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Three uranyl borates, UO 2 B 2 O 4 , LiUO 2 BO 3 and NaUO 2 BO 3 , have been prepared by solid state syntheses. The influence of the crystallographic structure on the splitting of the empty 5f and 6d states have been probed using High Energy Resolved Fluorescence Detected X-ray Absorption Spectroscopy (HERFD-XAS) at the uranium M 4 -edge and L 3 -edge respectively. We demonstrate that the 5f splitting is increased by the decrease of the uranyl U-O ax distance, which in turn correlates with an increased bond covalency. This is correlated to the equatorial coordination change of the uranium. The role of the alkalis as charge compensating the axial oxygen of the uranyl is discussed.

Introduction

Uranyl chemistry, which refers to the linear complex ion [U V I O 2 ] 2+ , is rich and has lead so far to more than 4000 chemical complexes [START_REF] Hayton | Understanding the origins of O yl -U-O yl bending in the uranyl (UO 2+ 2 ) ion[END_REF] and more than 350 crystalline structures [START_REF] Burns | U 6+ minerals and inorganic compounds: insights into an expanted structural hierarchy of crystal structures[END_REF]. This relies mainly on the reactivity in the equatorial plane (perpendicular to trans covalently bounded U-oxo groups) with many types of ligands. Considering oxygen equatorial bonds, the formed uranyl coordination polyhedra are listed as bipyramids with 4, 5 or 6 equatorial ligands, which we will refer to as UO 6 , UO 7 and UO 8 polyhedra respectively. In crystals, UO 7 polyhedra are the most prevalent forms of coordination [START_REF] Burns | U 6+ minerals and inorganic compounds: insights into an expanted structural hierarchy of crystal structures[END_REF]. Borate uranyl compounds is a family that has received an important interest over the last decade extending from a few first uranyl borates reported [START_REF] Hoekstra | Uranyl Metaborate and Sodium Uranyl Borate[END_REF][START_REF] Behm | Hexapotassium (cyclo-octahydroxotetracosaoxohexadecarborato)dioxouranate(VI) dodecahydrate[END_REF][START_REF] Gasperin | Structure du borate d'uranium UB 2 O 6[END_REF][START_REF] Gasperin | Synthèse et structure du borouranate de sodium, NaBUO 5[END_REF][START_REF] Gasperin | Synthèse et structure du borouranate de lithium LiBUO 5[END_REF][START_REF] Popa | Heat capacity, thermal expansion, and thermal diffusivity of NaUO 2 BO 3[END_REF] till more than 50 reported structures today [START_REF] Wang | Crystal Chemistry of the Potassium and Rubidium Uranyl Borate Families Derived from Boric Acid Fluxes[END_REF][START_REF] Wang | How are Centrosymmetric and Noncentrosymmetric Structures Achieved in Uranyl Borates?[END_REF][START_REF] Wang | Polarity and Chirality in Uranyl Borates: Insights into Understanding the Vitrification of Nuclear Waste and the Development of Nonlinear Optical Materials[END_REF][12][START_REF] Wang | Structure-Property Relationships in Lithium, Silver, and Cesium Uranyl Borates[END_REF][START_REF] Silver | Evaluation of f-element borate chemistry[END_REF]. Interestingly, within the uranyl borate familly, UO 8 groups are the most prevalent [START_REF] Wang | Structure-Property Relationships in Lithium, Silver, and Cesium Uranyl Borates[END_REF][START_REF] Hunault | Speciation Change of Uranyl in Lithium Borate Glasses[END_REF]. It is argued that the small size of the borate ligand eases the equatorial 6-fold coordination. Would it be only the result of a steric effect? UO 6 and UO 7 groups also occur within the borate family [START_REF] Pace | Crystal Growth of Alkali Uranyl Borates from Molten Salt Fluxes: Characterization and Ion Exchange Behavior of A 2 (UO 2 )B 2 O 5 (A = Cs, Rb, K)[END_REF]. Comparison between the relatively simple structures of UO 2 BO 4 and AUO 2 BO 3 (A = alkali ion) shows that despite similar layered structures of uranyl chains, the presence of alkali influences the coordination of the uranyl from UO 8 to UO 7 . The equatorial coordination change of uranyl has also been observed in lithium borate glasses [START_REF] Hunault | Speciation Change of Uranyl in Lithium Borate Glasses[END_REF]. While the idea of an inert axial oxygen of the uranyl persists until today [START_REF] Neidig | Covalency in f-element complexes[END_REF], the reactivity of the axial oxygen has been an increasing subject of research [START_REF] Baker | New Reactivity of the Uranyl(VI) Ion[END_REF] and subsequent evidences have been reviewed for instance by Fortier and Hayton [START_REF] Fortier | Oxo ligand functionalization in the uranyl ion (UO 2+ 2 )[END_REF]. In particular, interactions with the axial oxygen atoms and alkalis are already found in simple crystalline compounds such as Li 2 UO 4 , Na 2 UO 4 , K 2 U 2 O 7 , and AEUO 4 (AE = Mg, Ca, Sr, Ba) [START_REF] Fortier | Oxo ligand functionalization in the uranyl ion (UO 2+ 2 )[END_REF].

