V Boudon 
  
L Manceron 
  
C Richard 
  
High-resolution spectroscopy and analysis of the ν 3 , ν 4 and 2ν 4 bands of SiF 4 in natural isotopic abundance

Keywords: Sulfur tetrafluoride, High-resolution infrared spectroscopy, Line positions, Line intensities, Tensorial formalism, Isotopologues, Molecular spectroscopy database

Silicon tetrafluoride (SiF 4 ) is a trace component of volcanic gases. However, a better knowledge of spectroscopic parameters is needed for this molecule in order to derive accurate concentrations. This motivated FTIR measurements with high-spectral resolution (0.001 cm -1 ) and an extensive study of its infrared absorption bands, including the fundamentals and overtone and combinations. We present here a detailed analysis and modeling of the strongly absorbing ν 3 and ν 4 fundamental bands, for the three isotopologues in natural abundance: 28 SiF 4 (92.23 %), 29 SiF 4 (4.67 %) and 30 SiF 4 (3.10 %). It includes a global fit with consistent parameter sets for the ground and excited states. In particular, all existing rotational line data have been included. The 2ν 4 band of 28 SiF 4 could also be analyzed in detail. A first fit of the dipole moment derivative for the ν 3 band for 28 SiF 4 has been performed, along with two independent estimates of the integrated band intensity; the results are consistent with literature values, around 690 km/mol. The isotopic dependence of band centers and Coriolis parameters has also been studied. TFSiCaSDa, a new database of cross sections and calculated lines for the ν 3 band of SiF 4 , has been set up.

Introduction

Volcanoes reject large amounts of sulfur-containing gases in the atmosphere; these represent 10 to 15 % of the anthropogenic sulfur emissions. Tetrafluorosilane, or silicon tetrafluoride (SiF 4 ) is a trace component of fumarole gases on volcanoes, arising from interactions between magmatic HF and wall rocks [START_REF] Francis | Remote determination of SiF 4 in volcanic plumes: A new tool for volcano monitoring[END_REF] and lends itself well to remote open-path IR spectroscopic detection with a strong absorption band at 1032 cm -1 (the ν 3 stretching fundamental band). However, the volcanological literature on SiF 4 is minimal compared to other gases. Some studies report that the possible importance of SiF 4 had been neglected because of the problems of reporting HF and SiF 4 separately in conventional analyses [START_REF] Francis | Remote determination of SiF 4 in volcanic plumes: A new tool for volcano monitoring[END_REF]. FTIR measurements have been used to infer volcanic plume composition, including SiF 4 . For instance, it has been identified among other species in the volcanic plumes of Etna [START_REF] Francis | Remote determination of SiF 4 in volcanic plumes: A new tool for volcano monitoring[END_REF][START_REF] Nicotra | Influx of volatiles into shallow reservoirs at Mt. Etna volcano (Italy) responsible for halogen-rich magmas[END_REF], Popocatépetl [START_REF] Stremme | Gas composition of Popocatépelt volcano between 2007 and 2008: FTIR spectroscopic measurements of an explosive event during quiescent degassing[END_REF][START_REF] Stremme | Volcanic SO 2 and SiF 4 visualization using 2-D thermal emission spectroscopy -Part 1: Slant-columns and their ratios[END_REF][START_REF] Krueger | Volcanic SO 2 and SiF 4 visualization using 2-D thermal emission spectroscopy -Part 2: Wind propagation and emission rates[END_REF][START_REF] Taquet | Variability in the gas composition of the Popocatépelt volcano plume[END_REF] or Satsuma-Iwojima [START_REF] Mori | High SiF 4 /HF ratio detected in Satsuma-Iwojima volcano's plume by remote FT-IR observation[END_REF] volcanoes through remote-sensing FTIR spectroscopy. In particular, the SiF 4 /SO 2 ratio has been proposed as a marker of deep magma increased pressure in volcano magmatic chambers and domes [START_REF] Francis | Remote determination of SiF 4 in volcanic plumes: A new tool for volcano monitoring[END_REF][START_REF] Taquet | Continous measurements of SiF 4 and SO 2 by thermal emission spectroscopy: Insight from a 6-month survey at the Popocatépelt volcano[END_REF]. It has even been suggested that silicon tetrafluoride should be present on Io, the highly volcanic moon of Jupiter [START_REF] Schaefer | Silicon tetrafluoride on Io[END_REF]. A correct and quantitative detection thus requires a good knowledge of the molecule's infrared spectrum, both in terms of line positions and line intensities.

SiF 4 spectroscopy is not, at present, very well known. After some earlier works concerning force constants [START_REF] Shimanouchi | Force constants of CF 4 , SiF 4 , BF 3 , CH 4 , SiH 4 , NH 3 and PH 3[END_REF] and band contours [START_REF] Clark | The vapor-phase Raman spectra, Raman band contour analyses, Coriolis constants, and force constants of spherical-top molecules MX 4 (M = Group IV element, X = F, Cl, Br or I)[END_REF][START_REF] Königer | Molecular constants of SiF 4 , GeF 4 and RuO 4 . An improvement and the analysis of the IR-band contours of ν 3 (F 2 ) low temperature measurements and by using isotopically pure compounds[END_REF], there exist some pioneering high-resolution studies of the ν 3 fundamental [START_REF] Patterson | Tunable laser diode study of the ν 3 band of SiF 4 near 9.7 µm[END_REF][START_REF] Takami | Infrared-microwave double resonance spectroscopy of the SiF 4 ν 3 fundamental using a tunable diode laser[END_REF][START_REF] Jörissen | The ν 3 fundamental of silicon tetrafluoride. Spectroscopy with laser sidebands[END_REF] and of the 3ν 3 overtone [START_REF] Patterson | Doppler-limited spectrum and analysis of the 3ν 3 manifold of SiF 4[END_REF] bands, along with some global estimates of integrated band intensities [START_REF] Burtsev | Integral intensities of absorption bands of silicon tetrafluoride in the gas phase and cryogenic solutions: Experiment and Calculation[END_REF]. Some ν 3 lines were measured at ultra-high resolution for metrology purposes [START_REF] Pfister | CO 2 -laser sideband spectroscopy at ultrahigh resolution[END_REF]. Overtone and combination vibrational levels have been investigated theoretically [START_REF] Halonen | Stretching vibrational overtone and combination states in silicon tetrafluoride[END_REF]. The ν 3 dipole moment derivative has been estimated using a few isolated lines [START_REF] Patterson | Tunable laser diode study of the ν 3 band of SiF 4 near 9.7 µm[END_REF]. The ground state has also been investigated with a few rotational lines recorded in the microwave region [START_REF] Jörissen | Observation of ground state rotational transitions in silicon tetrafluoride[END_REF] and also using sideband lasers [START_REF] Behrendt | Double-modulation sideband spectroscopy: µ 0 and µ 33 of silicon tetrafluoride[END_REF][START_REF] Ainetschian | Sideband double modulation: The ground state dipole moment of SiF 4[END_REF]. The Stark effect was investigated in the ground state [START_REF] Jörissen | Second-order Stark effect observation in the ground state of silicon tetrafluoride, SiF 4[END_REF] and in the ν 3 band [START_REF] Coquard | Prediction and observation of the nonlinear Stark effect in the ν 3 band of SiF 4[END_REF]. All these studies, however, are rather incomplete and do not allow full band modeling. Moreover, they only concern cold bands for room-temperature modeling for the main isotopologue ( 28 SiF 4 ).

