs. 2 and3 a hot band is visible, especially in the Q-branch region. Having no information about this hot band, it has neither been analysed, nor simulated. It should be noticed that the strong Q branch is saturated in the experimental spectrum. The fit residuals of IR data for line positions in the ν 2 band are shown by black markers at the bottom of the Fig. 2. These observed minus calculated wavenumber errors appear to be homogeneous over the whole ν 2 band. The transitions are regularly distributed in the wavenumber range which implies a correct sampling of the whole band. The (ν obs -ν cal ) differences do not exceed 0.001 cm -1 . No systematic deviation is observed and the results of the fit are reliable. Fig. 6 displays the dependence of the fit residuals for line positions in the ground state rotational spectrum [START_REF] Rotger | The ground state rotational spectrum of SO 2 F 2[END_REF] as a function of the wavenumber which allows to give a global idea about the quality of the fit in this region. Fig. 7 displays the calculated and observed reduced energy levels for the ν 2 fundamental band of sulfuryl fluoride. Observed reduced energy levels for ν 2 band, reached by assigned transitions, are obtained by subtracting the scalar terms, i.e. E red = E(J, n, C) -t 2(0,0A 1 ,a 1 ) J(J + 1) -t 4(0,0A 1 ,a 1 ) J 2 (J + 1) 2 [START_REF] Papadimitriou | Experimental and Theoretical Study of the Atmospheric Chemistry and Global Warming Potential of SO 2 F 2[END_REF] This figure gives an idea of the ν 2 band energy spectrum used in the present fit.

Intensity analysis

The above-described line position analysis was a mandatory first step for the analysis of line intensities: the measured line intensities have been fitted using the wavefunctions of the effective Hamiltonian obtained from the line positions analysis. In this step, the hamiltonian parameters obtained from the fit position are fixed.

In this analysis, it was difficult to fit intensity parameters for such a heavy molecule with a very congested spectrum consisting mostly of many overlapping lines. The IR spectra of the ν 2 band recorded at different pressures were very congested with no isolated lines. In addition, we have no information in the literature on the ν 2 dipole moment parameters. As an initial step, the dipole moment was roughly estimated by searching for the value reproducing the experimental spectra. Using the three spectra recorded at different pressure, we have built our experimental assignment file in averaging intensities and line positions over the three experimental spectra for a same theoretical label. This file has been used for our intensity analysis. The effective dipole moment operator has been developed up to order one, leading to a set of three parameters. Using 71 experimental line intensities, only one parameter is determined. It is the parameter of order zero, the purely vibrational parameter, which corresponds to the traditional dipole moment derivative. The two parameters of order one are kept to zero because their standard deviation being too high compared to their value. The value of the fitted parameter µ 0(0,A 1 ,a 1 ) is equal to 0.10257(30) Debye. Fig. 8 presents the resulting residuals for the 71 line intensities fitted with a global root mean square deviation of 4.55 %. This RMS deviation is consistent with the uncertainty of the measurement which is around 5 %. Fig. 8 also shows that the residuals are smaller than 10 % on the calculated line intensities and that they do not exhibit systematic trends. Most of the absorption intensities for the very dense ν 2 band is well reproduced by the model. However, some problems remain, especially in the P branch. This is mainly due to the hot band lines not included in this analysis. In order to improve the results obtained, it will be interesting to model these hot bands or to improve the experimental conditions by recording spectra at a temperature below 193 K.

The parameter of the dipole moment, obtained in the present work, allows us to estimate the value of the integrated band intensity. As specified by previous work, the integrated band intensity has been determined for the bands observed in the 800 -930 cm -1 spectral range of the sulfuryl fluoride spectrum [START_REF] Papadimitriou | Experimental and Theoretical Study of the Atmospheric Chemistry and Global Warming Potential of SO 2 F 2[END_REF][START_REF] Dillon | Direct detection of OH formation in the reactions of HO 2 with CH 3 C(O)O 2 and other substituted peroxy radicals[END_REF] (Table 4) which corresponds mostly to the symmetric SF 2 stretching vibration ν 2 and the asymmetric SF 2 stretching vibration ν 8 . According to values computed at the MP2 level with the 6-31G(df) basis, these two bands, which fall within the atmospheric window and make the sulfuryl fluoride an efficient atmospheric greenhouse, possess infrared intensities of about 118.6 km/mol and 231.5 km/mol, respectively [START_REF] Kowal | First-principles computation of the anharmonic vibrational spectra of sulfuryl halides SO 2 X 2 (X = F, Cl, Br)[END_REF]. In our team, all electrons ab initio intensities calculations were carried out at the level MP2/cc-pV(T+d)Z. We obtained for ν 2 and ν 8 , 126.9 km/mol (2.10×10 -17 cm -1 /(molecule cm -2 )) and 246.0 km/mol (4.08 × 10 -17 cm -1 /(molecule cm -2 )), respectively. These results are in agreement with those of the reference [START_REF] Kowal | First-principles computation of the anharmonic vibrational spectra of sulfuryl halides SO 2 X 2 (X = F, Cl, Br)[END_REF].

In the present work, we calculated the integrated band intensity S band for the ν 2 band using the line list generated as described in Section 4.1 and the following approximate relation:

S band = Q vib I a k S k (13) 
Q vib is the vibrational partition function computed within the harmonic approximation. For SO 2 F 2 , Q vib is estimated to 1.5157 at 296 K. I a = 0.99 is the isotopic abundance of 32 S 16 O 2 F 2 . S k is the intensity of line k.

