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High-resolution Infrared Spectroscopy and analysis of the ν 2 /ν 4 bending dyad of Ruthenium Tetroxide
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RuO 4 is a heavy tetrahedral molecule of interest in several fields. Due to its chemical toxicity and radiological impact of its 103 and 106 isotopologues, the possible remote sensing of this compound in the atmosphere has renewed interest in its spectroscopic properties. We investigate here, for the first time at high resolution, the bending modes region in the far infrared. High resolution FTIR spectra have been recorded near room temperature, using a specially designed cell and an isotopically pure sample of 102 RuO 4 . New assignments and effective Hamiltonian parameter fits for the main isotopologue ( 102 RuO 4 ) have been performed, treating the whole ν 2 /ν 4 bending mode dyad. We provide precise effective Hamiltonian parameters, including band centers and Coriolis interaction parameters.

Introduction

Ruthenium tetroxide (RuO 4 ) is one of the few neutral tetroxide species. It is a heavy tetrahedral molecule, but is relatively volatile with a notable vapor pressure at room temperature. It is also a powerful oxidant and can be used in oxidation reactions [START_REF] Beattie | Ruthenium-catalyzed homogeneous oxidation processes[END_REF][START_REF] Masutani | Catalytic asymmetric and chemoselective aerobic oxidation: kinetic resolution of sec-alcohols[END_REF]. RuO 4 is quite reactive at room temperature and decomposes readily to produce RuO 2 films, which is used in the semiconductor industry [START_REF] Gatineau | A new RuO 4 solvent solution for pure ruthenium film depositions[END_REF]. Ru is also a fission product of uranium and can be created, under its volatile form RuO 4 , after an air inlet in the nuclear containment and can be used as a marker of air ingress in the reactor during a severe nuclear accident [START_REF] Mun | XPS investigations of ruthenium deposited onto representative inner surfaces of nuclear reactor containment buildings[END_REF][START_REF] Giordano | Recent advances in understanding ruthenium behaviour under air-ingress conditions during a PWR severe accident[END_REF][START_REF] Chatelard | ASTEC V2 severe accident integral code main features, current V2.0 modelling status, perspectives[END_REF]. For this reason, the possible remote sensing of this compound in the atmosphere has gained technological importance and motivated recent spectroscopic studies [START_REF] Reymond-Laruinaz | Infrared Spectroscopy of Ruthenium Tetroxide and High-resolution analysis of the ν 3 band[END_REF]. Besides this interest motivated by nuclear reactor technology, detailed studies of RuO 4 high resolution FTIR absorption spectrum present an interest for quantum chemistry, as it would provide vibrational and structural parameters as benchmarks for the modeling of heavy element compounds [8][START_REF] Pershina | Relativistic effects on the electronic structure and volatility of group 8 tetroxides MO 4 , where M=Ru, Os and Hs[END_REF][START_REF] Filatov | A gauge-independent zeroth order regular approximation to the exact relativistic Hamiltonian-formulation and applications[END_REF][START_REF] Hameka | Theoretical predictions of geometries and vibrational infrared spectra of ruthenium oxide molecules[END_REF][START_REF] Carbonnière | Vibrational behavior of tetrahedral d 0 oxocompounds: A theoretical study[END_REF][START_REF] Jose | Molecular and Vibrational Structure of Tetroxo d 0 Metal Complexes in their Excited States. A Study Based on Time-Dependent Density Functional Calculations and Franck-Condon Theory[END_REF][START_REF] Miradji | Thermodynamic Properties of Gaseous Ruthenium Species[END_REF].

For the low frequency bending modes, only low resolution vibrational studies of RuO 4 in the vapor (IR) or condensed (Raman) phases [START_REF] Levin | Low-temperature Raman spectra of solid osmium tetroxide and ruthenium tetroxide[END_REF][START_REF] Mcdowell | Vibrational Spectrum and Force Field of Ruthenium Tetroxide[END_REF] exist. These have, from band shape studies and force fields, approximately estimated band center positions, as well as rotational and Coriolis constants. These studies have been used ever since as benchmarks for ab initio calculations of vibrational properties [START_REF] Hameka | Theoretical predictions of geometries and vibrational infrared spectra of ruthenium oxide molecules[END_REF][START_REF] Carbonnière | Vibrational behavior of tetrahedral d 0 oxocompounds: A theoretical study[END_REF][START_REF] Jose | Molecular and Vibrational Structure of Tetroxo d 0 Metal Complexes in their Excited States. A Study Based on Time-Dependent Density Functional Calculations and Franck-Condon Theory[END_REF][START_REF] Miradji | Thermodynamic Properties of Gaseous Ruthenium Species[END_REF].