We thus present here a detailed investigation of the infrared absorption spectroscopy of SiF 4 , based on new high-resolution spectra of several bands that allowed us to fit effective Hamiltonian parameters for the ground, v 3 = 1, v 4 = 1 and v 4 = 2 states. The ν 3 and ν 4 fundamental bands could be analyzed for the three isotopologues that are present in natural abundance: 28 SiF 4 (92.23 %), 29 SiF 4 (4.67 %) and 30 SiF 4 (3.10 %). We could also perform very first fit of the ν 3 dipole moment derivative as well as two distinct estimates of the integrated band intensity for 28 SiF 4 , that compare quite well with literature values. Sections 2 and 3 present the experimental and theoretical details, respectively. Then, in Section 4, we present and discuss the results of the analyses. We include a study of the isotopic dependence of band centers and Coriolis parameters for the ν 3 and ν 4 fundamental bands, following our recent theoretical study on this topic [START_REF] Loëte | Isotopic relations for tetrahedral molecules[END_REF].

Experimental details

High resolution spectra of pure SiF 4 and SiF 4 /N 2 diluted mixtures were recorded on the AILES beamline at Synchrotron SOLEIL (Saint-Aubin, France) using a IFS125 Bruker interferometer (Maximum Optical Path Difference -MOPD = 882 cm) and a 51 mm path, stainless steel, coolable cell equipped with diamond windows, which has been described already [START_REF] Anantharajah | Integrated band intensities and absorption cross sections of phosgene (Cl 2 CO) in the mid-infrared at 199[END_REF]. The cell temperature was continuously monitored and the pressure was measured using a thermostated MKS capacitive gauge located about 300 mm away from the measurement cell. As both the cell and the pressure gauge had comparable volumes, thermomolecular effects affected notably the low pressure measurements at low temperature. To alleviate this difficulty, a highly diluted, 4.6 % SiF 4 /N 2 mixture was first prepared in a 3 l volume and allowed to mix for an hour. Next, about 3.6 mb of the mixture, more precisely measurable, were introduced in the cold cell. SiF 4 (Union Carbide, USA, 99 %) and Nitrogen gas (Air Liquide, France, 99.999 %) were used without further purification.

Table 1 gathers the experimental parameters which were adjusted for the twelve spectra used in this study. All mid IR spectra were recorded with a home-made high sensitivity HgCdTe with 4 K-cooled filters [START_REF] Faye | Improved mid infrared detector for high spectral or spatial resolution and synchrotron radiation use[END_REF] and FIR spectra with a 4 K-cooled composite bolometer (IR lab, USA). The interferograms were transformed without apodization (boxcar option) and averaged. The spectral resolution (defined as 0.9/Optical Path Difference -OPD, in the Bruker instrument software) was varied from 0.00102 to 0.003 cm -1 , to maximize the data quality, depending on the sample pressure. The low pressure data were taken at the highest possible OPD here, while for some spectra of weak bands recorded at higher pressure, the spectral resolution was 0.0015 and 0.003 cm -1 to reduce spectral noise, but remained smaller than the effective linewidths. Transmission spectra were calculated with respect to an empty cell background taken at 0.02 cm -1 resolution. The wavenumber scales of the spectra were calibrated using OCS, CO 2 or H 2 O lines [START_REF] Gordon | The HITRAN2016 Molecular Spectroscopic Database[END_REF] from a separate spectrum measured with the exact same set-up at the end of the series. In the mid infrared, 175 lines of OCS were used with a dispersion of 1.3 × 10 -5 cm -1 (one sigma) after calibration with respect to the HITRAN 2016 values. In the far infrared, 47 lines of CO 2 and H 2 O were used, with a dispersion of 7 × 10 -5 cm -1 (one sigma) after calibration. Overall, frequency accuracy can thus be estimated to about 2 × 10 -4 cm -1 .

[Table 1 here.] [Figure 1 here.]

Theoretical model

SiF 4 , just like CH 4 , SiH 4 and other tetrahedral spherical top molecules with T d point group symmetry at equilibrium, possesses four normal modes of vibration [START_REF] Halonen | Stretching vibrational overtone and combination states in silicon tetrafluoride[END_REF]: one nondegenerate mode with A 1 symmetry (ν 1 , wavenumber ∼ 801 cm -1 ), one doubly-degenerate mode with E symmetry (ν 2 , wavenumber ∼ 264 cm -1 ), and two triply-degenerate modes with F 2 symmetry (ν 3 and ν 4 , wavenumber ∼ 1031.5 cm -1 and ∼ 388.4 cm -1 , respectively). Only F 2 fundamentals are infrared active, at first approximation.

Effective Hamiltonian

In this paper we use the theoretical model based on the tensorial formalism and the vibrational extrapolation concept developed by the Dijon group [START_REF] Champion | Spherical top spectra[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 | Spherical top theory and molecular spectra[END_REF]. It takes full advantage of the molecule's high symmetry. Let us just recall briefly the principles of this model which have been already detailed in Ref. [START_REF] Boudon | Spherical top theory and molecular spectra[END_REF]. Considering an XY 4 molecule such as SiF 4 , the vibrational levels can be grouped in series of polyads named P k with k = 0, . . . , n. For k = 0, we have P 0 which is the ground state (GS). The Hamiltonian operator is written as follows (assuming that some perturbative treatment like a contact transformation [START_REF] Champion | Spherical top spectra[END_REF] has been performed in order to eliminate inter-polyad interactions):

H = H {P 0 ≡GS} + H {P 1 } + . . . + H {P k } + . . . + H {P n-1 } + H {Pn} . (1) 
where the different H {P k } terms are expressed in the following form:

H {P k } = all indexes t Ω(K,nΓ)ΓvΓ v {s}{s } β ε V Ωv(ΓvΓ v )Γ {s}{s } ⊗ R Ω(K,nΓ) (A 1 ) . (2) 
In this equation, the t

Ω(K,nΓ)ΓvΓ v {s}{s }
are the parameters to be determined by fitting assigned experimental line positions, while ε V

Ωv(ΓvΓ v )Γ {s}{s }
and R Ω(K,nΓ) are vibrational and rotational operators, respectively. For each term, Ω v and Ω represent the degree in elementary vibrational operators (creation a + and annihilation a operators), and rotational operators (components J x , J y and J z of the angular momentum), respectively. β is a factor that allows the scalar terms (terms with Γ = A 1 , the totally symmetric irreducible representation of T d ) to match the "usual" contributions like B 0 J 2 , etc. The order of each individual term is defined as Ω + Ω v -2. We deal with the effective Hamiltonians which are obtained, for a given polyad P k , by the projection of H on the P n Hilbert subspace:

H <Pn> = P <Pn> HP <Pn> (3) = H <Pn> {GS} + H <Pn> {P 1 } + . . . + H <Pn> {P k } + . . . + H <Pn> {P n-1 } + H <Pn> {Pn} .
In the case of silicon tetrafluoride, for which there is no simple relation between the fundamental band wavenumbers (which are all quite well isolated), we use the following effective Hamiltonians:

• The ground state effective Hamiltonian,

H <GS> = H <GS> {GS} . (4) 
• The ν 3 stretching fundamental effective Hamiltonian,

H <ν 3 > = H <ν 3 > {GS} + H <ν 3 > {ν 3 } . (5) 
• The ν 4 bending fundamental effective Hamiltonian,

H <ν 4 > = H <ν 4 > {GS} + H <ν 4 > {ν 4 } . (6) 
• The 2ν 4 bending overtone effective Hamiltonian,

H <2ν 4 > = H <2ν 4 > {GS} + H <2ν 4 > {ν 4 } + H <2ν 4 > {2ν 4 } . (7) 
In this case, the v 4 = 2 vibrational features three vibrational sublevels with respective symmetry A 1 , E and

F 2 since [F 2 ⊗ F 2 ] = A 1 +E +F 2 ([. . .]
representing the symmetric part of the direct product of the irreducible representation F 2 of the mode with itself). As a consequence, the H <2ν 4 > {2ν 4 } effective Hamiltonian contains three anharmonicity constants, as well as rovibrational operators corresponding to each of the three sublevels, but also to the interactions between them (see below).

