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Theoretical investigation of the electronic structure and magnetic properties of oxo-bridged uranyl(V) dinuclear and trinuclear complexes

The uranyl(V) complexes [UO2(dbm)2K(18C6)]2 (dbm: dibenzoylmethanate) and [UO2(L)]3 (L = 2(4-Tolyl)-1,3-bis(quinolyl)malondiiminate) exhibiting diamond-shape U2O2 and triangularshape U3O3 cores respectively with 5f 1 -5f 1 and 5f 1 -5f 1 -5f 1 configurations, have been investigated using relativistic density functional theory (DFT). The bond order and QTAIM analyses reveal that the covalent contribution to the bonding within the oxo cores is slightly more important for the U3O3 than for U2O2 one, in line with the shorter U-O distances existing in the trinuclear complex than in the binuclear one. Using the Broken Symmetry (BS) approach combined with the B3LYP functional for the calculation of the magnetic exchange coupling constants (J) between the magnetic centres, the antiferromagnetic (AF) character of these complexes was confirmed, the estimated J values being respectively equal to -24.1 and -7.2 cm - 1 for the dioxo and the trioxo species. It was found that the magnetic exchange is more sensitive to small variations of the core geometry of the dioxo species than for the trioxo one. Although the robust AF exchange coupling within the UxOx cores is generally maintained when small variations of the UOU angle are applied, a weak ferromagnetic character appears in the dioxo species when this angle is higher than 114°, its value for the actual structure being equal to 105.9°. The electronic factors driving the magnetic coupling are discussed.