Up to now, only the strongly IR-active, ν 3 stretching fundamental has been investigated at highresolution (0.001 cm -1 ) and rotationally analyzed as an isolated band [START_REF] Reymond-Laruinaz | Infrared Spectroscopy of Ruthenium Tetroxide and High-resolution analysis of the ν 3 band[END_REF][START_REF] Snels | High-resolution Fourier-transform infrared spectroscopy of the ν 3 (F 2 ) fundamental of RuO 4[END_REF], with help of a 102 Rusample. Analysis of the rotational structure was made possible by the fact that oxygen atoms have no nuclear spin, implying that only A 1 and A 2 rovibrational levels are allowed, which makes the RuO 4 spectrum rotationally resolvable as, here, most rotational lines are isolated. Natural abundance ruthenium has seven isotopes: 104 Ru (18.7%), 102 Ru (31.6%), 101 Ru (17.0%), 100 Ru (12.6%), 99 Ru (12.7%), 98 Ru (1.88%), 97 Ru (5.52%) and, thus, use of an enriched 102 RuO 4 sample is necessary. An experimental high resolution study of RuO 4 in the far infrared is a specially challenging task and several difficulties must be overcome: the molecule is reactive and a special procedure must be used for the synthesis and handling of an isotopically enriched sample.

In this paper, we present new experimental results, using Synchrotron Radiation (SR) coupled to a high resolution FTIR spectrometer and a new long path cell made of inert materials to study the vibrational spectra of RuO 4 . High resolution (0.001 cm -1 ) spectra of the ν 2 /ν 4 region of pure 102 RuO 4 have been recorded. Using the tensorial formalism and methods developed previously [START_REF] Champion | 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][START_REF] Robiette | The effective vibration-rotation Hamiltonian for triply-degenerate fundamentals of tetrahedral XY 4 molecules[END_REF][START_REF] Wenger | XTDS and SPVIEW: graphical tools for the analysis and simulation of high-resolution molecular spectra[END_REF], spectra are analyzed in detail and compared to its heavier analogue, osmium tetroxide [START_REF] Louviot | High resolution spectroscopy and analysis of the ν 1/ ν 3 stretching dyad of osmium tetroxide[END_REF][START_REF] Louviot | High resolution stimulated Raman spectroscopy and analysis of the ν 1 band of osmium tetroxide[END_REF][START_REF] Louviot | High resolution spectroscopy and structure of osmium tetroxide: a benchmark study on 192 OsO 4[END_REF]. Assignments are performed up to high J rotational quantum number values. In Section 2 we present the experimental details of the FTIR spectra acquisitions. Section 3 recalls the basics of the theoretical model used for spherical-top molecules. We present the results of the analysis and discuss them in Section 4.

Experimental details and results

Sample preparation and handling. RuO 4 and a monoisotopic 102 RuO 4 sample have been prepared using the method of Ruff and Vidic [START_REF] Ruff | Wertigkeit des Rutheniums, Rutheniumtetroxyd und Ruthenium halogenid[END_REF], starting from Ru powder (Aldrich, 99.9%) or 102 Ru (Eurisotop, 99.8% enrichment), oxidized first to perruthenate by permanganate using alkaline fusion and, next, partly reduced in acidic solution. To eliminate unwanted impurities (water, carbon dioxide, etc), a slight variant in the preparation involved flowing the product from the warmed solution with dry nitrogen gas for trapping and distillation of the product over dried and outgassed magnesium perchlorate-filled traps to remove water condensate. Carbon dioxide traces were eliminated by pumping over the product maintained in a cold bath around -35°C. All preparative glassware must be completely grease-free, with Teflon seals and stopcocks. The products were kept in sealed glass flasks over magnesium perchlorate outgassed at 200°C in high vacuum. The sample was handled using equipment and handling procedures as described in [START_REF] Reymond-Laruinaz | Infrared Spectroscopy of Ruthenium Tetroxide and High-resolution analysis of the ν 3 band[END_REF].