Effective dipole moment

In order to calculate transition intensities, we also need to expand the effective dipole moment operator, in a very similar way to what we did recently in the case of the RuO 4 molecule [START_REF] Vander Auwera | Line intensity measurements and analysis in the ν 3 band of ruthenium tetroxide[END_REF]. This is again done using tensorial formalism, as described elsewhere [START_REF] Champion | Spherical top spectra[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 | Spherical top theory and molecular spectra[END_REF]. In short, this operator, just as the effective Hamiltonian, is expanded as a sum of rovibrational operators [START_REF] Champion | Spherical top spectra[END_REF]. In the case of the ν 3 stretching band, it appears here sufficient to expand it up to order one, which amounts to two operators and thus to two associated parameters to be fitted using experimental line intensities:

µ <ν 3 -GS> = µ 0 ν 3 + V 1(A 1 F 2 )F 2 {GS}{ν 3 } + µ 1 ν 3 R 1(1,0F 1 ) ⊗ -V 1(A 1 F 2 )F 2 {GS}{ν 3 } (F 2 ) , (8) 
where we used a simplified notation for the effective parameters. Here, µ 0 ν 3 is the dipole moment derivative relative to the q 3 normal mode coordinates and µ 1 ν 3 is a rovibrational contribution that corresponds to the usual Herman-Wallis factor. In the above Equation, the R and V symbols represent rotational and vibrational operators, just as in the case of the effective Hamiltonian operator, as described above. This two-parameter model is used in Section 4.2 below to fit µ 0 ν 3 and µ 1 ν 3 using experimental line intensities for the 28 SiF 4 isotopologue.

In the case of the ν 4 and 2ν 4 bands, we only consider here relative intensities. Thus, order 0 is sufficient and this leads in each case to a single parameter whose absolute value is not determined in the present study, so is is just fixed to 1.

µ <ν 4 -GS> = µ 0 ν 4 + V 1(A 1 F 2 )F 2 {GS}{ν 4 } , (9) 
µ <2ν 4 -GS> = µ 0 2ν 4 + V 2(A 1 F 2 )F 2 {GS}{2ν 4 } . ( 10 
)

Basis sets and line intensities

The calculation of the effective Hamiltonian and effective dipole moment matrix elements are performed in the coupled rovibrational basis

Ψ (Cv) v ⊗ Ψ (J,nCr) r (C) , (11) 
where Ψ (J,nCr) r is a rotational wavefunction with angular momentum J, rotational symmetry species C r and multiplicity index n; Ψ (Cv) v is a coupled vibrational basis set; C is the overall symmetry species (C = C v ⊗ C r ). In the present case, Ψ (Cv) v contains the relevant functions for the ν 3 or ν 4 normal modes of vibration, [START_REF] Königer | Molecular constants of SiF 4 , GeF 4 and RuO 4 . An improvement and the analysis of the IR-band contours of ν 3 (F 2 ) low temperature measurements and by using isotopically pure compounds[END_REF] with i = 3 or 4, v i and l i being the usual vibrational angular momentum quantum number for triply degenerate vibrations. In the case of the bending overtone band 2ν 4 , we have v 4 = 2 and (l 4 = 0,

Ψ (Cv) v = Ψ (v i ,l i ,n i Cv) σv
C v = A 1 ), (l 4 = 2, C v = E) or (l 4 = 2, C v = F 2 )
, corresponding to the three sublevels described above.

The effective Hamiltonian matrix is diagonalized numerically, and this leads to eigenfunctions obtained from H Ψ (J,C,α)

σ = E Ψ (J,C,α) σ , (13) 
where α = 1, 2, . . . numbers functions with the same symmetry C in a given J block. This eigenbasis set can be expanded in terms of the initial rovibrational basis set [START_REF] Clark | The vapor-phase Raman spectra, Raman band contour analyses, Coriolis constants, and force constants of spherical-top molecules MX 4 (M = Group IV element, X = F, Cl, Br or I)[END_REF] and is used to calculate the matrix elements of the effective dipole moment operator µ. The line intensity at temperature T for a transition at wavenumber ν if between an initial state i (with energy E i ) and a final state f is then obtained through:

S if (cm -1 /(molecule.cm -2 )) = 8π 3 hcQ ν if e - E i k B T 1 -e - hc ν if k B T α i ,α f Ψ (J i ,C i ,α i ) σ f µ Z Ψ (Jf,Cf,αf) σ f 2 , ( 14 
)
where Q is the total partition function at temperature T (calculated thanks to a simple harmonic approximation for vibration [START_REF] Jackson | Statistical thermodynamic properties of hexafluoride molecules[END_REF] and the rotational approximation for sphericaltop molecules given by McDowell in Ref. [START_REF] Mcdowell | Rotational partition function for spherical-top molecules[END_REF]), c the speed of light in vacuum, h Planck's constant and k B Boltzmann's constant. It is only needed to consider the µ Z component of the effective dipole moment in the laboratory-fixed frame [START_REF] Champion | Spherical top spectra[END_REF][START_REF] Boudon | Spherical top theory and molecular spectra[END_REF]. The line strength S if is expressed here in the so-called "HITRAN unit" [START_REF] Gordon | The HITRAN2016 Molecular Spectroscopic Database[END_REF] (that is cm -1 /(molecule.cm -2 )).

Analysis and discussion

Line positions for the ground state and ν 3 band

We started the analysis for 28 SiF 4 using initial parameters for the ground and v 3 = 1 states taken from the paper of Jörissen et al. [START_REF] Jörissen | The ν 3 fundamental of silicon tetrafluoride. Spectroscopy with laser sidebands[END_REF] and included in the STDS (Spherical-Top Data System) package [START_REF] Wenger | Spherical top data system (STDS) software for the simulation of spherical top spectra[END_REF], part of the XTDS (eXtended spherical-Top Data System) software [START_REF] Wenger | XTDS and SPVIEW: Graphical tools for the analysis and simulation of high-resolution molecular spectra[END_REF]. This led to a good initial spectrum simulation that allowed to assign many ν 3 lines from our new spectrum, thanks to the SPVIEW (Spectrum-View ) software [START_REF] Wenger | XTDS and SPVIEW: Graphical tools for the analysis and simulation of high-resolution molecular spectra[END_REF]. After several fits, simulations and new assignment sets, we finally reached a total of 3728 assigned lines for ν 3 itself, up to J = 80 (Ref. [START_REF] Jörissen | The ν 3 fundamental of silicon tetrafluoride. Spectroscopy with laser sidebands[END_REF] used 165 lines up to J = 45). For this, we used both the cold and room temperature spectra #1 to #4 described in Section 2.

We then performed a global fit of both the ground (v = 0) and v 3 = 1 state effective Hamiltonian parameters by including GS-GS, ν 3 -ν 3 and ν 3 -GS data altogether.

Concerning the ground state (v = 0), we used 19 double resonance rotational lines with high accuracy from Jörissen et al. (see Table 2 of Ref. [START_REF] Jörissen | The ν 3 fundamental of silicon tetrafluoride. Spectroscopy with laser sidebands[END_REF]). It should be noticed that this reference listed 20 such lines, since one J = 38 line was observed twice, without any further comment. We kept only the one with the lowest observed-calculated difference in our fit.