• Introduction

In the last thirty years there has been an increasing interest in the development of molecules named 'Single Molecule Magnets' (SMMs) featuring slow relaxation of the magnetization and magnetic hysteresis of purely molecular origin [START_REF] Sessoli | Magnetic bistability in a metal-ion cluster[END_REF][START_REF] Christou | Single-Molecule Magnets[END_REF][START_REF]Single-Molecule Magnets and Related Phenomena[END_REF][START_REF] Gatteschi | Molecular Nanomagnets[END_REF][START_REF] Jeon | Controlled association of single-molecule magnets (SMMs) into coordination networks: towards a new generation of magnetic materials[END_REF][START_REF] Sessoli | Strategies towards single molecule magnets based on lanthanide ions[END_REF][START_REF] Demir | Radical ligand-containing single-molecule magnets[END_REF][START_REF] Woodruff | Lanthanide single-molecule magnets[END_REF] owing to their potential application in quantum computing, [START_REF] Leuenberger | Quantum computing in molecular magnets[END_REF] high-density information storage [START_REF] Mannini | Magnetic memory of a single-molecule quantum magnet wired to a gold surface[END_REF][START_REF] Habib | Lessons learned from dinuclear lanthanide nano-magnets[END_REF][START_REF] Goodwin | Molecular magnetic hysteresis at 60 kelvin in dysprosocenium[END_REF] and more recently, in molecular spintronic materials. [START_REF] Sanvito | Molecular spintronics[END_REF][START_REF] Clemente-Juan | Magnetic polyoxometalates: from molecular magnetism to molecular spintronics and quantum computing[END_REF] Since the discovery of the first polynuclear manganese complex [START_REF] Sessoli | Magnetic bistability in a metal-ion cluster[END_REF] behaving as a single molecule magnet as a result of magnetic exchange, there is a continuous effort for the design, synthesis and characterization of new generations of molecular complexes exhibiting magnetic exchange interactions between metal centers. [START_REF] Christou | Single-Molecule Magnets[END_REF] Notably, the application of single molecule magnets in information storage would only be possible if their operating temperature could be increased to practical values. Recent efforts in the field have focused on lanthanide based systems owing to their large magnetic anisotropies associated to their strong exchange coupling and magnetic blocking. [START_REF] Sanvito | Molecular spintronics[END_REF][START_REF] Clemente-Juan | Magnetic polyoxometalates: from molecular magnetism to molecular spintronics and quantum computing[END_REF][START_REF] Guo | A Dysprosium Metallocene Single-Molecule Magnet Functioning at the Axial Limit[END_REF] Recently a mononuclear compound of a 4f-ion, namely the dysprosium system [Dy(Cp iPr5 )(Cp*)] + (Cp iPr5 = penta-iso-propylcyclopentadienyl; Cp* = C5Me5), [START_REF] Guo | Magnetic hysteresis up to 80 kelvin in a dysprosium metallocene single-molecule magnet[END_REF] was reported that shows a magnetic hysteresis at the record temperature of 80 K that originates from the exceptional magnetic axiality of the single Dy 3+ ion in the cyclopentadienyl ligand environment. [START_REF] Goodwin | Molecular magnetic hysteresis at 60 kelvin in dysprosocenium[END_REF][START_REF] Guo | A Dysprosium Metallocene Single-Molecule Magnet Functioning at the Axial Limit[END_REF] An alternative approach to increase the temperature of the magnetic hysteresis is to obtain high-spin ground states via magnetic exchange between multiple high anisotropy lanthanide ions. This is difficult to achieve for 4f systems because they tend to form ionic bonds that limit magnetic exchange coupling and can only be successfully achieved via bridging radicals. [START_REF] Rinehart | A N2 3-Radical-Bridged Terbium Complex Exhibiting Magnetic Hysteresis at 14 K[END_REF][START_REF] Rinehart | Strong exchange and magnetic blocking in N₂³⁻-radical-bridged lanthanide complexes[END_REF][START_REF] Rinehart | Exploiting Single-Ion Anisotropy in the Design of f-Element Single-Molecule Magnets[END_REF][START_REF] Demir | Exchange Coupling and Magnetic Blocking in Bipyrimidyl Radical-Bridged Dilanthanide Complexes[END_REF][START_REF] Gould | A Trinuclear Radical-Bridged Lanthanide Single-Molecule Magnet[END_REF] Consequently, since the discovery of the slow magnetic relaxation in the mononuclear complex U(Ph2BPz2)3, [START_REF] Rinehart | Slow Magnetic Relaxation in a Trigonal Prismatic Uranium(III) Complex[END_REF] an increasing number of studies have been directed to develop SMMs based on actinide-containing systems. [START_REF] Rinehart | Magnetic Exchange Coupling in Actinide-Containing Molecules[END_REF][START_REF] Meihaus | Actinide-Based Single-Molecule Magnets[END_REF][START_REF] Liddle | Improving f-element single molecule magnets[END_REF][START_REF] Mcadams | Molecular single-ion magnets based on lanthanides and actinides: Design considerations and new advances in the context of quantum technologies[END_REF][START_REF] Magnani | Future Directions for Transuranic Single Molecule Magnets[END_REF][START_REF]Actinides Single-Molecule Magnets in Lanthanides and Actinides in Molecular Magnetism[END_REF] These studies include mono [START_REF] Rinehart | Observation of a Secondary Slow Relaxation Process for the Field-Induced Single-Molecule Magnet U(H2BPz2)3[END_REF][START_REF] Meihaus | Dilution-Induced Slow Magnetic Relaxation and Anomalous Hysteresis in Trigonal Prismatic Dysprosium(III) and Uranium(III) Complexes[END_REF][START_REF] Rinehart | Slow magnetic relaxation in homoleptic trispyrazolylborate complexes of neodymium(III) and uranium(III)[END_REF][START_REF] Roy | Slow Magnetic Relaxation in U(III) and Nd(III) Cyclooctatetraenyl Complexes[END_REF][START_REF] Antunes | Tp(Me2))(2)(bipy)(+): A Cationic Uranium(III) Complex with Single-Molecule-Magnet Behavior[END_REF][START_REF] King | Single-Molecule Magnetism in a Single-Ion Triamidoamine Uranium (V) Terminal Mono-Oxo Complex[END_REF][START_REF] Meihaus | Influence of Pyrazolate vs. N-Heterocyclic Carbene Ligands on the Slow Magnetic Relaxation of Homoleptic Trischelate Lanthanide(III) and Uranium(III) Complexes[END_REF][START_REF] Spivak | Quantum Chemical Characterization of Single Molecule Magnets Based on Uranium[END_REF][START_REF] Gaggioli | Theoretical Investigation of Plutonium-Based Single-Molecule Magnets[END_REF][START_REF] Pereira | Single-Molecule-Magnet Behavior in Mononuclear Homoleptic Tetrahedral Uranium(III) Complexes[END_REF] and polynuclear systems [START_REF] Mills | A Delocalized Arene-Bridged Diuranium Single-Molecule Magnet[END_REF][START_REF] Kindra | Magnetic Susceptibility of Uranium Complexes[END_REF][START_REF] Hohloch | Benzoquinonoid-bridged dinuclear actinide complexes[END_REF] and heteropolymetallic uranium-3d metal complexes. [START_REF] Chatelain | Self-Assembly of a 3d-5f Trinuclear Single-Molecule Magnet from a Pentavalent Uranyl Complex[END_REF][START_REF] Chatelain | Synthesis and SMM behaviour of trinuclear versus dinuclear 3d-5f uranyl(v)-cobalt(ii) cation-cation complexes[END_REF][START_REF] Chatelain | Heterometallic Fe2 II -U V and Ni2 II -U V Exchange-Coupled Single-Molecule Magnets: Effect of the 3d Ion on the Magnetic Properties[END_REF][START_REF] Chatelain | A zig-zag uranyl(v)-Mn(ii) single chain magnet with a high relaxation barrier[END_REF][START_REF] Mougel | Uranium and Manganese Assembled in a Wheel-Shaped Nanoscale Single-Molecule Magnet with High Spin-Reversal Barrier[END_REF][START_REF] Kozimor | Magnetic Exchange Coupling in Chloride-Bridged 5f-3d Heterometallic Complexes Generated via Insertion into a Uranium(IV) Dimethylpyrazolate Dimer[END_REF][START_REF] Mougel | A uranium-based UO2(+)-Mn 2+ single-chain magnet assembled trough cation-cation interactions[END_REF] Notably, uranium not only shows large spin-orbit coupling but in addition the more diffuse nature of 5f orbitals compared to 4f orbitals, [START_REF] Spivak | Quantum Chemical Characterization of Single Molecule Magnets Based on Uranium[END_REF][START_REF] Kindra | Magnetic Susceptibility of Uranium Complexes[END_REF] is expected to allow higher p-f orbital overlap and hence stronger magnetic couplings. [START_REF] Rinehart | Magnetic Exchange Coupling in Actinide-Containing Molecules[END_REF][START_REF] Liddle | Improving f-element single molecule magnets[END_REF] Therefore, efforts in this area have been directed to synthesize and characterize polynuclear uranium systems, where a successful strategy in promoting electronic interactions between 5f spin centers was to use covalently linked bridging ligands. 3946,4960 Although a growing number of actinide complexes showing significant super-exchange magnetic interactions, quantifying R e v i s e d m a n u s c r i p t the coupling constant between 5f-ion pairs is still challenging both at the experimental and theoretical levels. [START_REF] Rinehart | Magnetic Exchange Coupling in Actinide-Containing Molecules[END_REF] Interestingly, the emergence of a new class of magnetic diuranium complexes with U2E2 core types (E = N, O, S, Se, Te), has motivated research in this area. [START_REF] Arnold | Pentavalent uranyl complexes[END_REF][START_REF] Gardner | Assessing Crystal Field and Magnetic Interactions in Diuranium U IV -E-U IV cores (E = S, Se, Te)[END_REF] Most noteworthy, the syntheses of uranyl(V) complexes, showing new UO2 + •••UO2 + "cation-cation" interaction (CCI) have been reported, [START_REF] Nocton | Polynuclear cation-cation complexes of pentavalent uranyl: Relating stability and magnetic properties to structure[END_REF][START_REF] Arnold | Strongly coupled binuclear uranium-oxo complexes from uranyl oxo rearrangement and reductive silylation[END_REF][START_REF] Mougel | Innentitelbild: Stable Pentavalent Uranyl Species and Selective Assembly of a Polymetallic Mixed-Valent Uranyl Complex by Cation-Cation Interactions[END_REF][START_REF] Almond | Cation-Cation Interactions and Antiferromagnetism in Na[Np(V)O2(OH)2]: Synthesis, Structure, and Magnetic Properties[END_REF][START_REF] Jones | Oxo-Group-14-Element Bond Formation in Binuclear Uranium(V) Pacman Complexes[END_REF][START_REF] Adelani | One-Dimensional Uranyl-2,2′-bipyridine Coordination Polymer with Cation-Cation Interactions: (UO2)2(2,2′-bpy)(CH3CO2)(O)(OH)[END_REF][START_REF] Mougel | New polynuclear U(IV)-U(V) complexes from U(IV) mediated uranyl(V) Disproportionation[END_REF][START_REF] Lam | Activation of elemental S, Se and Te with uranium(III): Bridging U-E-U (E = S, Se) and diamond-core complexes U-(E)2-U (E = O, S[END_REF][START_REF] Schmidt | Molecular and Electronic Structure of Dinuclear Uranium Bis-μ-Oxo Complexes with Diamond Core Structural Motifs[END_REF][START_REF] Chatelain | Magnetic communication cationcation trimer of pentavalent uranyl[END_REF][START_REF] Mougel | Cation-cation complexes of pentavalent uranyl: From disproportionation intermediates to stable clusters[END_REF] in which up to four UO2 + moieties, are mutually coordinated through the oxo-ligands of an actinyl unit which interacts as an equatorial ligand with another metal center. CCI was reported to play a crucial role in the enhancement of magnetic interactions between pentavalent actinyl ions, giving rise to ferromagnetic or antiferromagnetic (AF) ordering through a super-exchange pathway. [START_REF] Nocton | Polynuclear cation-cation complexes of pentavalent uranyl: Relating stability and magnetic properties to structure[END_REF][START_REF] Arnold | Strongly coupled binuclear uranium-oxo complexes from uranyl oxo rearrangement and reductive silylation[END_REF][START_REF] Mougel | Innentitelbild: Stable Pentavalent Uranyl Species and Selective Assembly of a Polymetallic Mixed-Valent Uranyl Complex by Cation-Cation Interactions[END_REF] The first example of a complex containing a UO2 + •••UO2 + interaction, the diuranium(V) [UO2(dbm)2K(18C6)]2 system (dbm = dibenzoylmethanate) was reported in 2008 by Mazzanti and co-workers, [START_REF] Nocton | Polynuclear cation-cation complexes of pentavalent uranyl: Relating stability and magnetic properties to structure[END_REF] showed a diamondshaped CCI interaction with a U2O2 core (Scheme 1). The solid-state variable-temperature magnetic susceptibility study showed the unambiguous presence of AF coupling between the two oxo-bridged U V (μ-O2)U V uranium centers with U---U separation of 3.462 Å. [START_REF] Nocton | Polynuclear cation-cation complexes of pentavalent uranyl: Relating stability and magnetic properties to structure[END_REF] [START_REF] Arnold | Strongly coupled binuclear uranium-oxo complexes from uranyl oxo rearrangement and reductive silylation[END_REF] reported a new binuclear U V -U V system with uranyl cis/trans-oxo arrangement namely the butterfly shaped [(R3SiOU V O)2(L)] complex and showed, with the support of DFT calculations, that the U V (μ-O)2U V diamond-core cluster exhibits an AF exchange coupling between the two 5f 1 -5f 1 centers with a short U---U separation of 3.355 (7) Å via super-exchange interactions.