This study aims at probing the influence of the equatorial coordination shell and determining the effect of the nature of the alkali counterion in contact with the axial oxygen of the uranyl on the 5f electronic structure and on the uranyl trans-dioxo bond covalency. To serve this goal, we chose the relatively simple and wellknown UO 2 BO 4 and AUO 2 BO 3 (A = Li and Na) uranyl borate compounds and we report their synthesis and spectroscopic study. We used X-ray Absorption Near Edge Spectroscopy (XANES) to determine the influence of the uranyl local structure on the 5f and 6d empty levels and to provide for the first time the unequivocal proof of the relation between both. So far, there has been an important amount of experimental and theoretical work demonstrating the relation between the uranyl bond length and uranium L 3 -edge absorption spectra [START_REF] Hunault | Speciation Change of Uranyl in Lithium Borate Glasses[END_REF][START_REF] Jollivet | Evolution of the uranium local environment during alteration of SON68 glass[END_REF][START_REF] Allen | NMR, Raman, EXAFS, and X-ray diffraction studies of uranyl carbonate complexes in near-neutral aqueous solution[END_REF][START_REF] Den Auwer | Investigating Actinyl Oxo Cations by X-ray Absorption Spectroscopy[END_REF][START_REF] Zhang | Extraction of local coordination structure in a low-concentration uranyl system by XANES[END_REF]. The correlation with the number of equatorial oxygens have also been identified [START_REF] Hunault | Speciation Change of Uranyl in Lithium Borate Glasses[END_REF]. Uranium M 4 -edge absorption spectroscopy has regained a large interest in the last 10 years for the effective increase of the energy resolution provided by the use of an emission spectrometer (High-Energy Resolution Detected Fluorescence, HERFD, mode) and allows revealing numerous sharp features assigned to the empty 5f levels [START_REF] Hunault | Speciation Change of Uranyl in Lithium Borate Glasses[END_REF][START_REF] Vitova | The role of the 5f valence orbitals of early actinides in chemical bonding[END_REF][START_REF] Kolorenč | Theoretical Modelling of High-Resolution X-Ray Absorption Spectra at Uranium M4 Edge[END_REF]. It has been essentially used to decipher between oxidation states of uranium [START_REF] Kvashnina | Chemical State of Complex Uranium Oxides[END_REF][START_REF] Leinders | Evolution of the Uranium Chemical State in Mixed-Valence Oxides[END_REF][START_REF] Bès | New insight in the uranium valence state determination in U y Nd 1-y O 2±x[END_REF]. Yet among all data published so far, no systematic study of the relationship between the uranyl structure and the spectroscopic properties have been conducted. Here, we used uranium M 4 -edge High Energy Resolved Fluorescence Detected X-ray Absorption Spectroscopy (HERFD-XAS) to evidence the changes in the uranium 5f electronic structure in relation with the atomic structure. After a detailed description of the crystalline structures, the L 3 -and M 4 -edge HERFD-XANES spectra are discussed.