We also used double resonance rotational lines in the v 3 = 1 state from Jörissen et al. [START_REF] Jörissen | The ν 3 fundamental of silicon tetrafluoride. Spectroscopy with laser sidebands[END_REF]. The list in this reference included in fact 165 lines form a previous study by Takami and Kuze [START_REF] Takami | Infrared-microwave double resonance spectroscopy of the SiF 4 ν 3 fundamental using a tunable diode laser[END_REF] and 21 additional lines. However, their resulting list of 186 lines included 4 lines that were measured twice (two for J = 21, one for J = 22 and one for J = 39). Again, we eliminated the ones leading to the highest observed-calculated difference in our fit, giving finally 182 highly accurate purely rotational lines for ν 3 .

We obtained a very satisfying fit whose root mean square deviation is 5.7×10 -7 , 1.3×10 -6 and 0.219 × 10 -3 cm -1 for GS-GS, ν 3 -ν 3 and ν 3 -GS transitions, respectively. Ten ground state parameters and twenty ν 3 parameters, up to order 6, could be fitted. The results are given in Table 2.

[Table 2 here.] It was then possible to assign and fit, for the very first time, the two minor isotopologues, namely 29 SiF 4 and 30 SiF 4 . For this, we first perform simulations using 28 SiF 4 parameters that were simply shifted to place the Q branch at the correct isotopologue position, which is clearly visible in the 160 K spectrum (see Figure 1). Although the abundance of these two isotopologues is quite low, it was nevertheless relatively straightforward to assign their lines. For both of them, the GS parameters where fixed to the values of 28 SiF 4 , since the rotational lines, within a very good approximation, do not depend on the mass of the central isotope. Resulting v 3 = 1 effective Hamiltonian parameters and fit statistics for 29 SiF 4 and 30 SiF 4 are also given in Table 2. Parameters that could not be correctly fitted were kept fixed to 28 SiF 4 values.

Figures 2 and3 display the fit residuals for line positions for rotational ( 28 SiF 4 ) and rovibrational (all isotopologues) lines, respectively.

[Figure 2 here.] [Figure 3 here.] Figures 4 and5 show simulation examples, compared to the experimental spectrum at 160 K.

[Figure 4 here.] [Figure 5 here.] Figure 6 shows the reduced energy levels in the case of 28 SiF 4 , defined by

ν red = ν - Ω t Ω(0,0A 1 )A 1 A 1 {GS}{GS} (J(J + 1)) Ω/2 = ν -B 0 J(J + 1) + D 0 J 2 (J + 1) 2 -. . . , (15) 
i.e. we subtract the dominant scalar polynomial terms in order to enhance levels splittings due to molecular symmetry. We give both the calculated and observed reduced energy levels. Observed levels are simply levels reached by assigned transitions which are included in the fit. This gives a good idea of the sampling of the energy spectrum. The two other isotopologues lead to a very similar picture.

Line intensities for the ν 3 band

The intensities for the ν 3 band have been determined in two ways : total integrated band intensities were measured in HR spectra corresponding to four different pressures of SiF 4 in mixtures with a small added nitrogen amount (here about 3.5 mbar) to increase the total linewidth well above the width of the apparatus function (the OPD is here 882 cm, thus the width of the sinc function is here about 0.0007 cm -1 ). In this case, the temperature was estimated to be 155 K. The average value is 691 ± 27 km.mol -1 with a 95 % confidence interval, when taking into account Student's law correction.

The second method involves fitting some relatively isolated lines using the model presented earlier with a single, first order parameter and a Herman-Wallis correction for the dipole moment, as described in Section 3.2. The pure SiF 4 sample was used to determine the line positions, and the slightly nitrogen-broadened sample was used to retrieve the line intensities for a number of isolated transitions of 28 SiF 4 . In the fitting procedure, a Voigt profile was used, fixing the Gaussian contribution to the expected Doppler width value at the gas temperature (155 K, spectrum #8 from Table 1). At the measurement temperature, the effective N 2 broadening parameter was on the order of 0.14 cm -1 .atm -1 at 155 K. This was estimated from the evolution of the Lorentzian component of the Voigt profiles in spectra taken at about the same SiF 4 partial pressure and varied nitrogen broadening pressures (spectra #8 and 9 in Table 1 ).

The line intensity retrieval involved mono-spectrum softwares: the WS software [START_REF] Carleer | A Windows program to accurately measure the line intensities of high-resolution Fourier transform spectra. Remote sensing of clouds and the atmosphere[END_REF] was tested as well as the Bruker one, as the influence of the appartus function was found negligeable when using slight nitrogen pressure broadening. An example of the fit is given on Figure 7 for two lines of the P (21) cluster in the P branch. Note that weak lines from the hot bands still remain visible, even at 155K, and reduce the precision of the measurements. For the fit, the line intensities were weighted using experimental uncertainties. These ones involve several different factors: first, those on measurement parameters such as sample purity (< 1 %), path length (< 1 %), temperature (5/155 = 3 %) and pressure (1.2 %), were conservatively estimated. Secondly, the uncertainty on the fitting procedure is more difficult to quantify. By varying slightly the starting guesses and shapes of the neighboring lines, we can estimate and retain an uncertainty of about 10 %. Overall, this amounts to about 10 to 20 % and is implemented in our linelist for the fit, for each line. The complete line list, including uncertainties, is provided in the Appendix.

[Table 7 here.] We could use 83 lines to get a reasonable fit of the µ 0 ν 3 (dipole moment derivative) and µ 1 ν 3

(Herman-Wallis parameter), with a root-mean-square deviation of 5.1 %. We thus performed a simulation using a Voigt profile for all lines, at 155 K, a SiF 4 pressure of 0.226 mb and 3.606 mb of N 2 . Figure 8 displays the fit residuals.

[Figure 8 here.] Figure 9 displays the result of the comparison. For 29 SiF 4 and 3 SiF 4 , we use the same dipole moment parameters, assuming a negligible isotopic dependence at this level of approximation. The total partition function value is Q = 67353 and isotopic abundance values were taken as given in the Introduction.

[Figure 9 here.] It is possible to evaluate this result, by comparing with literature data. For the simulation of Figure 9, we thus used our effective dipole moment parameter with value:

µ 0(0,A 1 )A 1 F 2 (F 2 ) {GS}{ν 3 } = µ 0 ν 3 = ∂µ 3 ∂q 3 0 = 0.5444 Debye. ( 16 
)
Dipole moment parameter notations are not unified. In Refs. [START_REF] Patterson | Tunable laser diode study of the ν 3 band of SiF 4 near 9.7 µm[END_REF] and [START_REF] Fox | Transition moments in infrared-active fundamentals of spherical-top molecules[END_REF], respectively, the authors use the parameter

|µ 3 | = µ 01 = µ 0 ν 3 √ 3 ., (17) 
while authors in Ref. [START_REF] Burtsev | Integral intensities of absorption bands of silicon tetrafluoride in the gas phase and cryogenic solutions: Experiment and Calculation[END_REF] use

P 3 = µ 0 ν 3 . ( 18 
)
Int Table 3, we compare our value to those of the three above-cited references. Our value agrees well with the experimental one of Patterson et al. [START_REF] Patterson | Tunable laser diode study of the ν 3 band of SiF 4 near 9.7 µm[END_REF], which we took as the mean value of their four experimental measurements obtained using four isolated lines. This is significantly higher than the calculated values given in the two other references. In the same Table, we also compare our ν 3 band integrated intensity with the values given by Burtsev et al. [START_REF] Burtsev | Integral intensities of absorption bands of silicon tetrafluoride in the gas phase and cryogenic solutions: Experiment and Calculation[END_REF]. The agreement is reasonable.