U

Subsequently, in 2014, K. Meyer and co-workers. [START_REF] Schmidt | Molecular and Electronic Structure of Dinuclear Uranium Bis-μ-Oxo Complexes with Diamond Core Structural Motifs[END_REF] reported new dinuclear U V /U V , U IV /U IV and mixed-valent U V /U IV bis(μ-oxo)-bridged complexes, all exhibiting diamond-core shaped [U(μ-R e v i s e d m a n u s c r i p t O)2U] structural motifs but remarkably different magnetic behaviors, depending on the uranium oxidation state. The pentavalent dinuclear U V /U V [{((nP,MeArO)3tacn)U V }2(μ-O)2] species (tacn = triazacyclononane, nP = neopentyl), is characterized by a relatively short U---U distance of 3.422(3) Å. We showed that relativistic DFT computations could rationalize the observed magnetic properties. [START_REF] Teyar | Electronic Structure and Magnetic Properties of Dioxo-Bridged Diuranium Complexes with Diamond-Core Structural Motifs: A Relativistic DFT Study[END_REF] The used methodology, namely ZORA/B3LYP computations combined with the Broken Symmetry (BS) aproach [START_REF] Noodleman | Valence bond description of antiferromagnetic coupling in transition metal dimers[END_REF][START_REF] Noodleman | Ligand spin polarization and antiferromagnetic coupling in transition metal dimers[END_REF][START_REF] Mouesca | Spin Densities and Spin Coupling in Iron-Sulfur Clusters: A New analysis of hyperfine coupling constants[END_REF][START_REF] Noodleman | Orbital interactions, electron delocalization and spin coupling in iron-sulfur clusters[END_REF] had already been successfully applied in the case of actinide-containing systems. [START_REF] Meskaldji | Magnetic exchange coupling in imido bimetallic uranium(V) complexes. A relativistic DFT study[END_REF][START_REF] Meskaldji | A relativistic DFT study of magnetic exchange coupling in ketimide bimetallic uranium(IV) complexes[END_REF][START_REF] Paez-Hernandez | Optical and Magnetic Properties of the Complex Bis(dicyclooctatetraenyl)diuranium. A Theoretical View[END_REF] In this work, we investigate the electronic structure and the nature of the magnetic interactions of the bimetallic [UO2(dbm)2K(18C6)]2 (dbm = dibenzoylmethanate) and of the trimetallic [UO2(L)]3 (L = 2(4-Tolyl)-1,3-bis(quinolyl)malondiiminate) complexes exhibiting diamondshape U2O2 and symmetrical triangular-shape U3O3 cores respectively, with 5f 1 -5f 1 and 5f 1 -5f 1 -5f 1 configurations, synthesized and characterized by M. Mazzanti and co-workers. [START_REF] Nocton | Polynuclear cation-cation complexes of pentavalent uranyl: Relating stability and magnetic properties to structure[END_REF][START_REF] Chatelain | Magnetic communication cationcation trimer of pentavalent uranyl[END_REF] These systems as illustrated in scheme 1, differ from those synthesized by K. Mayer et al. [START_REF] Schmidt | Molecular and Electronic Structure of Dinuclear Uranium Bis-μ-Oxo Complexes with Diamond Core Structural Motifs[END_REF] as their X-ray structures exhibit UO2 + •••UO2 + CCI rather than oxo bridges.

The dependence of exchange coupling on structural parameters, namely the M-O, M---M distances and the MOM angle in the cases of oxo-bridged transition metal systems, [START_REF] Hay | Orbital Interactions in Metal Dimer Complexes[END_REF][START_REF] Døssing | Recent advances in the coordination chemistry of hydroxo-bridged complexes of chromium(III)[END_REF][START_REF] Ouilia | Synthesis, crystal structure, magnetic properties and DFT calculations of new dihydroxo-bridged binuclear chromium(III) based on monodentate mixed ligand[END_REF][START_REF] Rajaraman | Density functional studies on the exchange interaction of a dinuclear Gd(III)-Cu(II) complex: Method assessment, magnetic coupling mechanism and magneto-structural correlations[END_REF] has been largely investigated, but there have been very few magnetostructural studies reporting influence of structural changes on the exchange coupling in actinide complexes. [START_REF] Salmon | X-Ray Crystal Structures, and Magnetic Properties of Novel Linear M II 2U IV Complexes (M = Co, Ni, Cu, Zn)[END_REF][START_REF] Salmon | Versatility of the nature of the magnetic Cu(II)-U(IV) interaction. Syntheses, crystal structures and magnetic properties of Cu2U and CuU compounds[END_REF][START_REF] Salmon | Structure, and Magnetic Behavior of a Series of Trinuclear Schiff Base Complexes of 5f (U IV ,Th IV ) and 3d (Cu II , Zn II ) Ions[END_REF][START_REF] Monreal | Weak Interaction between Iron and Uranium in Uranium Alkyl Complexes Supported by Ferrocene Diamide Ligands[END_REF] Thus, the influence of the environment and of distortions of the UxOx (x = 2, 3) cores on the magnetic properties will be explored by considering small models i.e. [UO2(methanate)2K]2 and [UO2(L)]3 (L= bis(Me)malondiiminate) systems. Such investigations could reveal dramatic effects of small distortions of the core geometry on the strength and nature of the magnetic coupling.

•

Results and discussion

Computational Details:

The calculations were performed using the Amsterdam Density Functional (ADF) package, 2016.04 release program version. [90][START_REF] Fonseca Guerra | Towards an order-N DFT method[END_REF][START_REF] Te Velde | Chemistry with ADF[END_REF] Relativistic corrections have being introduced via the Zeroth Order Regular Approximation (ZORA) [START_REF] Van Lenthe | Relativistic regular two-component Hamiltonians[END_REF][START_REF] Van Lenthe | Relativistic total energy using regular approximations[END_REF][START_REF] Van Lenthe | Geometry optimizations in the zero order regular approximation for relativistic effects[END_REF][START_REF] Van Lenthe | The zero-order regular approximation for relativistic effects: The effect of spin-orbit coupling in closed shell molecules[END_REF] accounting for scalar relativistic effects. The DFT geometry optimizations of the High Spin (HS) states, which have been carried out using the BP86 exchange and correlation functionals of Becke and Perdew (BP86 functional), [START_REF] Becke | Density-functional exchange-energy approximation with correct asymptotic behaviour[END_REF][START_REF] Perdew | Density-functional approximation for the correlation energy of the inhomogeneous electron gas[END_REF][START_REF] Perdew | Accurate and simple analytic representation of the electron-gas correlation energy[END_REF] R e v i s e d m a n u s c r i p t employed triple-ζ-plus polarization (TZP) all-electron Slater type orbitals (STO) basis sets. The integration parameter that drives the integral accuracy computation has been put equal to 8.0.

Our previous works, [START_REF] Teyar | Electronic Structure and Magnetic Properties of Dioxo-Bridged Diuranium Complexes with Diamond-Core Structural Motifs: A Relativistic DFT Study[END_REF][START_REF] Meskaldji | Magnetic exchange coupling in imido bimetallic uranium(V) complexes. A relativistic DFT study[END_REF][START_REF] Meskaldji | A relativistic DFT study of magnetic exchange coupling in ketimide bimetallic uranium(IV) complexes[END_REF][START_REF] Ouilia | Synthesis, crystal structure, magnetic properties and DFT calculations of new dihydroxo-bridged binuclear chromium(III) based on monodentate mixed ligand[END_REF]100,101 and several theoretical studies [102][103][104][105][106] have shown that such a ZORA/BP86/TZP procedure reproduces the experimental geometries of f-element compounds with a satisfying accuracy. The computation of the J exchange coupling constant has been done using the standard B3LYP hybrid functional. 107,108 The B3LYP HS energies were obtained performing a single point calculation using the BP86 optimized geometries. The Broken Symmetry (BS) states were computed from the MOs of the HS structures as starting guesses according to the spin-flip recipe available in the ADF program. 90 Comparative computations using the X-ray geometries of the complexes were also carried out. In fact, in the latter case the hydrogen atoms coordinates have been optimized since X-ray measurements are generally not able to locate precisely their positions.