Materials and Methods

Syntheses

The three compounds, UO 2 B 2 O 4 (hereinafter referred to as UBO), LiUO 2 BO 3 (LUBO) and NaUO 2 BO 3 (NUBO) have been synthesized by solid state syntheses following previous works from Hoekstrea et al. [START_REF] Hoekstra | Uranyl Metaborate and Sodium Uranyl Borate[END_REF] and Gasperin [START_REF] Gasperin | Structure du borate d'uranium UB 2 O 6[END_REF][START_REF] Gasperin | Synthèse et structure du borouranate de sodium, NaBUO 5[END_REF][START_REF] Gasperin | Synthèse et structure du borouranate de lithium LiBUO 5[END_REF]. In details, we used U 3 O 8 uranium oxide (Orano, nuclear grade), H 3 BO 3 (sigma-aldrich, 99.5%), and the respective alkali carbonates (Alfa Aesar, 99% and 99.5% purity for Li and Na carbonates respectively). Caution! Although the uranium precursor used contained depleted uranium, standard safety measures for handling radioactive substances must be followed. The following steps are done in a fume hood. For each compound, reactant-grade powders were weighted according to stoichiometric ratios, grounded together in a mortar and pressed into a pellet. The obtained pellet was placed in a alumina crucible and heated 10 hours in a furnace flushed with dry air at 900 • C. Resulting powders show various colors ranging progressively from greenish-grey for UBO to yellow for NUBO as illustrated in Figure 1. These colors agree with the indications found in earlier works [START_REF] Gasperin | Structure du borate d'uranium UB 2 O 6[END_REF][START_REF] Gasperin | Synthèse et structure du borouranate de sodium, NaBUO 5[END_REF][START_REF] Gasperin | Synthèse et structure du borouranate de lithium LiBUO 5[END_REF].

We note that despite several attempts to apply the synthesis routes described by Gasperin, we were not able to obtain large single crystals. Phase purity was confirmed by powder X-ray diffraction (PXRD). Powder X-ray diffraction analyses were carried out on a Bruker D8 advance in the θθ Bragg-Brentano geometry using a filtered Cu Kα radiation. The diffractograms were collected from 10 • to 80 • with a 0.2 • step and an acquisition time of 0.5 sec. Rietveld refinements (profile and lattice parameters) were performed with the Fullprof Suite based on strutural models established by Gasperin [START_REF] Gasperin | Structure du borate d'uranium UB 2 O 6[END_REF][START_REF] Gasperin | Synthèse et structure du borouranate de sodium, NaBUO 5[END_REF][START_REF] Gasperin | Synthèse et structure du borouranate de lithium LiBUO 5[END_REF]. Structure drawings were produced using VESTA software [START_REF] Momma | VESTA 3 for three-dimensional visualization of crystal, volumetric and morphology data[END_REF]. 

X-ray Absorption Spectroscopy

X-ray absorption spectra were measured at the MARS beamline at the SOLEIL synchrotron (Saint-Aubin, France) [START_REF] Sitaud | Characterization of radioactive materials using the MARS beamline at the synchrotron SOLEIL[END_REF][START_REF] Llorens | X-ray absorption spectroscopy investigations on radioactive matter using MARS beamline at SOLEIL synchrotron[END_REF]. The storage ring was operating in top-up mode at an electron current of 500 mA, 2.5 GeV. XAS at the U M 4 -edge (3.7 keV) was measured using the Double Crystal Monochromator (DCM) equiped with a pair of Si(111) crystals. Higher harmonics rejection and vertical focusing was achieved using the Si strip of the two mirrors inserted before and after the DCM with a 4 mrad incidence angle. The incident energy was calibrated using the absorption K-edge of potassium in a KBr pellet (3.6 keV). XAS at the U L 3 -edge (17.2 keV) was measured using the DCM equiped with a pair of Si(220) crystals. Higher harmonics rejection and vertical focusing was achieved using the Pt strip of the two mirrors inserted with a 3.1 mrad incidence angle. The incident energy was calibrated using the absorption K-edge of a yttrium metallic foil (17.038 keV). HERFD-XANES was measured using an emission spectrometer in the Rowland geometry and a KETEK single element silicium solid state detector. The samples were oriented at 45 • with respect to the incident beam. For the U M 4 -edge, the Mβ emission line (3.339 keV) was detected, using one Si(220) bent-stripped crystal analyzer with a curvature radius of 1 m. A He-filled chamber was used to reduce the scattering of the emitted x-rays by the air between the sample and the crystal analyzer and the detector. The overall energy resolution of the emission spectrometer was 1.6 eV as determined from the FWHM of the elastic scattering peak at double energy. The spectra were normalized to the maximum of the white-line. For the U L 3 -edge, the Lα1 emission line (13.614 keV) was detected, using one Ge(111) bent-stripped crystal analyzer with a curvature radius of 1m. The overall energy resolution of the emission spectrometer was 1.3 eV. The spectra were normalized to an absorption step of 1. All measurements were performed at room temperature. XANES spectra normalization was performed using LARCH software [START_REF] Newville | An Analysis Package for XAFS and Related Spectroscopies[END_REF].