[Table 3 here.] In addition, band integrated intensities for some weak combination or overtone transitions could be measured and are compared in Table 4 to theoretical predictions made in Ref. [START_REF] Hou | Overtone spectra and intensities of tetrahedral molecules in Boson realization models[END_REF] using a parametric model and the more recent measurements of Ref. [START_REF] Burtsev | Integral intensities of absorption bands of silicon tetrafluoride in the gas phase and cryogenic solutions: Experiment and Calculation[END_REF] made at lower resolution with SiF 4 at elevated pressure. If this latter study gives reference measurements for clearly isolated transitions, the smearing of the absorptions can make intensity measurements of weaker transitions neighboring strong ones difficult.

This comparison calls for a few comments: for strong or clearly isolated bands our results are completely consistent with those of Ref. [START_REF] Burtsev | Integral intensities of absorption bands of silicon tetrafluoride in the gas phase and cryogenic solutions: Experiment and Calculation[END_REF], but for some weak, neighboring lines (2ν 4 , ν 1 + 2ν 2 , ν 3 + 2ν 4 for instance) our results differ by more than the error bars. The weak activity of the ν 1 + 2ν 2 transition is likely due to a rotational resonance and could not be predicted by the model of ref [START_REF] Hou | Overtone spectra and intensities of tetrahedral molecules in Boson realization models[END_REF].

Line positions for the ν 4 band

In the same manner, we could analyze the ν 4 bending fundamental band. This is the first-ever detailed analysis of this band, never reported at high resolution before. Thus, there existed no previous values for the the effective Hamiltonian parameters. In this case, we fixed the ground state parameters to those obtained previously (see previous Section) for 28 SiF 4 thanks to the GS/ν 3 global fit. By tuning by hand the band center, Coriolis parameter and ∆B 4 = B 4 -B 0 values, it was possible to obtain an initial simulation allowing to assign the spectrum using SPVIEW [START_REF] Wenger | XTDS and SPVIEW: Graphical tools for the analysis and simulation of high-resolution molecular spectra[END_REF].

As a second step, the ν 4 assignments we included in a global fit with the 2ν 4 lines described in the next Section. We got an excellent fit of 22 effective Hamiltonian parameters for 28 SiF 4 , with a root mean square deviation of 0.261 × 10 -3 cm -1 for 4166 assignments up to J = 72. It was then possible to assign and fit the ν 4 band of 29 SiF 4 and 30 SiF 4 isotopologues (without 2ν 4 in this case). Table 2 summarizes the results. As in the case of ν 3 , parameters that could not be correctly fitted were kept fixed to 28 SiF 4 values. For this band, no attempt to study absolute line intensities was performed.

Fit residuals for line positions are shown in Figure 10. We can observe some small systematic polynomial deviation at high J values (lower end of the P branch and upper end of the R branch). However, no higher order parameter could be properly fitted. This may indicate some perturbation, maybe through an interaction with the ν 2 bending fundamental band. This cannot be confirmed at this stage, since this band has not yet been observed at high resolution (see Conclusion of this paper below).

[Figure 10 here.] Figure 11 compares the simulation to the experiment and Figure 12 shows the observed and calculated reduced energy levels, as for ν 3 (see explanation in the previous Section).

[Figure 11 here.] [Figure 12 here.]

4.4. Line positions for the 2ν 4 band Finally, we could also assign and fit the 2ν 4 overtone band of 28 SiF 4 for the first time. For this we used the effective Hamiltonian given by Eq. [START_REF] Mori | High SiF 4 /HF ratio detected in Satsuma-Iwojima volcano's plume by remote FT-IR observation[END_REF].

H <2ν 4 > {GS} and H <2ν 4 > {ν 4 }
parameters have been at first fixed to the values of the previous Sections (GS values from the GS/ν 3 global fit and ν 4 values from the ν 4 -only fit). By tuning by hand the anharmonicity values for the three vibrational sublevels (i.e the purely vibrational parameters of H <2ν 4 > {2ν 4 } ), it was possible to start line assignments. Then we performed a global fit of v 4 = 1 and v 4 = 2 parameters together. The resulting ν 4 parameters for 28 SiF 4 are reported in Table 2, as explained before. Concerning 2ν 4 , we could fit 15 additional parameters, for 505 assignments up to J = 59 with a root mean square deviation of 0.967 × 10 -3 cm -1 . The results are given in Table 5. The A 1 , E and F 2 sublevels are lying at 776.895, 777.433 and 777.063 cm -1 , respectively. We can notice that Heenan [START_REF] Heenan | The molecular structures of BrF 5 and IF 5 ; and vibrational potentials for some spherical top molecules[END_REF] calculated the position of the A 1 sublevel at 776.57 cm -1 (ν * value in Table 9c of this reference) from force-field calculations and fitted it to 776.86 cm -1 (Table 9b of this reference).

[Table 5 here.] Fit residuals for line positions are shown in Figure 13. Figure 14 compares the simulation to the experiment and Figure 15 shows the observed and calculated reduced energy levels.

[Figure 13 here.] [Figure 14 here.] [Figure 15 here.] Due to the weakness of the spectrum, it was not possible to analyze the 2ν 4 spectrum of 29 SiF 4 and 30 SiF 4 .

Isotopic dependence for the band centers and Coriolis coupling parameters

Recently, we published a study of approximate isotopic relations for band centers and Coriolis parameters for tetrahedral and octahedral spherical-top molecules [START_REF] Loëte | Isotopic relations for tetrahedral molecules[END_REF]. Here, we apply exactly the same theory to SiF 4 . The results are shown in Figure 16, which is similar to Figure 2 of Ref. [START_REF] Loëte | Isotopic relations for tetrahedral molecules[END_REF] concerning germane, GeH 4 . The reader can refer to this paper for detailed explanations. We can see that this simple extrapolation works well, giving reasonably small errors. As for the examples given in Ref. [START_REF] Loëte | Isotopic relations for tetrahedral molecules[END_REF], the best results are obtained by taking for the ζ 4 Coriolis parameter the value 1 -ζ exp 3 , since the ζ 3 + ζ 4 = 1/2 sum rule [START_REF] Mcdowell | Vibrational-rotational angular-momentum coupling in spherical-top molecules. II. General zeta sums[END_REF] is not accurately respected for the effective Hamiltonian parameters (around 0.49 for all isotopologues, instead of 0.5). We also recall that, following Refs. [START_REF] Robiette | The effective vibration-rotation Hamiltonian for triply-degenerate fundamentals of tetrahedral XY 4 molecules[END_REF][START_REF] Champion | Spherical top spectra[END_REF], our tensorial formalism Coriolis parameter is related to the "usual" ζ i (i = 3 or 4) constant through:

t 1(1,0F 1 ) {i}{i} = 3 √ 2(Bζ) i . (19) 
We use this relation to estimate the ζ i value, with the approximation

(Bζ) i B 0 ζ i , (20) 
B 0 being the ground state rotational constant. Using the values from Table 2, we find ζ 3 0.5357 and ζ 4 -0.047 for 28 SiF 4 . This is to be compared to the old values of Clark and Rippon [START_REF] Clark | The vapor-phase Raman spectra, Raman band contour analyses, Coriolis constants, and force constants of spherical-top molecules MX 4 (M = Group IV element, X = F, Cl, Br or I)[END_REF], that are 0.53 ≤ ζ 3 ≤ 0.63 and -0.08 ≤ ζ 4 ≤ -0.06. We can notice that Heenan had inverted these values [START_REF] Heenan | The molecular structures of BrF 5 and IF 5 ; and vibrational potentials for some spherical top molecules[END_REF].