In the framework of the BS approach [START_REF] Noodleman | Valence bond description of antiferromagnetic coupling in transition metal dimers[END_REF][START_REF] Noodleman | Ligand spin polarization and antiferromagnetic coupling in transition metal dimers[END_REF][START_REF] Mouesca | Spin Densities and Spin Coupling in Iron-Sulfur Clusters: A New analysis of hyperfine coupling constants[END_REF][START_REF] Noodleman | Orbital interactions, electron delocalization and spin coupling in iron-sulfur clusters[END_REF] the J constant is deduced from the energy difference between the HS and BS states according to the Heisenberg-Dirac-vanVleck (HDvV)

Hamiltonian 109,110 which takes the form Ĥ = -2J12 Ŝ1•Ŝ2, in the case of two spin centers: a positive J indicates ferromagnetic coupling and the negative sign an antiferromagnetic one. J is computed using the Yamaguchi formula: 111,112 J12 = (EBS -EHS)/( <S 2 >HS -<S 2 >BS)

In this formula <S 2 >HS and <S 2 >BS are respectively the mean values of the squared spin operator for the HS and BS states. In the case of multiple spin centers, a generalized Hamiltonian 113,114 can be used namely Ĥ = -ΣJij Ŝi•Ŝj leading in the case of the trinuclear symmetrical [UO2(L)]3 complex, to a single J value equal to (EBS -EHS)/2, since J12 = J13 = J23 = J.

Molecular structure drawings spin densities and molecular orbital (MO) plots were generated using the ADF-GUI auxiliary program. 90 

DFT geometry optimizations:

First, we focused on the dinuclear U2O2 [START_REF] Arnold | Pentavalent uranyl complexes[END_REF] and trinuclear U3O3 uranyl(V) complexes. [START_REF] Chatelain | Magnetic communication cationcation trimer of pentavalent uranyl[END_REF] The solid state crystal structure of the dinuclear complex shows the presence of two K(18C6) + cations bound to each uranyl(V) oxygen. The structure of the trinuclear complex contains three uranyl moieties coordinated to each other to form an equilateral triangle. The DFT optimized molecular structures of the two complexes are displayed on Figure 1. Two possible electron configurations of the uranium-centered f-electrons were considered for each complex, the f α f α high-spin (HS) triplet and the f α f β Broken Symmetry (BS) states for [UO2(dbm)2K(18C6)]2, and f α f α f α HS quartet and the f β f α f α BS doublet states for U3O3 system.

Note that in the latter case, we checked (vide infra) that other possible BS spin configurations, i.e. f α f β f α or f β f β f α led to the same BS energy, as expected considering the highly symmetrical structure of [UO2(L)]3.

In Tables 1 and2 are given relevant optimized bond distances and angles of the U2O2 and U3O3 complexes, in their triplet and quartet states, respectively. Available X-ray structural parameters [START_REF] Nocton | Polynuclear cation-cation complexes of pentavalent uranyl: Relating stability and magnetic properties to structure[END_REF][START_REF] Chatelain | Magnetic communication cationcation trimer of pentavalent uranyl[END_REF] are also given in these tables. Important geometrical parameters of the U2O2 and U3O3 cores are displayed on Figure 2. As can be seen in Tables 1 and2, there is a good overall agreement between the DFT optimized distances and the X-ray structures. The difference between the long and short oxo-bridged U-O distances in the U2O2 and U3O3 cores is attributed to their uranium-oxo single and double bond characters. Note that the difference between the short and long U-O distances is more important than that observed in the U2O2 dioxo complexes of K. Meyer and co-workers. [START_REF] Schmidt | Molecular and Electronic Structure of Dinuclear Uranium Bis-μ-Oxo Complexes with Diamond Core Structural Motifs[END_REF] Indeed, in the latter species, these bond lengths are equal to 2.036 and 2.212 Å (X-ray data) giving a difference of 0.176 Å, whereas the corresponding values [START_REF] Arnold | Pentavalent uranyl complexes[END_REF] for the considered U2O2 complex are 1.941 and 2.384 Å, so that the difference between the bond lengths equal to 0.443 Å is much higher. This is in agreement with the presence of a uranyl group only slightly elongated by the CCI interaction in the U2O2 complex. Since the full geometry optimization that we carried out led to small deviations between the Xray and the fully optimized structures (vide supra) which could be of importance for the magnetic property under consideration, we also considered for the actual complexes, structures for which the X-ray UxOx core geometries has been retained. Indeed, it was observed in the case of the dihydroxo dichromium(III) system, [START_REF] Ouilia | Synthesis, crystal structure, magnetic properties and DFT calculations of new dihydroxo-bridged binuclear chromium(III) based on monodentate mixed ligand[END_REF] that a slight distortion of the Cr2(-OH)2 magnetic core, replacing the DFT geometry by the X-ray one led to a better agreement between the computed and the observed magnetic coupling constant.

Furthermore, to gain deeper insight into the effect of small structural changes on the electronic and magnetic behaviour of the UxOx cores, various small models preserving the U2O2 and U3O3 X-ray core geometries have been considered. These models i.e. [UO2(methanate)2K]2 and [UO2(L)]3 (L = bis(Me)malondiiminate) extracted from the crystal structures, were in the first step optimized with fixed core. Their optimized molecular structures are depicted on Figure 3.

The UxOx core was kept strictly planar as observed in the experimental crystallographic structure.

On the second step, small distortions of the UxOx core geometry of the models were considered by varying the UOU and OUO bond angles (see Figure 2) and keeping the UO (U-Oax/U-Oeq)

bond distances fixed to their X-ray values, 1.942/2.384 (Å) and 1.842/2.374 (Å) for the U2O2 and U3O3 species, respectively. In Table 3, after geometry optimization, the different modified structural parameters, i.e. the U---U distance and the UOU and OUO angles of the UxOx modified core (mc) and the corresponding relative total bonding energy (TBE) computed at the ZORA/B3LYP/TZP level, are given for the HS state of the dioxo [UO2(methanate)2K]2 and trioxo [UO2(L)]3 (L= bis(Me)malondiiminate) models; X-ray structural parameters are also given in this table. Several geometrical models have been considered, namely mc1-mc7 for the U2O2 species and mc8-mc12 for the U3O3 one. 

R e v i s e d m a n u s c r i p t

R e v i s e d m a n u s c r i p t

As it can be seen in Table 3, it is worth noting that deviations of the UOU or OUO bond angles (°) from the X-ray U2O2 data (105.9° and 74.1° respectively) affect only very slightly the stability of the different models (less than ca. 0.3 kcal/mol) relatively to the model with fixed X-ray U2O2 core (mc3) which is the most stable. It is noteworthy that in the dioxo U2O2 case, the increase or decrease of the bond angles up to 8°, leads to the U---U distance variation by ca. 0.2 Å only.

Similarly, in the trioxo U3O3 case, it can be seen that the considered distortions of the core models which lead to an average U---U distance variation less than ca. 0.02 Å, affect slightly the relative stability of the different structures compared to the most stable mc10 model in which the UOU and OUO bond angles are fixed equal to the X-ray values i.e., 157.1 and 84.3 (°) respectively.