Because of the weakness of the IR absorption in the bending mode region, a new, long path cell was designed in a simple White-configuration. As RuO 4 progressively decomposes in contact with metal or oxidizable surfaces, a special gas cell was made of glass for the cell cylindrical body, Teflon bellows for mirror steering or PTFE-coated aluminum alloy for the flanges. The cell was fitted with wedged KRS5 windows mounted with Teflon-coated silicone or Kalrez gaskets (Eriks, France). A triple-envelope glass cell body has been manufactured (Verrerie Soufflée Normalisée, Paris, France) with an inner volume of about 14 liters (15 cm ID × 80 cm length) surrounded by an annular cylindrical space for circulating a cooling gas and a third envelope for keeping an insulating vacuum (Figure 1). The metal flanges supporting the windows, mirror mounts and viewports were covered with a thick PTFE coating (STIM, Cachan, France) and the mirrors were mounted on Teflon bellows (Elkinger, Germany) allowing for travel and tilt adjustments. After various trials, it was found that gold coated-mirrors passivated with a thin, sub-micron homogeneous alumina layer (OPTIMASK, Morangis, France) could be used without catalyzing sample decomposition. The cell has an optical base length of 0.68m and a volume of about 14 liters. The optical path length can be varied between about 2.80 and 42 m. As in ref. [START_REF] Reymond-Laruinaz | Infrared Spectroscopy of Ruthenium Tetroxide and High-resolution analysis of the ν 3 band[END_REF], the cell and gas manifold were treated with a low pressure oxygen discharge and ozone to clean and passivate surfaces in contact with the gas. After four days in the cell, the product loss was about 30%.

The cell is coupled to the side compartment of the IFS 125HR (Bruker, Germany) of the AILES beamline, so that the insulating vacuum insulating the inner cell is that of the spectrometer. With two magnetic bearing turbopumps in operation, the residual vacuum (ca 5×10 -5 mbar) was good enough for our purpose. The infrared beam was extracted from and redirected into the spectrometer sample compartment with an f/12 transfer optics, to match the f/10 cell mirror optical aperture without risk of vignetting the IR beam.

Spectroscopic measurements.

The experiments were carried out on the AILES Beamline of synchrotron Soleil, with the IFS 125 Bruker interferometer coupled to the SR source. Two spectra were recorded, one with 5.44 m and 0.2 mbar sample pressure and a second with 19.04 m path length and the same pressure for a better recording of the weaker lines. The resolution used was 0.00102 cm -1 (Bruker definition, Res = 0.9/MOPD, where MOPD = 882cm) with no apodization ("boxcar" software option), 5.06 cm/s scanner velocity, a Si/6µm Mylar beamsplitter and a liquid Helium-cooled Bolometer, using a 650 cm -1 low-pass filter. For each spectrum 296 and 240 interferograms, respectively, were averaged in a total recording time of about 27 hours and processed against a background of the empty cell taken at the same temperature at 0.1 cm -1 resolution. Another spectrum was recorded at 0.0025cm-1 resolution with natural RuO 4 , using the Globar source of the spectrometer, 570 interferograms were averaged over about 30 hours measurement time, corresponding to two refills of the cell with a pressure of about 0.13 mbar. Spectra were zero-filled, corrected for channelling effects and calibrated using well-known H 2 O and CO 2 rotational lines [START_REF] Rothman | The HITRAN 2004 molecular spectroscopic database[END_REF].

Experimental results. Figure 2 presents a survey of the whole bending region, recorded with a moderate 0.2 × 544 mbar.cm pressure × optical path length product. Note that the product decays slowly during the experiment. After passivation, the half-life is more than 96 h. , respectively [START_REF] Mcdowell | Vibrational Spectrum and Force Field of Ruthenium Tetroxide[END_REF]). It is obvious from the spectrum that the ν 2 m o d e g a i n s s u b s t a n t i a l IR i n t e n s i t y f r o m t h e n e i g h b o r i n g F 2 mode, which is possible through Coriolis coupling. This leads to a vibrational dyad structure that will be discussed later.