Results

Uranyl Borate Structures

3.1.1. UBO UO 2 B 2 O 4 (UBO) crystallizes in the monoclinic C2/c space group (Table 1) in agreement with the structure published by Gasperin [START_REF] Gasperin | Structure du borate d'uranium UB 2 O 6[END_REF]. A low temperature polymorph has been described by Wang et al. [START_REF] Wang | How are Centrosymmetric and Noncentrosymmetric Structures Achieved in Uranyl Borates?[END_REF] Both polymorphs differ by a 180 • rotation of the neighbouring 2D layers called rotational polytypism. The UBO structure in our study is sometimes referred to as β-UO 2 B 2 O 4 , which is the high temperature polymorph. UBO is composed of layers made of linear chains of edge-sharing 6-fold coordinated uranyl (UO 8 groups) linked together by BO 3 units (Figure 2). Each equatorial oxygen is 3-fold coordinated: four are linked to the neighboring uranyl and one boron and two are linked to two borons. The laters are the further away from the uranium (2.61 Å). The chains are staggered one with respect to the other. The resulting planes are also packed in staggered rows such as each uranyl oxygen is directed toward the boron atom of the BO 3 units. The bond lengths of the uranyl polyhedron agrees with typical values for 6 equatorial oxygens (Table 1) [START_REF] Burns | U 6+ minerals and inorganic compounds: insights into an expanted structural hierarchy of crystal structures[END_REF][START_REF] Hunault | Speciation Change of Uranyl in Lithium Borate Glasses[END_REF].

LUBO

LiUO 2 BO 3 (LUBO) crystallizes in the monoclinique P2 1 /c space group (Table 1) in agreement with the structure published by Gasperin [START_REF] Gasperin | Synthèse et structure du borouranate de lithium LiBUO 5[END_REF]. LUBO is composed of chains of edge-sharing 5-fold coordinated uranyl (UO 7 groups). Because of the 5-fold equatorial coordination, the chains form a zig-zag. The equatorial oxygens of the uranyl are all but one 3-fold coordinated to two uranyl and one boron (Figure 2). The fifth equatorial oxygen is only bound to one single boron. The chains are connected together by BO 3 units and form a concertinaed plain very different from the flat layers found in UBO. The layers are perfectly aligned and in-between each layer are the alkali ions. The alkali is found in a site formed by two uranyl oxygens and two 2-fold equatorial oxygens. Table 1 shows that the decrease of the equatorial coordination from 6 to 5 is correlated with the increase of the U-O ax bond distance and the decrease of the U-O eq average bond distance.

These distances are consistent with the trend observed in uranyl oxide compounds [START_REF] Burns | U 6+ minerals and inorganic compounds: insights into an expanted structural hierarchy of crystal structures[END_REF] and borates in particular [START_REF] Hunault | Speciation Change of Uranyl in Lithium Borate Glasses[END_REF]. The lithium counterion is placed in between the uranyl layers in contact with four oxygens from four different uranyl polyhedrons at distances ranging from 1.92 Å and 2.09 Å: two equatorial oxygens bonded to borons and two axial oxygens. 