Electronic structure analysis:

Bond order analysis. The Natural Population Analysis (NPA) as well as Mayer 115 and Nalewajski-Mrozek (NM) 116,117 bond orders have been calculated for the U2O2 dioxo and U3O3 trioxo mc3 and mc10 models with fixed X-ray core geometry, respectively. The results are reported in Table 4. As reported by previous works on related dioxo U(μ-O)2U systems, [START_REF] Nocton | Polynuclear cation-cation complexes of pentavalent uranyl: Relating stability and magnetic properties to structure[END_REF][START_REF] Arnold | Strongly coupled binuclear uranium-oxo complexes from uranyl oxo rearrangement and reductive silylation[END_REF][START_REF] Lam | Activation of elemental S, Se and Te with uranium(III): Bridging U-E-U (E = S, Se) and diamond-core complexes U-(E)2-U (E = O, S[END_REF][START_REF] Schmidt | Molecular and Electronic Structure of Dinuclear Uranium Bis-μ-Oxo Complexes with Diamond Core Structural Motifs[END_REF][118][119][120][121] short U---U distance in the [UO2(dbm)2K(18C6)]2 complex could permit metal-metal electronic communication thus favouring magnetic exchange coupling between the U V spin centers. 5) Å. [START_REF] Chatelain | Magnetic communication cationcation trimer of pentavalent uranyl[END_REF] However, these U---U distances, are significantly longer than those reported for the asymmetric diamond-shaped (UO2)2 cores found in the [UO2(dbm)2K(18C6)]2 [START_REF] Nocton | Polynuclear cation-cation complexes of pentavalent uranyl: Relating stability and magnetic properties to structure[END_REF] dimers and in the [UO2(pacman)2Sm(py)]2 122 complexes (U---U = 3.462Å for the dbm complex and 3.471Å for the pacman complex). Although a small covalent interaction between the uranium atoms could be suggested by the calculated Mayer bond orders of ca. 0.047 in the dioxo models and ca.

0.056 in trioxo models (Table 4), the NM bond orders, which include ionic contribution to the bonding, are significantly negative and equal to ca. 0.828 and ca. 0.996 in U2O2 and U3O3

X-ray mc3 and mc10 models respectively, indicating unfavourable anti-bonding interactions.

This confirms the preferred tendency of uranium ions to bind ligands, rather than to form a direct U V ---U V bonding.

The bonding analysis has been confirmed using NPA 123 and the Quantum Theory of Atoms in Molecules (QTAIM) 124 descriptors (see Supplementary Information) reminding that for felement complexes, the latter approach was used to probe the covalence and gave results in good agreement with experimental trends. of mc3 with their energy equal to 4.593 eV (Figure 4) and the three α singly occupied SOMO (87A''), SOMO-1 (86A'') and SOMO-2 (85A'') of mc10 which are also degenerate with energy 5.336 eV (Figure 6). These MOs exhibit mainly metallic 5fxyz orbital character with almost no contribution from the bridging uranyl oxo groups.

In the BS state of the mc3 model (Figure 5 Interestingly, the LUMOs of the dioxo mc3 complex, either in the HS or BS states, are not 5f uranium orbitals, contrarily to that computed in the K. Meyer's U(V) bis-μ-oxo complex 71 so that a direct reduction of the [UO2(dbm)2K(18C6)]2 complex is not expected to lead straightforwardly to a binuclear U(IV) species. This is in agreement with the observed difficulty to reduce uranyl(V) complexes to uranium(IV) species.

R e v i s e d m a n u s c r i p t

In the case of the [UO2(L)]3 complex, the HS (quartet) state electronic structure can be described by the mc10 model which exhibits three highest α singly occupied SOMOs #87A, 86AA and 85A being pure 5f orbitals. The lower energy SOMOs #150A, 149A and 148A' traduce the  and  U-oxo coordination sustaining the triangular and planar U3O3 core structure. The corresponding BS SOMOs in the mc10 congener (Figure S1), noted α-(86A, 85A) and β-(85A) are essentially 5f orbitals of the three uranium(V) atoms with no contribution from the bridging trioxo ligand, except for the β-(85A) component which exhibits a very weak contribution of the ligand (1.6%). Furthermore, the lower  SOMO #148A exhibiting contribution of the oxo groups, traduces the U-oxo coordination. It is likely that such SOMOs, appearing in both dioxo and trioxo models, are acting to favour the metal-metal electronic and magnetic exchange interactions.

. In Table 5, are reported the computed B3LYP Total Bonding Energy TBE(eV), ΔE = EBS -EHS energy differences, the mean values <S 2 > through which spin contamination of the HS state can be estimated, as well as the computed exchange coupling constants J for the fully optimized [UO2(dbm)2K(18C6)]2 and [UO2(L)]3 complexes and their corresponding optimized structures with fixed UxOx X-ray core geometry. As expected, the results reported in Table 5 show that <S [START_REF] Christou | Single-Molecule Magnets[END_REF] It is noteworthy that the difference between the computed <S 2 >HS and <S 2 >BS for the trioxo systems is exactly equal to 2, as it must be regarding the symmetry of the magnetic core.

R e v i s e d m a n u s c r i p t

R e v i s e d m a n u s c r i p t

An important observation also from the results in Table 5 is that the U2O2 and U3O3 cores are predicted to display an AF coupling, in agreement with experimental findings. The used procedure i.e. ZORA/B3LYP computations in conjunction with the BS approach successfully predicts the actual AF character of such uranium(V) species leading also to a coupling constant equal to 8.1 and 7.2 cm -1 for the full optimized X-ray trioxo structure and with fixed U3O3 core geometry, respectively.

However, the obtained J value for the actual binuclear [UO2(dbm)2K(18C6)]2, when using a fully optimized geometry i.e. 347.6 cm -1 is definitively too high, whereas when keeping fixed the X-ray geometry of the U2O2 core, the obtained value (24.1 cm -1 ) is much more realistic.

R e v i s e d m a n u s c r i p t

These results highlight the crucial role of the considered geometry of the magnetic core.

Actually, small deviations of the magnetic core geometry could be responsible for a great variation of the magnetic coupling. Indeed, thanks to the reviewer, it can be seen in Table 1, that the BP86 optimized U-Oeq distance deviates noticeably from the X-ray one; this is probably responsible for the huge overestimation of the computed magnetic coupling constant for the dioxo complex. An optimal functional for geometry optimization of uranium complexes has been recently proposed. 130 "

The effect of the metal-ligand-metal bridge angle variation on the magnetic exchange interaction has been early studied in doubly bridged transition metal M(-L)M dimers. [START_REF] Hay | Orbital Interactions in Metal Dimer Complexes[END_REF][START_REF] Døssing | Recent advances in the coordination chemistry of hydroxo-bridged complexes of chromium(III)[END_REF] The low-spin and high-spin energy difference and the M-L orbital overlap are affected by this bond angle variation thus leading to a modification of the metal-metal magnetic interaction. [START_REF] Hay | Orbital Interactions in Metal Dimer Complexes[END_REF] However, to our knowledge, no systematic investigations of geometrical distortions effect on the exchange magnetic interaction have been provided in the diuranium cases. Hence, to get a deeper insight into the crucial role of the UxOx core geometry on the magnetic exchange, the coupling constant J was also computed for the different dioxo and trioxo mc(1-12) models which exhibit different structural distortions. Thus, the effect of modifying the core geometry on the coupling constant value was investigated considering the dioxo and trioxo models. One of the main goals of this study was to assess the relative stability of the systems towards core distortions through UOU and OUO bond angles variation (vide supra) and to provide more insights into the magneto-structural properties of bi-and trimetallic uranium(V) oxo-bridged complexes. In Table 6, are reported the TBE(eV), ΔE(cm -1 ) energy differences TBEBS  TBEHS, <S 2 > values, and exchange coupling J(cm -1 ) constant for the dioxo mc(1-7) and trioxo mc(8-12) models. It is worth noting that whatever the considered core geometry distortion of the U2O2 and U3O3 models, the BS state is generally more stable that the HS one, which means that the AF character of the UxOx core is kept and that it is a fundamental property of these magnetic cores. Moreover, it can be seen that in Table 6 the mc3 model exhibits a J constant value of 22.4 cm -1 , which agrees well with the corresponding J (24.1 cm -1 ) obtained for the actual dioxo system with the fixed X-ray core geometry (Table 5).

The most striking result in Table 6 is the decrease of the AF character as the UOU bond angle is increased for the dioxo U2O2 mc(1-7) models, where the J value diminishes in absolute value, predicting a nonmagnetic state for the mc5 model. Moreover, when increasing the UOU value angle up to 114.9 and 116.9°, it is found that the dioxo complex turns to be ferromagnetic.

The MO diagram of the dioxo mc3 model in its HS (triplet) state (figure 4), shows that the main U-oxo interactions are sustained by the  SOMO-10 numbered 192A within the U2O2 core.