Theoretical model

The theoretical model described below to develop the Hamiltonian operator is based on the tensorial formalism and vibrational extrapolation methods used in Dijon. These methods have already been explained for example in Refs. [START_REF] Champion | 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][START_REF] Wenger | XTDS and SPVIEW: graphical tools for the analysis and simulation of high-resolution molecular spectra[END_REF]. Only the basic principles and their application to the case of a tetrahedral molecule are recalled here. If we consider an XY 4 molecule for which the vibrational levels are grouped into a series of polyads designed by P k (k =0,…,n ), P 0 being the ground state (GS), the Hamiltonian operator can be put in the following form (after performing some contact transformations):

(

Terms like contain rovibrational operators which have no matrix element within the P k ′ > k basis sets. The effective Hamiltonian for polyad P n is obtained by projecting H in the P n Hilbert subspace, i.e.

(2)

The different terms are written in the form [START_REF] Gatineau | A new RuO 4 solvent solution for pure ruthenium film depositions[END_REF] In this equation, the are the parameters to be determined, while and are vibrational and rotational operators of respective degree Ω v and Ω . Their construction is described in Ref. [START_REF] Wenger | XTDS and SPVIEW: graphical tools for the analysis and simulation of high-resolution molecular spectra[END_REF]. Again, the vibrational operators only have matrix elements within the P k ′≤k basis sets. β is a factor that allows the scalar terms (Γ = A 1 ) to match the usual terms like B 0 J 2 , etc. The order of each individual term is Ω + Ω v -2 . Such a Hamiltonian development scheme enables the treatment of any polyad system. The ν 2 and the ν 4 harmonic wavenumbers being close to each other, as mentioned above, we a priori consider that the two stretching fundamentals form a ν 2 / ν 4 dyad, just as for the OsO 4 case [START_REF] Louviot | High resolution spectroscopy and structure of osmium tetroxide: a benchmark study on 192 OsO 4[END_REF]. Thus, we build up the following effective Hamiltonians:

•The ground state (polyad P 0 ) effective Hamiltonian.

(4)

•The ν 2 / ν 4 bending dyad (P 1 effective Hamiltonian) effective Hamiltonian.

(5)

A dipole moment operator for ν 2 / ν 4 is developed in the same way (see for instance [START_REF] Wenger | XTDS and SPVIEW: graphical tools for the analysis and simulation of high-resolution molecular spectra[END_REF] for details about its construction). In the present work, it is expanded at the minimum order for this stretching dyad, giving only one parameter which is the dipole moment derivative of ν 4 (see Section 4). Here a vibrational basis restricted to the ν 2 and ν 4 modes is used: [START_REF] Chatelard | ASTEC V2 severe accident integral code main features, current V2.0 modelling status, perspectives[END_REF] i.e. a three dimensional harmonic oscillator wavefunction for the triply degenerate mode ν 4 with vibrational angular momentum l 4 and a two dimensional one for the mode ν 2 is used. The Hamiltonian and dipole moment matrix elements are calculated in the coupled rovibrational basis: [START_REF] Reymond-Laruinaz | Infrared Spectroscopy of Ruthenium Tetroxide and High-resolution analysis of the ν 3 band[END_REF] is a rotational wavefunction with angular momentum J, rotational symmetry species C r and multiplicity index n (see Ref. [START_REF] Boudon | Symmetry-adapted tensorial formalism to model rovibrational and rovibronic spectra of molecules pertaining to various point groups[END_REF]), while C is the overall symmetry species (C = C v C r ).