NUBO

NaUO 2 BO 3 (NUBO) crystallizes in the orthorhombic Pcam space group (Table 1) in agreement with the structure published by Gasperin [START_REF] Gasperin | Synthèse et structure du borouranate de sodium, NaBUO 5[END_REF]. Similarly to LUBO, NUBO is composed of zig-zag chains of edge-sharing 5-fold coordinated uranyl. These chains are connected together by BO 3 groups to form concertinaed plains (Figure 2). The layers are perfectly superimposed and in-between each layer are the alkali ions. The alkali is found in a site formed by two uranyl oxygens and two 2-fold equatorial oxygens. The subtle difference between LUBO and NUBO is observed in the position of the alkali cations, the angle between the equatorial planes of the uranyl chains and the uranyl bond lengths. The change from lithium to sodium also modifies slightly the bond lengths resulting in a very light increase of the U-O ax bond distance and decrease of the U-O eq average bond distance (Table 1). The sodium counterion is placed between the layers and aligned in channels. Within c.a. 2.4 Å, it is in contact with two equatorial boron-bounded oxygens from two different uranyls from one layer and two axial oxygens from two other uranyl of the other layer. Two other axial oxygens are at a distance of 2.89 Å.

X-ray Absorption Spectroscopy

Uranium L 3 -edge XANES spectra have been used successfully to identify the uranyl structure [START_REF] Jollivet | Evolution of the uranium local environment during alteration of SON68 glass[END_REF][START_REF] Den Auwer | Investigating Actinyl Oxo Cations by X-ray Absorption Spectroscopy[END_REF][START_REF] Zhang | Extraction of local coordination structure in a low-concentration uranyl system by XANES[END_REF]. Figure 3 compares the HERFD-XANES spectra at U L 3 -edge of the three compounds UBO, LUBO and NUBO. U L 3 -edge spectra are dominated by transitions to the empty 6d-levels of uranium. All three spectra have similar typical shapes of uranyl compounds: the effective high energy resolution provided by the emission spectrometer reveals a pre-edge feature (P) at 17.166 keV assigned to the empty 5f-levels, [START_REF] Vitova | High energy resolution x-ray absorption spectroscopy study of uranium in varying valence states[END_REF] then an intense white line (WL) at 17.1735 keV followed by two features (A) and (B) at 17.186 keV and 17.214 keV respectively, characteristic from uranyl species [START_REF] Allen | NMR, Raman, EXAFS, and X-ray diffraction studies of uranyl carbonate complexes in near-neutral aqueous solution[END_REF][START_REF] Den Auwer | Investigating Actinyl Oxo Cations by X-ray Absorption Spectroscopy[END_REF][START_REF] Zhang | Extraction of local coordination structure in a low-concentration uranyl system by XANES[END_REF]. The comparison between the three compounds reveals that the position of feature (A) shifts to lower energies and the position of feature (B) shifts to higher energies when changing from UBO to LUBO to NUBO . These features are assigned to multiple scattering (MS) features from the uranyl polyhedron and their shifts have been assigned to the change of the uranyl polyhedron distances: feature (A) is assigned to the MS resonance from the axial oxygen and feature (B) is assigned to the equatorial oxygens [START_REF] Hunault | Speciation Change of Uranyl in Lithium Borate Glasses[END_REF][START_REF] Jollivet | Evolution of the uranium local environment during alteration of SON68 glass[END_REF][START_REF] Allen | NMR, Raman, EXAFS, and X-ray diffraction studies of uranyl carbonate complexes in near-neutral aqueous solution[END_REF][START_REF] Petiau | Delocalized versus localized unoccupied 5f states and the uranium site structure in uranium oxides and glasses probed by X-ray-absorption near-edge structure[END_REF][START_REF] Farges | Structural environments of incompatible elements in silicate glass/melt systems: II. UIV, UV, and UVI[END_REF]. The inverse relation between the relative energy position of the features and the bond length has been investigated by several authors, both experimentally by comparing different compounds [START_REF] Jollivet | Evolution of the uranium local environment during alteration of SON68 glass[END_REF] and theoretically based on FEFF calculations [START_REF] Zhang | Extraction of local coordination structure in a low-concentration uranyl system by XANES[END_REF]. The present data follow these trends. In summary, the U L 3 -edge HERFD-XANES spectra show changes resulting from the uranium-oxygen bond distances associated with the conversion from UO 8 to UO 7 polyhedrons. HERFD-XANES at U M 4 -edge probes the empty 5f-levels of uranium. We observe that the modification of the uranyl bond length is correlated with a modification of the spectral shape. Typical HERFD-XANES spectra of uranyl species are observed for all three compounds (Figure 4): the spectra split into three main features [START_REF] Hunault | Speciation Change of Uranyl in Lithium Borate Glasses[END_REF]. In a molecular orbital model of the uranyl, these features are assigned to electronic transitions to empty nonbonding and anti-bonding 5f levels (Figure 5) [START_REF] Denning | Electronic Structure and Bonding in Actinyl Ions and their Analogs[END_REF]. The white line (a) and its shoulder (a') are assigned to the non-bonding 5fδ/φ u levels, feature (b) is assigned to the anti-bonding 5fπ * u level and feature (c) is assigned to the anti-bonding 5fσ * u level [START_REF] Vitova | The role of the 5f valence orbitals of early actinides in chemical bonding[END_REF][START_REF] Kolorenč | Theoretical Modelling of High-Resolution X-Ray Absorption Spectra at Uranium M4 Edge[END_REF][START_REF] Fillaux | Combining theoretical chemistry and XANES multi-edge experiments to probe actinide valence states[END_REF]. We observe that the splitting between the features decreases when changing from UBO to LUBO to NUBO in this order, revealing the stabilisation of the anti-bonding molecular orbitals. Although several factors can influence the uranyl 5f splitting, (e.g., nature of the equatorial ligands, uranyl bending) here, the first major structural change from UBO to LUBO is a shift from 6 to 5-fold equatorial coordination (from UO 8 to UO 7 polyhedrons) in correlation with the increase of the two U-O ax bond length (plus 0.025 Å and plus 0.038 Å, see Table 1). The decrease of the energy of HERFD-XANES features reflects a stabilisation of the 5f empty levels, which in turn can be assigned to a decrease of the uranyl bond covalency. This result confirms previous inferences proposed in the case of lithium borate glasses [START_REF] Hunault | Speciation Change of Uranyl in Lithium Borate Glasses[END_REF].