Indeed, this MO involves significant contribution from both uranium 5f and oxo O(2p) orbitals, in line with the super-exchange and the antiferromagnetic character of the complex. In Table 7, are reported the most relevant orbital contribution to the SOMO, SOMO-1 and SOMO-10 as a function of the UOU angles of the considered dioxo models. In the same table are included the U-O (UOax/UOeq) atom-atom overlap populations computed as the sum of the  and  spins contributions, noting that the same value is obtained considering the HS or the BS state. As it can be seen in Table 7, there is no significant change in the SOMO and SOMO-1 compositions with the UOU angle variation, as these MOs remain mainly metallic being in average 90% 5f orbitals, as shown by the percentages % (6d/5f/U/dioxo) weights. The most striking result is the composition of the SOMO-10 (192A) which is traducing the UO interaction within the U2O2 core. It is worth noting that the oxygen atoms weight in the SOMO-10 decreases from 13.1 to 2.1% with the increase of the UOU angle from 105.9 (X-ray value) to 116.9°. This is correlating well with the decrease of the exchange coupling constant J (see Table 6) which switches from AF to ferromagnetic character as the UOU angle increases. We must keep in mind that in our mc dioxo models, the UOax/UOeq bond lengths have been kept fixed to their X-ray values (1.942/2.384 Å). Moreover, regarding the effect of the UOU angle variation, we observe that the overlap populations reach their maximum value for the X-ray angle value. Furthermore, the computed UOax atom-atom overlap population as a function of the UOU angle variation (Table 7) decreases drastically from 0.248 for the X-ray (105.9°) angle to 0.116 at the UOU angle of 114.9° matching with the appearance of a weak ferromagnetic exchange coupling (J = +0.8 cm -1 ) with the U2O2 core. The same trend is observed for the UOeq overlap population. These results are in the line with previous EHT study on bimetallic transition metal systems, [START_REF] Monreal | Weak Interaction between Iron and Uranium in Uranium Alkyl Complexes Supported by Ferrocene Diamide Ligands[END_REF] reporting the influence of the metal-ligand-metal (M-L-M) bridge R e v i s e d m a n u s c r i p t angle on the metalligand overlap and consequently on the coupling magnetic character; it was observed that as MLM bridged angle increases from 90 to 110°, the metal-like orbital overlap with ligand decreases. Furthermore, as reported, [START_REF] Hay | Orbital Interactions in Metal Dimer Complexes[END_REF] there is also a dependence of the relative energy of the symmetric (S) and antisymmetric (A) metalligand highest occupied MOs with the ML overlap as the MLM angle varies.

R e v i s e d m a n u s c r i p t

Thus, in order to investigate possible magneto-structural correlations in our case, the HS/BS energy variation of the SOMO, SOMO-1 and SOMO-10 levels as a function of the UOU angle in HS/BS state, is reported in the Table 8. Furthermore, the (SOMO  SOMO-1) energy gap in the HS spin state is also included in this Table 8. The most relevant result is this energy difference EHS in the HS state which decreases when opening the UOU bond angle leading to the exchange coupling switching from AF to ferromagnetic. The considered SOMO and SOMO-1 (# 202A and 201A) are mainly the symmetric (S) and anti-symmetric (A) combination of the U(fxyz)U(fxyz) 5f orbitals. As previously reported, [START_REF] Hay | Orbital Interactions in Metal Dimer Complexes[END_REF] the relative E = ES  EA energies in bimetallic transition metal complexes, as a function of M-L-M bond angle variation, determine the magnetic character of the metal-metal exchange coupling. Indeed, it was observed that the AF coupling should be expected as this energy difference E increases and one should expect a ferromagnetic coupling when such E value is equal or tends towards zero. [START_REF] Mouesca | Spin Densities and Spin Coupling in Iron-Sulfur Clusters: A New analysis of hyperfine coupling constants[END_REF] Moreover, as exemplified by the Cu2(-R e v i s e d m a n u s c r i p t OH)CI4 2-system, the relative energy E between the two S and A MOs as a function of the MOM angle varying from 90 to 110° reveals a AF/F crossover point occurring at 107°. [START_REF] Hay | Orbital Interactions in Metal Dimer Complexes[END_REF] For our part, as it can be seen in the Table 8, the Es reproduce satisfactorily this trend, and reveal that AF exchange coupling is related to a high E energy difference (J = 56 cm -1 for E = 0.151 eV). On the contrary, the exchange coupling tends to the ferromagnetic character with small E values (J = +1.6 cm -1 for 0.025 eV). So, as expected the UOU bond angle value affecting the E quantity, determines the magnetic character. The variation of the magnetic coupling constant is also related to the bridging dioxo orbital weight and the atom-atom UO overlap populations (Table 7) which decrease drastically (vide supra) with the increase of the UOU angle from 97.9 to 114.9°, a high overlap population being correlated to magnetic superexchange.

Spin Densities Analysis:

Spin densities play a key role for the qualitative understanding of ferromagnetic and AF exchange coupling. In d-transition metal magneto-chemistry, some mechanisms have been proposed to explain the exchange coupling between the magnetic centers by spin polarization, spin delocalization 131,132 or super-exchange phenomena as expressed early by O. Kahn. 133 Concerning our target systems, we shall consider first the dioxo [UO2(dbm)2K(18C6)]2 and trioxo [UO2(L)]3 actual complexes with X-ray core geometry fixed, in order to understand and rationalize their ubiquitous AF character. Then, a comparison with the mc3 and mc10 models which led to J constants similar to the actual complexes ones (-22.4 and -7.2 cm -1 ) will be done.

The obtained spin density maps (difference between the α and β electron densities) are displayed on Figure 7. We note that both HS and BS states exhibit well localized spin densities on the two magnetic diuranium(V) centers with non-negligible values on their nearest Ooxo and O1,2 neighbors.

Interestingly, the spin density maps show that the uranyl(V)-oxo bridging ligands contribute to the exchange coupling mechanism, with significant spin densities. It is worth noting that for the HS state the spin of the two oxo groups is symmetrically polarized by the two U V spin carriers.

On the contrary, for the BS state, the bridging oxo ligands are differently polarized according to the electron spin of the magnetic center. This is likely to highlight the crucial spin polarization role of the bridging oxo ligands favoring antiferromagnetic coupling of the [UO2(dbm)2K(18C6)]2 complex. Furthermore, it can be seen in Table 9, where are reported the relevant spin populations, that both NPA (Natural Population Analysis) and MDC (Multipole Derived Charges) analyses lead to equivalent results, although NPA gives metal spin population greater than 1 contrarily to the MDC analysis. It can be noticed, that a small dissymmetry appears for the uranium spin densities of the binuclear complex, in the HS state but not for its BS state. Similarly to the dioxo picture (Figure 7) the HS trioxo state shows that the three oxo spin density are symmetrically polarized by the trimetallic U V centers. In opposite, the BS state exhibit differently polarized bridging oxo ligands. Indeed, it can be seen in Table 9, where are reported the relevant NPA and MDC spin populations, that a small dissymmetry appears for the uranium and oxo-bridging spin densities of the trioxo complex, but not for the outer oxo ligands.

Regarding the reliability of the small models to describe the observed AF exchange coupling in the actual complexes, namely mc3 [UO2(methanate)2K]2 and mc10 [UO2(L)]3 (L= bis(Me)malondiiminate) models bearing the X-ray UxOx core geometries of the real complexes, it can be seen that they provide very similar spin density maps (Figures S2 andS3). These magneto-structural properties sustain once again the crucial role of the UxOx core geometry featuring the AF exchange coupling.

Conclusions

In summary, the exchange coupling constant between uranium centers in the [UO2(dbm)2K(18C6)]2 binuclear and [UO2(L)]3 trinuclear complexes with diamond and triangle shaped cores, exhibiting the 5f 1 -5f 1 and 5f 1 -5f 1 -5f 1 electron configurations respectively, have been investigated theoretically using relativistic DFT ZORA/B3LYP computations combined with the broken symmetry (BS) approach. The antiferromagnetic (AF) character observed experimentally is confirmed by the calculations.