Analysis

Due to the overlap of the different isotopologue spectra, it is not possible to reliably assign lines with a natural abundance spectrum. Thus, an isotopically pure sample of 102 RuO 4 was studied, allowing much easier assignments. A preliminary simulation for 102 RuO 4 only was performed, using the XTDS software [START_REF] Ruff | Wertigkeit des Rutheniums, Rutheniumtetroxyd und Ruthenium halogenid[END_REF], which implements the formalism described in the previous section, starting from first guess Hamiltonian parameters, adapted from ref 7 and 24, and estimating first the Coriolis constants from the well-known sum rule and relations [28]. In particular, from ref 7, the Coriolis constant 3 could be determined as 0.1943, thus, since 3 + 4 ≈ 0.5, 4 =0.3057 was taken as a starting value and thus a parameter value was assumed. In the following, the ground state effective Hamiltonian was expanded up to order zero only, since we have no precise spectroscopic ground state data. Unlike for OsO 4 , we found no experimental gas phase spectroscopic determination of the bond length, but a recent X-Ray diffraction study of crystalline RuO 4 exists [29]. The authors found two distinct crystalline phases, in which RuO 4 , although distorted from tetrahedral symmetry, presents an average bond length of 1.697±0.004Å. The crystal structure has been obtained at low temperature (170K) and the bond distance should not be too different from that of the vibrational ground state. It has thus be used here as a starting point for the molecular equilibrium structure. The single ground state parameter used here, namely the B 0 rotational constant, was therefore fixed to 0.135794 cm -1 , deduced from Ref. [29]. Due to the lack of references concerning intensities, we adapted manually an estimated value for the dipole moment parameter, in order to match roughly the experimental spectrum using the SPVIEW software [START_REF] Ruff | Wertigkeit des Rutheniums, Rutheniumtetroxyd und Ruthenium halogenid[END_REF]. Next, the ν 4 band center value was varied stepwise, to match approximately the onset of the strong Q branch in the 335.5 cm -1 vicinity. The general shape (contour, relative intensities) of the dyad was very understandably strongly dependent upon the energy interval between effective band centers and the extent of the Coriolis interaction. Again, since 24 = [ (1+2 3 )] 1/2 in a first approximation [28], a starting value of -0.292144 was assumed for the parameter. As will be seen later, the actual values for and depart only by -5 and +8 % from these starting guesses. For other parameters, the starting guesses were inspired by corresponding values in our 192 OsO 4 study [START_REF] Louviot | High resolution spectroscopy and analysis of the ν 1/ ν 3 stretching dyad of osmium tetroxide[END_REF][START_REF] Louviot | High resolution stimulated Raman spectroscopy and analysis of the ν 1 band of osmium tetroxide[END_REF][START_REF] Louviot | High resolution spectroscopy and structure of osmium tetroxide: a benchmark study on 192 OsO 4[END_REF], but vary more substantially. Below 320 cm -1 the most prominent feature is the ν 2 Q-branch, constituted by relatively evenly spaced line clusters split by centrifugal effects. These clusters all correspond to relatively high J values (J≥20) as the coupling and thus intensity transfer originates from a rotational Coriolis effect. The assignment of the first observable line cluster is by no means obvious and, in a first step, the band center positions and magnitude of the coupling parameters were varied manually, until the relative intensities and Q branch positions reproduced approximately the observation. At this point, the simulated spectrum could reproduce well enough the positions of the low J values transitions in the P and R-branches of the ν 4 so that lines could be assigned at low J values and the rotational and distortion constants, as well as band centers were fitted. This led to better simulations and more lines could be assigned, with increasing J values. This procedure was repeated until no more lines could be assigned. The ν 2 /ν 4 effective Hamiltonian was finally expanded up to order 4 and 6, respectively. The results for the fitted effective Hamiltonian parameters are shown in Table 1. For ν 2 6 parameters, for ν 4 17 parameters and two interaction parameters were necessary. Attempts at increasing the Hamiltonian parameter order did not converge to meaningful values for the additional parameters introduced in the model. Finally, the obtained root mean square deviation (d R M S ) is 0.7 ×10 -3 cm -1 for all 1037 assigned transitions (J max = 88). Fig. 3 shows a global comparison and P-and R-branch details between the simulation and the experimental spectrum of the 102 RuO 4 , while Fig. 4 show details in the ν 2 a n d ν 4 Q branches. It should be noted that the rotational resonance affecting the dyad is not entirely described by the model. In particular, when a good fit is obtained on the ν 4 R-, Q-and first part (J<26) of the Pbranches, as well as the P branch of the ν 2 itself, the simulations of the ν 2 Q-branch and the closest part of the ν 4 P branch presented as small offset, which could not be eliminated by adjusting any of the parameters here. While the model is successful at reproducing the broad picture (figure 4, top), it is clear that further refinement would be needed to account entirely of the spectrum in all details. Our attempts at correcting this using any of the effective Hamiltonian parameters listed were not successful and here other ground state parameters remain undetermined. As the bending levels are the lowest vibrational levels above the ground state, the closest vibrational states are combinations or overtones of these at about twice their energies, thus any vibrational resonance seems very unlikely. Perhaps a more complete modeling should include the ν 3 level as well, as a Coriolis coupling linking it with ν 2 can also exist. Given the large energy difference between ν 2 and ν 3 this was ignored here. 