Another approximation for this little study is that, since we do not know at this stage the anharmonicity constants for the ν 3 and ν 4 mode, then the harmonic wavenumber ω i (i = 3 or 4) is approximated by the fitted band center ν i from Table 2. For the other examples given in Ref. [START_REF] Loëte | Isotopic relations for tetrahedral molecules[END_REF], this has proved to be a reasonable approximation, leading to correct relative isotopic shifts.

[Figure 16 here.] We find respective isotopic shifts for the ν 3 and ν 4 band centers of ∆ν 3 -8.70 cm -1 /amu and ∆ν 4 -1.48 cm -1 /amu (where amu stands for "atomic mass unit"). A long time ago, in his thesis, Heenan (Table 9b of Ref. [START_REF] Heenan | The molecular structures of BrF 5 and IF 5 ; and vibrational potentials for some spherical top molecules[END_REF]) reported mean calculated values of ∆ν 3 -8.85 cm -1 /amu and ∆ν 4 -1.32 cm -1 /amu, which is very comparable.

The TFSiCaSDa database

We have set up a new database of calculated lines for the ν 3 stretching fundamental (the only one for which we can estimate absolute line intensities at present, thanks to the results presented in Section 4.2). It is named TFSiCaSDa (Tetra-Fluoro Silicon Calculated Spectroscopic Database), and contains data for the three isotopologues of SiF 4 . So far, data are accessible through the following url: https://vamdc.icb.cnrs.fr/PHP/SiF4.php, in the HITRAN2004 output format [START_REF] Rothman | The HITRAN 2004 molecular spectroscopic database[END_REF]. A total of 63 068 synthetic lines, in the range [993.9 cm -1 , 1049.3 cm -1 ] and for line intensities higher than 10 -23 cm -1 /molecule.cm -2 , have been collected in the database. They are represented in Figure 17.

[Figure 17 here.] Concerning line widths, we suggest to use an approximate air broadening coefficient γ air = 0.073 cm -1 /atm (based on a value of 1 for the temperature exponent).

Finally, TFSiCaSDa should be accessible through the VAMDC (Virtual Atomic and Molecular Data Centre) portal [START_REF] Dubernet | Virtual atomic and molecular data centre[END_REF][START_REF] Dubernet | the VAMDC Consortium, The Virtual Atomic and Molecular Data Centre (VAMDC) consortium for astrophysics[END_REF][START_REF] Moreau | The VAMDC Portal as a major enabled of atomic ans molecular data citation[END_REF] in the near future.

Conclusion

We have presented here the first detailed analysis of high-resolution spectra for the three isotopologues of SiF 4 , including the ground state, v 3 = 1, v 4 = 1 and v 4 = 2 states. For 28 SiF 4 itself, a global fit of the ground state, ν 3 -ν 3 and ν 3 bands on the one hand and of the ν 4 and 2ν 4 bands on the other hand have been performed. A fit of the ν 3 dipole moment derivative and an estimate of the integrated band intensity is provided for 28 SiF 4 . We could also study the band center and Coriolis coupling parameter isotopic dependence for the ν 3 and ν 4 normal modes. A database of calculated lines in the ν 3 region for both isotopologues has been set up.

However, some more work is still necessary to fully and quantitatively model the absorption in the ν 3 stretching region, which is the strongly absorbing atmospheric region used to monitor SiF 4 's abundance. As a matter of fact, this quite heavy molecule has many low-lying vibrational states, which are populated at room temperature (the ground state population at 296 K being only 30.7 %, while it is 74.9 % at 160 K, explaining why we barely see any hot band in our cold spectra), as illustrated by Figure 18.

[Figure 18 here.] In order to model the resulting hot bands in the ν 3 region, it is now necessary to study other vibrational states. Contrary to other tetrahedral molecules, the four fundamental bands are relatively isolated (we did not observe strong perturbations in the ν 3 spectrum, but likely a small one in the case of the ν 4 band at high J values, see Section 4.3). Thus, the ν 1 and ν 2 modes are not accessible through couplings with ν 3 and ν 4 , as in methane [START_REF] Nikitin | High resolution spectroscopy and the first global analysis of the Tetradecad region of methane 12 CH 4[END_REF] or germane [START_REF] Boudon | Line positions and intensities for the ν 3 band of 5 isotopologues of germane for planetary applications[END_REF]. We thus intend to reach these states through difference bands in the far-infrared regions, as for SF 6 [START_REF] Faye | High-resolution spectroscopy of difference and combination bands of SF 6 to elucidate the ν 3 + ν 1 -ν 1 and ν 3 + ν 2 -ν 2 hot band structures in the ν 3 region[END_REF]. This will give the main lower states of hot bands. Upper states of hot bands can be analyzed through combination bands. We already have high-resolution spectra for some of them, as illustrated in Figure 19. Their detailed analysis also requires the prior study of ν 1 and ν 2 .

[Figure 19 here.]
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Appendix: Line list for the intensity fit of 28 SiF 4 Table 6 gives the observed and calculated line positions and line intensities for the 83 transitions used in the intensity fit described in Section 4.2. Line intensities are given in cm -2 .atm -1 at 155 K, as used by the XTDS software [START_REF] Wenger | XTDS and SPVIEW: Graphical tools for the analysis and simulation of high-resolution molecular spectra[END_REF]. In this table, ∆I exp is the relative error for experimental measurements (see Section 4.2), while ∆I fit is the relative fit residual: Tables Table 1: Summary of experimental conditions adjusted for the seven spectra used in this study. 

∆I fit = 100 I exp -I calc I exp . (21) 
3 = 1 v 4 = 1
Notation of Robiette et al. [START_REF] Robiette | The effective vibration-rotation Hamiltonian for triply-degenerate fundamentals of tetrahedral XY 4 molecules[END_REF][START_REF] Champion | Spherical top spectra[END_REF] Level Ω(K, nC) Table 3: Effective dipole moment parameters for the ν 3 fundamental band of SiF 4 (using notation defined in Section 3.2), along with experimental (exp.) and calculated (calc.) integrated band intensity, compared to literature values. Standard deviation is indicated in parentheses, when available, in the unit of the last two digits.

Parameter

This Level Ω(K, nC)

{Γ v }{Γ v }Γ 28 SiF 4 Comments v 4 = 2 0(0,0A 1 ) A 1 A 1 A 1 2.84(12) ×10 -2 A 1 sublevel 2(0,0A 1 ) A 1 A 1 A 1 -6.86(39) ×10 -5 2(2,0E ) A 1 E E 2.54(35) ×10 -5 A 1 -E interaction 2(2,0F 2 ) A 1 F 2 F 2 -1.86(16) ×10 -5 A 1 -F 2 interaction 3(3,0F 2 ) A 1 F 2 F 2 0.0 † 0(0,0A 1 ) E E A 1 5.6639(46) ×10 -1 E sublevel 2(0,0A 1 ) E E A 1 8.93(75) ×10 -5 2(2,0E ) E E E 6.94(71) ×10 -5 3(3,0A 2 ) E E A 2 0.0 † 1(1,0F 1 ) E F 2 F 1 2.11(16) ×10 -3 E -F 2 interaction 2(2,0F 2 ) E F 2 F 2 -4.50(42) ×10 -5 E -F 2 interaction 3(1,0F 1 ) E F 2 F 1 -1.63(52) ×10 -7 E -F 2 interaction 3(3,0F 1 ) E F 2 F 1 0.0 † 3(3,0F 2 ) E F 2 F 2 0.0 † 0(0,0A 1 ) F 2 F 2 A 1 1.9641(19) ×10 -1 F 2 sublevel 1(1,0F 1 ) F 2 F 2 F 1 2.57(18) ×10 -4 F 2 Coriolis 2(0,0A 1 ) F 2 F 2 A 1 -4.90(49) ×10 -5 2(2,0E ) F 2 F 2 E 7.60(70) ×10 -5 2(2,0F 2 ) F 2 F 2 F 2 -4.97(59) ×10 -5 3(1,0F 1 ) F 2 F 2 F 1 0.0 † 3(3,0F 1 ) F 2 F 2 F 1 0.0 † Nb. data 505 
J max 39 
d RMS /10 -3 cm -1 0.967 † Fixed value. 
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Figure 2 :

 2 Figure 2: Observed-calculated line positions for the GS-GS and ν 3 -ν 3 rotational lines.

3 Figure 3 :

 33 Figure 3: Observed-calculated line positions for the ν 3 -GS rovibrational lines.

Figure 4 :

 4 Figure 4: Overview of the ν 3 spectrum (spectrum #2), compared to the simulation for all isotopologues. The insert details a part of the Q branch region.