R e v i s e d m a n u s c r i p t

The computations revealed that the magnetic exchange coupling within such oxo-bridged complexes exhibiting Cation-Cation Interactions (CCI) is more sensitive to changes in the UxOx core geometry than to changes in the coordination environment around the magnetic core. The magnetic exchange coupling J constants have been estimated as J = -24.1 cm -1 for the dioxo [UO2(dbm)2K(18C6)]2 and J = -7.2 cm -1 for the trioxo [UO2(L)]3 complexes. It is noteworthy that the considered complexes as well as the used simplified models bearing the actual UxOx core geometries reproduce satisfactorily the AF exchange coupling. The influence of small changes of the U---U distance and UOU angles on the coupling constants has been investigated.

Although the robust AF exchange coupling within the UxOx cores is generally maintained when small variations of the UOU angle are applied, a weak ferromagnetic character appears in the dioxo species when this angle is higher than 114° the X-ray measured angle being equal to 105.9°. In the case of the dioxo species it is found that the magnetic character is related to the energy difference between the two highest metallic SOMO and SOMO-1. A high energy difference determining the AF coupling as it is the case for the actual dioxo complex, whereas a nearly zero one determines the ferromagnetic coupling. The latter situation appears when the UOU angle is increased. These energies are themselves driven by the overlap population within the dioxo core, a high metal-oxygen overlap population being correlated to the super-exchange occurrence.

The bonding interactions within these cores have been analyzed using several approaches including the NPA and the QTAIM analyses. The combined structural and electronic analysis data, were corroborated by the MO analysis sustaining that the metal-metal electronic communication favoring magnetic exchange interactions in such diuranium(V) and triuranium(V) systems, originates partially from the covalently bound bridging oxo groups in the U2O2 diamond-core and U3O3 triangle-core. 
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Scheme 1 :

 1 Scheme 1: T-shaped tetramer (a) and diamond-shaped dimer (b) UO2 + •••UO2 + exhibiting

R e v i s e d m a n u s c r i p t

  

Figure 1 :

 1 Figure 1: Optimized molecular structures of [UO2(dbm)2K(18C6)]2 (left) and [UO2(L)]3 (L=2(4-Tolyl)-1,3-bis(quinolyl)malondiiminate) (right). Sticks used to depict C, N and K atoms; H atoms have been omitted for clarity. Pink and red colors respectively for uranium and oxygen atoms.

R e v i s e d m a n u s c r i p tFigure 2 :

 2 Figure 2: geometrical parameters of the U2O2 and U3O3 cores (see Figure 1 for atoms color code)

  For the [UO2(dbm)2K(18C6)]2 complex, the optimized U---U distance is slightly longer than the experimental one (3.553 vs. 3.462 Å). In the trioxo [UO2(L)]3 complex, the mean U---U distance (4.23 DFT vs. X-ray 4.19 Å), is shorter than that found of the previously reported tetrameric CCI complexes [UO2(dbm)2]4[K4(CH3CN)4], (4.315(5)Å)[START_REF] Arnold | Pentavalent uranyl complexes[END_REF] and [{UO2(salen)]4}(μ8-K)2][{K(18C6)Py)2}] (4.31(3) Å) where the four uranyl(V) groups interact in a the T-shaped fashion (Scheme 1).[START_REF] Chatelain | Magnetic communication cationcation trimer of pentavalent uranyl[END_REF] 

Figure 3 :Table 3 :

 33 Figure 3: ZORA/BP86/TZP optimized molecular structures of [UO2(methanate)2K]2 (left) and [UO2(L)]3 (L = bis(Me)malondiiminate) models (right) with modified core geometries. Pink, red, blue, grey, deep grey and white colors respectively for uranium, oxygen, nitrogen, potassium, carbon and H atoms.

Furthermore, as reported

  recently by M. J. Monreal et al., 121 magnetic coupling may occur through metal-metal orbital overlap in the mixed-valence linear trinuclear Fe II U IV Fe III cluster [UFe2(C5H4NSi-( t Bu)Me2)4] + . In our case, the U---U separation within the mc3 dioxo model equal to 3.462 Å, is significantly shorter than twice the covalent radius of the uranium atom (3.920 Å), 64 but much larger than twice the U(V) ionic radius equal to ca. 1.80 Å. Similarly, the U---U distance in the trioxo mc10 model, equal to 4.19(1) Å X-ray data, is in the same range as the mean U---U distance found in the T-shaped cores of the salen tetramer decorated with sodium cations {[UO2(salen)]4[μ8-Na]2}.2[Na(18C6)(py)2] (4.20(

  [125][126][127][128][129] Molecular Orbital Analysis. The frontier MO diagrams of the HS and BS states of the [UO2(methanate)2K]2 (mc3) and trioxo [UO2(L)]3 (L= bis(Me)malondiiminate) (mc10) models are given on Figures 4, 5, 6 and S1 (Supplementary Information) respectively. In these diagrams %(6d/5f/U/Ligand) represents respectively the percentage weight of the 6d/5f metal orbitals, R e v i s e d m a n u s c r i p t the uranium atoms and of the ligands within the displayed frontier MOs. The highest occupied MOs of the dioxo mc3 and trioxo mc10 models, in their respective HS triplet and quartet states (Figures4 and 6) are the two degenerate α singly occupied SOMO (202A) and SOMO-1 (201A)

  ) the SOMOs are localized separately on the U V spin centers with also mainly a 5fxyz character. The most striking feature in the HS and BS MO diagrams of the dioxo mc3 model (Figures4 and 5) is the existence of MO #192A traducing the  U-oxo axial coordination within the U2O2 core and indicating that the equatorial coordination are deeper in energy, involving the contribution from both uranium 6d and oxo O(2p) orbitals. R e v i s e d m a n u s c r i p t

Figure 4 :

 4 Figure 4: B3LYP Frontier MO diagram of the dioxo mc3 model in its HS (triplet) state. R e v i s e d m a n u s c r i p t

Figure 5 :

 5 Figure 5: B3LYP Frontier MO diagram of the dioxo mc3 model in its BS state.

Figure 6 :

 6 Figure 6: B3LYP Frontier MO diagram of the trioxo mc10 model in its HS (quartet) state.

>HS exhibits correct values close to 2 and 3 .

 23 75 for the triplet U2O2 and quartet U3O3 states systems, thus indicating almost no spin contamination for the HS states. Furthermore, the computed <S 2 > in the BS states, is intermediate between the value for a real singlet (S=0) and the triplet S(S+1) = 2 value of the HS state for the [UO2(dbm)2K(18C6)]2 complex and between the value for an exact doublet S(S+1) = 0.75 and quartet S(S+1) = 3.75 for the [UO2(L)]3 complex. The same behaviour is obtained for the two dioxo [UO2(methanate)2K]2 and trioxo [UO2(L)]3 (L= bis(Me)malondiiminate) models with fixed core geometry (vide infra).

Figure 7 :

 7 Figure 7: ZORA/B3LYP/TZP spin density distributions for the HS (triplet) and BS states of [UO2(dbm)2K(18C6)]2 (blue color: positive and red color: negative spin density). The isodensity surface corresponds to a value of 0.0025 e bohr -3 .

Figure 8 :

 8 Figure 8: ZORA/B3LYP/TZP spin density distributions for the HS (quintet) and BS states of [UO2(L)]3 (blue color: positive and red color: negative spin density). The isodensity surface corresponds to a density value of 0.0025 e bohr -3 .

Information-

  Scheme S1: Molecular structure of [UO2(dbm)2] 2- -NPA and QTAIM analyses -Figure S1: MO diagram of the BS state of the mc10 model -Figures S2 and S3: spin density distributions for the mc3 and mc10 models.