Conclusions

We have performed the first detailed FTIR high resolution spectroscopic investigation of the 300-350 cm -1 bending region of 102 RuO 4 , the major isotopologue of ruthenium tetroxide. The spectrum was analyzed in detail. Our analysis covers the range of line assignments to high J values (88). The effective Hamiltonian parameters determined in this work will allow generating reasonable simulation for all RuO 4 isotopologues, including the radioactive isotopologues 103 RuO 4 and 106 RuO 4 . The parameters and simulations can be obtained thanks to the XTDS software [START_REF] Ruff | Wertigkeit des Rutheniums, Rutheniumtetroxyd und Ruthenium halogenid[END_REF]. It has been updated with the present results and can be downloaded from the Dijon spectroscopy group's web page: http://icb.u-bourgogne.fr/departement/omr/spectroscopie-moleculaire-processus-collisionnels-etapplications/

It is clear that this study leads to a more precise determination of the spectroscopic molecular parameters for the ν 2 and ν 4 vibrational modes of RuO 4 (Table 1). A complete line list with attributions is available as supplementary material (S1). It is a first step on the way to a more precise structural parameters of this important benchmark molecule. This molecule poses also many challenging questions to ab initio quantum chemical calculations, as a recent study points out [START_REF] Miradji | Thermodynamic Properties of Gaseous Ruthenium Species[END_REF]. Among other properties, the predicted bond length varies substantially from one method to the next and is calculated always shorter. The predicted fundamental frequency ordering is also methoddependent [12 -14]. The present study provides a very reliable estimate for the ν 4 fundamental band center, but the ν 2 is less precisely determined and might shift by some hundredths of wavenumbers if all interactions were taken into account.
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 1 Figure 1. Schematic View cut of the glass and Teflon multi pass cell built for the experiment. 1-Wedged KRS5 windows. 2-Teflon Bellows. 3-Field mirror. 4-Objective Mirrors. 5-PTFE-coated flanges. 6-Passivated capacitance Pressure Gauge [7].

Figure 2 .

 2 Figure 2. Survey of the 300-360 cm-1 ν 2 /ν 4 bending region of 102 RuO 4 for a sample pressure of about 0.20 mbar and a path length of 5.44m, Residual water vapor lines have been subtracted out for clarity.

RuO 4 ,

 4 like other tetrahedral spherical top molecules (T d point group), possesses four normal modes of vibration: one non-degenerate mode with A 1 symmetry (ν 1 ), one doubly degenerate mode with E symmetry (ν 2 ), and two triply degenerate modes with F 2 symmetry (ν 3 and ν 4 ). Only F 2 fundamentals are infrared active, in a first approximation, but the other modes can gain some absorption intensity through couplings with the F 2 modes. If the ν 1 and ν 3 stretching fundamental wavenumbers are relatively far apart (885.0 and 921.0 cm -1 , respectively, for 102 RuO 4 , see ref. 7), the ν 2 and ν 4 bending fundamental wavenumbers are much closer to each other and both are located in the far infrared region (about 314 and 336 cm -1

Figure 3 :

 3 Figure 3: Top: Simulation of the ν 2 stretching mode of 102 RuO 4 , compared to the experiment. Middle: global view of the bending dyad, compared to the experiment. Bottom: detail in the R branch of the ν 4 region of 102 RuO 4 .

Figure 4 :

 4 Figure 4: Detail in the Q branch of the ν 4 region of 102 RuO 4 , compared to the simulation.
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