Figure 5 :Figure 6 :

 56 Figure 5: Detail in the P branch of the ν 3 spectrum (spectrum #2), compared to the simulation for 28 SiF 4 .

Figure 7 :Figure 8 :

 78 Figure 7: Comparison of experimental spectrum (#8) recorded at 155 K and fit of two observed lines of the P (21) cluster. A Voigt line profile is supposed, with Gaussian contributions fixed at the Doppler broadening for all lines. The heights of the two bars represent the relative intensities of the two lines used in this region.The other lines do not correspond to isolated lines. The bottom trace presents the fit residual. Note that several weak lines from hot bands are present and not modeled here.

Figure 9 : 4 Figure 10 :

 9410 Figure9: Simulation of the ν 3 stretching region spectrum, compared to the experiment (spectrum #5) for all isotopologues at 155 K, with determination of the integrated intensity. The insert details a part of the R branch of28 SiF 4 . The lower panel displays the observed-calculated spectrum. A significant contribution to the difference comes from the hot bands which are not present in the simulation.

Figure 11 :Figure 12 :

 1112 Figure 11: Overview of the ν 4 spectrum (spectrum #10), compared to the simulation for all isotopologues. The insert details a part of the Q branch region.

4 Figure 13 : 1 F 2 Figure 14 :Figure 15 :

 413121415 Figure 13: Observed-calculated line positions for the 2ν 4 -GS rovibrational lines.

Figure 16 :

 16 Figure 16: Isotopic dependence of the ν 3 and ν 4 band centers and Coriolis parameters for SiF 4 . Calculations are performed starting with 28 SiF 4 values and the resulting extrapolation error for 30 SiF 4 is indicated. The calculation is done using both the experimental (in blue) and calculated (in green, through the zeta sum rule) ζ 4 value.

Figure 17 :Figure 19 :

 1719 Figure 17: Extracted line by line list plotted on a graph as shown at the TFSiCaSDa web page (https: //vamdc.icb.cnrs.fr/PHP/SiF4.php).

Table 2 :

 2 Effective Hamiltonian parameters for the ground vibrational state, ν 3 and ν 4 fundamental bands for all three isotopoplogues. Standard deviation is indicated in parentheses, in the unit of the last two digits.

  v

Table 4 :

 4 Comparison of measured and calculated band intensities for some SiF 4 vibrational bands. Uncertainty is given in parentheses, in the unit of the last digit, when available.

		work	Burtsev et al. [17] Patterson et al. [13] Fox & Person [38]
		(two methods)	Calculated	Mean on 4 lines	Measured
	µ 0 ν3 /Debye	0.5444(38)	0.421	0.525(28)	0.478(25)
	µ 1 ν3 /Debye	0.225(94) × 10 -3	-	-	-
	Nb. data	83	-	4	-
	J max	37	-	20	-
	d RMS /%	5.1	-	-	-
	Standard deviation	0.37	-	-	-
	Integrated intensity	691(27) exp.	700(30) exp.	-	-
	/km.mol -1	696 calc. †	690.6 calc. ‡	-	-

Table 5 :

 5 Effective Hamiltonian parameters for the 2ν 4 overtone band of 28 SiF 4 .

Table 6 :

 6 Experimental and calculated line positions ( ν) and line intensities (I) for the transitions used in the intensity fit in Section 4.2. Assignments use notations explained in Section 3.3. Double primes ( ) and primes ( ) represent lower-state and upper-state quantum numbers, respectively. The relative errors ∆Iexp and ∆I fit are defined in the Appendix.