Comparison between LUBO and NUBO is further interesting as it shows a difference despite only slight structural changes (plus 0.020 Å and plus 0.009 Å for the axial oxygens and minus 0.01 Å on average for the equatorial oxygens, see Table 1). A small energy shift of the spectral features is observed. These results confirm that the energy splitting of the empty 5f levels, probed by U M 4 -edge HERFD-XANES is very sensitive on the axial and equatorial uranyl bond distances. 

Discussion

The equatorial coordination decrease observed when changing from UBO to LUBO, can be seen as analogous with the behavior of divalent transition metal ions in alkali borate glasses [START_REF] Galoisy | Environment of Ni, Co and Zn in low alkali borate glasses: information from EXAFS and XANES spectra[END_REF][START_REF] Hunault | Effect of cation field strength on Co 2+ speciation in alkali-borate glasses[END_REF] and uranyl in lithium borate glasses [START_REF] Hunault | Speciation Change of Uranyl in Lithium Borate Glasses[END_REF]: the addition of alkalis to the borate glass induces the decrease of the coordination number of 3d ions and uranyl. However, contrary to borate glasses, here in the studied crystals the presence of alkalis does not result in the coordination change of boron from triangular to tetrahedral [START_REF] Hunault | Effect of cation field strength on Co 2+ speciation in alkali-borate glasses[END_REF][START_REF] Bray | NMR and NQR studies of boron in vitreous and crystalline borates[END_REF][START_REF] Wu | Cation Field Strength Effects on Boron Coordination in Binary Borate Glasses[END_REF]. Similar trend is found in crystalline lithium borate compounds [START_REF] Lelong | Lithium borate crystals and glasses: How similar are they? A non-resonant inelastic X-ray scattering study around the B and O K-edges[END_REF]. The addition of alkalis results in the change of the crystal structure and the uranyl coordination. The nature of the alkali is also important. Comparison between LUBO and NUBO shows slight uranyl polyhedron changes together with small changes in the crystal structure. Similarly, in high-alkali borate glasses, it has been shown that the bigger the alkali, the shorter the transition metal-oxygen bond and the lower the coordination number [START_REF] Hunault | Effect of cation field strength on Co 2+ speciation in alkali-borate glasses[END_REF]. Altogether, these results confirm the similar behaviour of transition metal ions and uranyl ions with respect to the neighbouring cation field strength. In light of the Pauling's second rule, we can suggest that the presence of the alkali counterion in contact with the axial oxygen of the uranyl agrees with the increased U-O ax distance. Although considered as inert for a long time, the uranyl axial oxygen has shown the ability toward oxo-functionalisation in specific complexes including in particular silylation reactions. Li and K cations are used in these reactions to activate the uranyl bond [START_REF] Baker | New Reactivity of the Uranyl(VI) Ion[END_REF]. Here, the structural similarities between LUBO and NUBO (same equatorial ligands) highlight that the change in the nature of the alkali correlates with the change in the splitting of the 5f empty levels. The U M 4 -edge HERFD-XANES spectra provide a direct evidence of this effect.