The integrated band intensity calculated at 296 K for the ν 2 band of SO 2 F 2 is about 85 km/mol or 1.41 ×10 -17 cm -1 /(molecule cm -2 ) which is less than the value predicted by the ab initio calculation.

In Table 4 are compared the intensities for the ν 2 /ν 8 region from cross section studies of references [START_REF] Papadimitriou | Experimental and Theoretical Study of the Atmospheric Chemistry and Global Warming Potential of SO 2 F 2[END_REF] and [START_REF] Dillon | Direct detection of OH formation in the reactions of HO 2 with CH 3 C(O)O 2 and other substituted peroxy radicals[END_REF] with the integrated band intensity derived from the present study. Note that the total intensity estimated from the cross sections corresponds to the sum of the ν 2 and ν 8 contributions. Compared to the cross sections reported in the literature [START_REF] Papadimitriou | Experimental and Theoretical Study of the Atmospheric Chemistry and Global Warming Potential of SO 2 F 2[END_REF][START_REF] Dillon | Direct detection of OH formation in the reactions of HO 2 with CH 3 C(O)O 2 and other substituted peroxy radicals[END_REF] merging the intensities of both ν 2 and ν 8 , of quite unequal relative intensities, it seems reasonable to estimate that the integrated intensity for ν 2 is of the order of 2 × 10 -17 cm -1 /(molecule cm -2 ) or less. This value is to be compared to our more reliable estimate of 1.41 × 10 -17 cm -1 /(molecule cm -2 ).

Conclusion

A complete line position and intensity analysis of the ν 2 band of SO 2 F 2 was performed using the C 2v TDS software. This is the first time that an intensity analysis has been carried out for this molecule. 2407 line positions and 71 intensities were fitted.

The IR spectrum of the ν 2 band was analyzed up to J = 45 and provided a set of 26 tensorial parameters without the need to include any sextic parameters. These parameters allow us to calculate the line positions with a precision of about 0.19× 10 -3 cm -1 . The parameter for the expansion of the transition dipole moment yields to intensities correct to within 4.55 %. We can thus estimate to 10 % the accuracy of calculated line intensities using the present tensorial model. The 820 -865 cm -1 spectral range corresponds to the ν 2 band which represents about 1/3 of the total intensity. The 800.8 -927.6 cm -1 spectral range corresponds to the ν 2 and ν 8 bands. The ν 8 represents about 2/3 of the total intensity.
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 8123 Fig. 1. Survey spectra of the ν 2 and ν 8 bands of SO 2 F 2 recorded at T = 193 K at the AILES beamline of SOLEIL Synchrotron. These two bands overlap in the 860-870 cm -1 region.
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 456 Fig. 4. Comparison between the experiment spectrum and the simulation in the R branch of the ν 2 band, showing the good agreement of the fit.
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 7 Fig. 7. Observed and calculated reduced energies for the ν 2 band of SO 2 F 2 using the tensorial model. "Observed" levels correspond to those reached by assigned transitions.
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 8 Fig. 8. Residuals on the line intensities versus the wavenumber for the ν 2 band of SO 2 F 2 .
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Table 2

 2 The ν 2 Watson parameters up to the quadratic order calculated from the fitted values of the tensorial parameters in table2.ParametersCalculated values / cm -1 Ref.[START_REF] Hmida | Line position analysis of the ν 2 band of SO 2 F 2 using the C 2v Top Data System[END_REF] / cm -1Ref.[START_REF] Merke | Microwave, millimeterwave, and high-resolution FTIR study of the ν 2 =1 state of SO 2 F 2[END_REF] / cm -1

	E 0	849.469601(18)	849.469409(78) 849.4696554(58)
	A	0.17090248(18)	0.1709028(12) 0.170902455(24)
	B	0.16844854(27)	0.1684488(12) 0.168448698(12)
	C	0.16827577(11)	0.16827598(40) 0.168275651(12)
	D J × 10 8 D JK × 10 8 D K × 10 8 d 1 × 10 8 d 2 × 10 8	4.851(14) -4.822(87) 5.994(90) -0.001(19) 0.5082(77)	4.875(35) -4.84(17) 6.02(11) -0.003(42) 0.521(11)	4.86287(25) -4.8971(15) 6.0517(22) -0.01334(29) 0.51554(29)

Table 3

 3 Statistical details on the comparison of the analysis of the ν 2 band with Refs.[START_REF] Merke | Microwave, millimeterwave, and high-resolution FTIR study of the ν 2 =1 state of SO 2 F 2[END_REF][START_REF] Hmida | Line position analysis of the ν 2 band of SO 2 F 2 using the C 2v Top Data System[END_REF].

		Ref. [8]	Ref. [10]	This work
	Experimental details			
	Temperature (K)	296	165	193
	Pressure (mbar) Resolution cm -1	10 SO 2 F 2 -1000 He 0.0024	1.99 × 10 -2 0.00102	1 0.00102
	Fit analysis			
	Degree of development	6	4	4
	Number of IR assignments	1873	1668	2407
	Fitted parameters	13/16	7/10	9/10
	Fixed parameters	3	3	1
	J max RMS (cm -1 )	68 0.40×10 -3	41 0.20×10 -3	45 0.19×10 -3

Table 4

 4 The integrated band intensity at 296 K determined for the ν 2 band of SO 2 F 2 within the ν 2 /ν 8 region.Band strength (10 -17 cm 2 molecule -1 cm -1 )

	Integration	Dillon et al.: [13]	Papadimitriou et al.: [12]	This
	range (cm -1 )	(2008)	(2008)	work
	820 -865	-	-	1.41
	800.8 -927.6	5.7	5.84	-
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Table 1 Values of the effective Hamiltonian parameters of the ground state and the ν