	νexp	ν calc	Iexp	I calc	∆Iexp	∆I fit	Branch	J	C	α	J	C	α
	/cm -1		/cm -2 .atm -1 (155 K)	/%	/%							
	1031.5243 1031.5245 0.453	0.447	10%	1.3%	R	0	A 1	1	1	A 2	1
	1031.6513 1031.6515 0.475	0.445	10%	6.8%	R	1	F 1	1	2	F 2	1
	1032.8900 1032.8901 1.675	1.865	20%	-10.2%	R	11	F 1	2	12	F 2	2
	1033.2489 1033.2489 2.037	2.086	20%	-2.4%	R	14	F 2	3	15	F 1	2
	1029.1450 1029.1450 3.192	3.384	15%	-5.7%	P	17	A 2	1	16 A 1	4
	1029.0081 1029.0081 2.105	2.059	10%	2.2%	P	18	F 2	3	17	F 1	11
	1029.0049 1029.0049 2.083	2.059	10%	1.1%	P	18	F 1	3	17	F 2	11
	1028.8673 1028.8673 3.509	3.459	10%	1.4%	P	19	A 1	1	18 A 2	4
	1028.7282 1028.7282 3.305	3.468	10%	-4.7%	P	20	A 1	2	19 A 2	4
	1033.7250 1033.7250 2.150	2.207	15%	-2.6%	R	18	F 2	3	19	F 1	3
	1033.7224 1033.7224 2.196	2.207	15%	-0.5%	R	18	F 1	3	19	F 2	2
	1033.8396 1033.8396 3.961	3.680	15%	7.6%	R	19	A 1	1	20 A 2	1
	1028.5843 1028.5842 2.083	2.075	15%	0.4%	P	21	F 2	4	20	F 1	12
	1028.5893 1028.5892 2.241	2.075	10%	8.0%	P	21	F 1	4	20	F 2	13
	1028.4442 1028.4442 3.192	3.432	15%	-7.0%	P	22	A 2	2	21 A 1	4
	1033.9553 1033.9553 3.961	3.664	15%	8.1%	R	20	A 1	2	21 A 2	1
	1033.9490 1033.9523 2.150	2.198	15%	-2.2%	R	20	F 1	4	21	F 2	2
	1028.3060 1028.3059 3.169	3.390	10%	-6.5%	P	23	A 2	2	22 A 1	5
	1028.3097 1028.3096 2.150	2.034	15%	5.7%	P	23	F 2	4	22	F 1	14
	1034.0711 1034.0711 2.196	2.178	10%	0.8%	R	21	F 1	4	22	F 2	3
	1028.3117 1028.3117 1.992	2.034	15%	-2.1%	P	23	F 1	4	22	F 2	14
	1034.1818 1034.1818 3.486	3.579	15%	-2.6%	R	22	A 2	2	23 A 1	1
	1028.1651 1028.1650 1.924	2.000	15%	-3.8%	P	24	F 2	4	23	F 1	15
	1028.1578 1028.1578 1.901	2.000	20%	-4.9%	P	24	F 1	5	23	F 2	13
	1034.2978 1034.2978 3.554	3.515	15%	1.1%	R	23	A 2	2	24 A 1	1
	1028.0153 1028.0153 3.010	3.263	20%	-7.7%	P	25	A 1	2	24 A 2	5
	1028.0314 1028.0314 1.833	1.958	15%	-6.3%	P	25	F 2	4	24	F 1	15
	1028.0339 1028.0338 1.969	1.958	15%	0.6%	P	25	F 1	4	24	F 2	16
	1027.8783 1027.8782 3.078	3.181	10%	-3.2%	P	26	A 1	2	25 A 2	6
	1034.4116 1034.4115 2.060	2.062	10%	-0.1%	R	24	F 2	4	25	F 1	3
	1027.8836 1027.8835 2.060	1.908	20%	7.9%	P	26	F 2	5	25	F 1	15
	1027.8812 1027.8812 1.879	1.908	15%	-1.6%	P	26	F 1	4	25	F 2	16
	1027.7446 1027.7446 3.282	3.088	15%	6.3%	P	27	A 2	2	26 A 1	6
	1034.5312 1034.5311 1.992	2.008	15%	-0.8%	R	25	F 2	4	26	F 1	3
	1034.5332 1034.5331 2.105	2.008	15%	4.8%	R	25	F 1	4	26	F 2	4
	1027.7354 1027.7353 1.947	1.853	10%	5.1%	P	27	F 1	5	26	F 2	16
	1034.6453 1034.6452 3.192	3.246	15%	-1.7%	R	26	A 2	2	27 A 1	1
	1034.6346 1034.6346 3.146	3.246	15%	-3.1%	R	26	A 1	2	27 A 2	1
	1034.6389 1034.6389 1.969	1.947	20%	1.1%	R	26	F 2	5	27	F 1	3
	1034.6370 1034.6370 1.924	1.947	20%	-1.2%	R	26	F 1	4	27	F 2	3
	1034.7539 1034.7539 2.920	3.136	15%	-6.9%	R	27	A 2	2	28	A 1	2
	1027.4449 1027.4449 2.671	2.876	20%	-7.1%	P	29	A 2	2	28	A 1	6
	1027.4559 1027.4558 2.807	2.876	15%	-2.4%	P	29	A 1	2	28	A 2	6
	1034.7464 1034.7463 1.856	1.882	15%	-1.4%	R	27	F 1	5	28	F 2	3
	1027.3101 1027.3100 2.829	2.760	15%	2.5%	P	30	A 1	2	29	A 2	7
	1034.8661 1034.8660 2.037	1.811	15%	12.5%	R	28	F 2	4	29	F 1	4
	1027.3189 1027.3189 1.698	1.656	20%	2.5%	P	30	F 2	5	29	F 1	18
	1034.8629 1034.8628 1.720	1.811	10%	-5.0%	R	28	F 1	5	29	F 2	3
	1027.3170 1027.3169 1.811	1.656	15%	9.4%	P	30	F 1	4	29	F 2	19
	1034.9745 1034.9745 2.852	2.894	15%	-1.5%	R	29	A 1	2	30	A 2	1
	1034.9676 1034.9675 1.630	1.737	20%	-6.2%	R	29	F 2	5	30	F 1	3
	1027.1600 1027.1599 1.607	1.583	10%	1.5%	P	31	F 2	6	30	F 1	18
	1034.9696 1034.9695 1.766	1.737	20%	1.7%	R	29	F 1	6	30	F 2	3
	1027.1658 1027.1658 1.562	1.583	10%	-1.3%	P	31	F 1	5	30	F 2	19
	1027.0147 1027.0147 2.286	2.514	10%	-9.0%	P	32	A 2	2	31	A 1	7
	1027.0058 1027.0058 2.399	2.514	20%	-4.5%	P	32	A 1	3	31	A 2	6
									Continued on next page
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	νexp	ν calc	Iexp	I calc	∆Iexp	∆I fit	Branch	J	C	α	J	C	α
	/cm -1		/cm -2 .atm -1 (155 K)	/%	/%							
	1035.0754 1035.0753 1.698	1.659	15%	2.3%	R	30	F 2	6	31	F 1	3
	1026.8702 1026.8702 2.332	2.386	10%	-2.3%	P	33	A 2	2	32 A 1	7
	1035.1888 1035.1887 1.652	1.580	10%	4.6%	R	31	F 2	6	32	F 1	3
	1026.8637 1026.8637 1.562	1.431	20%	9.1%	P	33	F 2	6	32	F 1	19
	1026.8756 1026.8756 1.358	1.431	15%	-5.1%	P	33	F 2	5	32	F 1	20
	1035.1936 1035.1935 1.630	1.580	10%	3.2%	R	31	F 1	5	32	F 2	4
	1026.8782 1026.8782 1.358	1.431	15%	-5.1%	P	33	F 1	6	32	F 2	20
	1035.2979 1035.2978 2.445	2.498	10%	-2.1%	R	32	A 2	2	33 A 1	1
	1026.7358 1026.7357 2.286	2.257	15%	1.3%	P	34	A 1	2	33 A 2	8
	1026.7156 1026.7156 1.426	1.354	10%	5.3%	P	34	F 1	6	33	F 2	20
	1035.4075 1035.4074 2.354	2.362	10%	-0.3%	R	33	A 2	2	34 A 1	2
	1026.5678 1026.5678 2.173	2.127	15%	2.1%	P	35	A 1	2	34 A 2	7
	1026.5877 1026.5877 1.381	1.276	15%	8.2%	P	35	F 2	6	34	F 1	21
	1026.5905 1026.5905 1.358	1.276	15%	6.4%	P	35	F 1	5	34	F 2	22
	1026.4425 1026.4426 1.924	1.998	20%	-3.7%	P	36	A 2	2	35 A 1	8
	1026.4249 1026.4249 1.992	1.998	10%	-0.3%	P	36	A 1	3	35 A 2	7
	1026.4321 1026.4322 1.177	1.199	10%	-1.8%	P	36	F 2	6	35	F 1	22
	1026.4157 1026.4158 1.109	1.199	20%	-7.5%	P	36	F 1	7	35	F 2	20
	1026.4292 1026.4292 1.313	1.199	10%	9.5%	P	36	F 1	6	35	F 2	21
	1026.2885 1026.2885 1.924	1.871	10%	2.8%	P	37	A 2	2	36 A 1	8
	1035.6154 1035.6153 2.309	2.090	15%	10.5%	R	35	A 1	2	36 A 2	1
	1026.2765 1026.2765 1.222	1.123	15%	8.9%	P	37	F 1	7	36	F 2	22
	1035.7402 1035.7401 1.992	1.956	10%	1.8%	R	36	A 2	2	37 A 1	2
	1035.7258 1035.7257 1.969	1.956	10%	0.7%	R	36	A 1	3	37 A 2	2
	1035.7317 1035.7317 1.200	1.174	10%	2.2%	R	36	F 2	6	37	F 1	4
	1035.7293 1035.7292 1.177	1.174	10%	0.3%	R	36	F 1	6	37	F 2	4
	1035.8414 1035.8414 1.698	1.825	10%	-7.0%	R	37	A 2	2	38 A 1	2

† Integration of the simulated spectrum, see text. ‡ MP2 calculation with cc-pVQZ basis set.

† n.o. = not observed. ‡ Normalized on Ref.[START_REF] Burtsev | Integral intensities of absorption bands of silicon tetrafluoride in the gas phase and cryogenic solutions: Experiment and Calculation[END_REF].

, except for GS-GS and ν 3 -ν 3 for which it is in kHz.