Table 1 :

 1 Optimized

	[UO2(dbm)2K(18C6)]2	<X-Ray> 63	<DFT>
	U-Oax	1.941(4)	1.929
	U-Oeq	2.384(4)	2.462
	U-O	1.850(4)	1.858
	U---U	3.462	3.553
	OUO	74.1	72.6
	UOU	105.9	107.4

ZORA/BP86/TZP bond distances (Å) and angles (°) of [UO2(dbm)2K(18C6)]2 and corresponding X-ray values.

Table 2 :

 2 Optimized

	[UO2(L)]3	<X-Ray> 72	<DFT>
	U-Oax	1.842(10)	1.920
	U-Oeq	2.374(8)	2.410
	U-O	1.905(10)	1.920
	U---U	4.19(2)	4.23

ZORA/BP86/TZP bond distances (Å) and angles (°) of [UO2(L)]3 and corresponding X-ray values.

Table 4 :

 4 ZORA/BP86/TZP Mayer and NM average bond orders of the dioxo and trioxo UxOx models, in their triplet (T) and quartet (Q) states, respectively.U3O3 model with X-ray core namely mc10, the double bond character of the U-Oax axial coordination, is well reproduced by the Mayer and NM indices i.e. 1.395 vs. 2.398, respectively, whereas the U-Oeq equatorial single bonds exhibit the following Mayer and NM orders of 0.413 vs. 1.112, respectively.

	a n u s c r i p t
	m				
	(X-ray) UxOx models U2O2 mc3 U3O3 mc10 e v i s e d U -Oax / U -Oeq d(Å) Mayer 1.941/2.384 1.842/2.374 1.289/0.375 1.395/0.413	NM 2.303/1.076 2.398/1.112	d(Å) 3.462 4.192	U---U Mayer 0.047 0.056	NM -0.828 -0.996
	As expected, the UxOx cores exhibit formally both single and double U-O bond characters. The NM approach, which accounts for ionic and covalent contributions, gives greater metal-ligand R
	bond orders (up to two times) than Mayer's ones. Concerning the dioxo U2O2 mc3 model with
	fixed X-ray core, the difference between axial and equatorial bond lengths, U-Oax and U-Oeq

respectively, is well traduced by their U-Oax/U-Oeq double and single bond characters. This trend is well confirmed by their Mayer and NM bond orders, as exemplified for the dioxo model mc3 i.e. 1.289 vs. 0.375 for Mayer and 2.303 vs. 1.076 for NM, respectively. Similarly, for the

Table 5 :

 5 ZORA/B3LYP/TZP computed TBE(eV), ΔE (eV/cm -1 ), <S 2 > values, and magnetic exchange coupling constant J (cm -1 ) for the [UO2(dbm)2K(18C6)]2, [UO2(L)]3 complexes.

	Complexes	TBEHS (eV)	TBEBS (eV)	ΔE (cm -1 )	<S 2 >HS	<S 2 >BS	J(cm -1 )
			fully optimized structures			
	[UO2(dbm)2K(18C6)]2	-1455.770	-1455.813	-347.64	2.009	1.008	-347.6
	(5f 1 -5f 1 )						
	[UO2(L)]3	-1320.719	-1320.721	-16.13	3.763	1.763	-8.1
	(5f 1 -5f 1 -5f 1 )						
		optimized structures UxOx with fixed X-ray core geometry		
	U2O2	-1467.937	-1467.940	-24.06	2.010	1.009	-24.1
	U3O3	-1319.1482	-1319.1500	-14.44	3.763	1.764	-7.2

Table 6 :

 6 ZORA/B3LYP/TZP computed TBE (eV), ΔE (cm -1 ), <S 2 > values, and exchange coupling constant J (cm -1 ) for the different mc optimized models

			a n u s c r i p t
			m				
	e v i s e d				
	R						
	mc models UOU (°)	TBEHS (eV)	TBEBS (eV)	ΔE (cm -1 )	<S 2 >HS <S 2 >BS J(cm -1 )
			U2O2 dioxo models			
	mc1: 97.9	-312.716	-312.723	-56.45	2.008	1.002	-56.1
	mc2: 103.9	-312.962	-312.966	-32.26	2.008	1.004	-31.2
	(X-ray) mc3 :105.9	-312.9797	-312.9825	-22.43	2.010	1.008	-22.4

Table 7 :

 7 ZORA/B3LYP/TZP computed most relevant orbital contribution FMO to the dioxo models with UOU angle variation and dioxo UOax/UOeq atom-atom overlap populations.

					atom-atom
			% (6d/5f/U/dioxo)		overlap
	UOU				populations
	(°)	SOMO (202A)	SOMO-1 (201A)	SOMO-10 (192A)	UOax/UOeq
	97.9	0/92.7/92.7/0	0/92.4/92.4/0	0/28.2/33.3/13.6	0.211/0.062
	103.9	0/89.3/89.3/0	0/88.2/88.2/0	0/23.9/26.5/9.75	0.212/0.088
	105.9	0/90.7/90.7/0	0/87.3/87.3/0	0/25.1/29.5/13.1	0.248/0.106
	110.9	0/89.5/89.5/0	0/90.4/90.4/0	0/26.0/30.9/10.1	0.227/0.092
	113.9	0/89.6/89.6/0	0/91.3/91.3/0	0/24.8/28.7/4.8	0.221/0.088
	114.9	0/89.5/89.5/0	0/90.2/90.2/0	0/11.4/15.1/3.4	0.116/0.038
	116.9	0/87.8/87.8/0	0/78.5/78.5/0	0/11.4/15.1/2.1	0.054/0.022

Table 8 :

 8 ZORA/B3LYP/TZP SOMOs energy (eV) variation and energy difference E between SOMO and SOMO-1, with the UOU (°) angle in HS/BS states of the dioxo species.

			HS	BS		HS/BS		
	UOU							
	(°)	SOMO	SOMO-1	SOMO	SOMO-1	SOMO-10	EHS	J
		(202A)	(201A)	 (201A)	 (201A)	(192A)	(eV)	(cm -1 )
	97.9	-4.455	-4.606	-4.528	-4.543	-6.959/-6.873	0.151	-56.1
	103.7	-4.424	-4.552	-4.486	-4.493	-6.965/-6.932	0.128	-31.2
	105.9	-4.530	-4.595	-4.562	-4.564	-6.980/-6.840	0.065	-22.4
	110.9	-4.444	-4.481	-4.464	-4.461	-7.026/-6.876	0.037	-3.2
	113.9	-4.561	-4.594	-4.442	-4.583	-7.035/-6.873	0.033	0
	114.9	-4.432	-4.461	-4.573	-4.583	-7.169/-7.030	0.029	+0.8
	116.9	-4.469	-4.494	-4.468	-4.493	-7.125/-6.902	0.025	+1.6

Table 9 :

 9 ZORA

	a n u s c r i p t
	m	
	e v i s e d	
	R	
	/B3LYP/TZP NPA spin populations for the HS and BS states of
	[UO2(dbm)2K(18C6)]2 model complex with X-ray fixed core. Atoms are numbered as indicated
	on Figure 2.	
	NPA	MDC

Table 10 :

 10 ZORA/B3LYP NPA spin populations for HS and BS states of the [UO2(L)]3 model complex with fixed U3O3 core.

	Atoms a	NPA		MDC	
		HS	BS	HS	BS
	U1	1.101	-1.111	0.904	-0.914
	U2	1.101	1.110	0.907	0.914
	U3	1.101	1.107	0.908	0.912
	Ooxo1	-0.040	0.031	0.047	0.006
	Ooxo2	-0.039	-0.042	0.048	0.049
	Ooxo3	-0.039	-0.031	0.050	-0.006
	O1	-0.044	0.059	-0.005	0.003
	O2	-0.044	-0.059	-0.008	-0.006
	O3	-0.044	-0.059	-0.008	-0.008

a In this table, atoms are numbered as indicated on Figure

2

.
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