Conclusions

Crystal structure and spectroscopic data of UBO, LUBO and NUBO have been compared. U L 3 -edge and U M 4 -edge HERFD-XANES probe respectively the empty 6d and 5f levels and reveal the correlation between the atomic and the electronic structures. While the changes of the U L 3 -edge spectral shape with the uranyl bond length and equatorial coordination are quite well described, these results provide for the first time the experimental proof of the inverse relationship between the uranyl bond length and the splitting of the empty 5f level. These results will provide precious benchmark data for complementary theoretical calculations of the uranium-oxygen orbital hybridization. Eventually, these results suggest that U M 4 -edge HERFD-XANES could be a powerfull probe of the electronic origin of the uranyl reactivity and distortions.
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 1 Figure 1. Variation of the color of the obtained powder samples from UBO (left) to NUBO (right).
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 2 Figure 2. Views of the crystal structures of UBO, LUBO and NUBO.
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 5 Figure 5. Proposed molecular orbital diagram of the uranyl species adapted from Reference [36].

Table 1 .

 1 Crystallographic data for UO 2 B 2 O 4 (UBO), LiUO 2 BO 3 (LUBO) and NaUO 2 BO 3 (NUBO).

	Compound	UBO	LUBO	NUBO
	formula	UO 2 B 2 O 4	LiUO 2 BO 3	NaUO 2 BO 3
	color	greyish-green	dark yellow	yellow
	space group	mono C2/c	P2 1 /c	Pcam
	a (Å)	12.515 (1)	5.772 (1)	10.735 (1)
	b (Å)	4.189 (1)	10.581 (1)	5.788 (1)
	c (Å)	10.478 (1)	6.838 (1)	6.869 (1)
	α (deg)	90	90	90
	β (deg)	122.21 (1)	105.02 (1)	90
	γ (deg)	90	90	90
	V (Å 3 )	464.73 (1)	403.38 (1)	426.79 (1)
	Bond distances * (Å)			
	U-O ax	1.762 (9)	1.787 (20)	1.807 (12)
	U-O ax	1.762 (9)	1.801 (20)	1.810 (13)
	U-O eq	2.382 (6)	2.282 (20)	2.273 (10)
	U-O eq	2.382 (6)	2.294 (20)	2.303 (9)
	U-O eq	2.497 (6)	2.344 (20)	2.303 (9)
	U-O eq	2.497 (6)	2.398 (20)	2.411 (8)
	U-O eq	2.610 (6)	2.411 (20)	2.411 (8)
	U-O eq	2.610 (6)	-	-

* Based on the new lattice parameters; the standard deviations are from References

[START_REF] Gasperin | Structure du borate d'uranium UB 2 O 6[END_REF][START_REF] Gasperin | Synthèse et structure du borouranate de sodium, NaBUO 5[END_REF][START_REF] Gasperin | Synthèse et structure du borouranate de lithium LiBUO 5[END_REF]

.
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