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By employing a recently proposed Hubbard U density-corrected scheme within density functional theory, we provide design principles towards the design of materials exhibiting a spin crossover-assisted gas release. Small molecular fragments are used as case study to identify two main mechanisms behind the change in binding energy upon spin transitions. The feasibility of the proposed mechanism in porous crystals is assessed by correlating the change in binding energy of CO 2 , CO, N 2 , and H 2 , upon spin crossover, with the adiabatic energy difference associated with the spin state change of the square-planar metal in Hofmann-type clathrates (M=Fe, Mn, Ni). A few promising cases are identified for the adsorption of intermediate ligand field strength molecules such as N 2 and H 2 . The latter stands out as the most original result as the the strong interaction in LS, as expected from a Kubas mechanism, results in a large change in binding energy. This work provides a general perspective towards the engineering of open-metal site frameworks exhibiting local environments designed to have a spin crossover upon adsorption of specific gas molecules.

I. INTRODUCTION

Metal-organic frameworks (MOF) are nanoporous materials made of metal ion centers coordinated by organic linkers to form 3D-structures [START_REF] Li | Design and synthesis of an exceptionally stable and highly porous metal-organic framework[END_REF][START_REF] Wang | Metal-organic frameworks as a tunable platform for designing functional molecular materials[END_REF] that have attracted much attention for catalysis [START_REF] Lee | Metal-organic framework materials as catalysts[END_REF][START_REF] Huang | Multifunctional metal-organic framework catalysts: synergistic catalysis and tandem reactions[END_REF][START_REF] Herbst | MOF catalysts in biomass upgrading towards value-added fine chemicals[END_REF][START_REF] Bagheri | A MoO 3 -metal-organic framework composite as a simultaneous photocatalyst and catalyst in the PODS process of light oil[END_REF] , sensing [START_REF] Bagheri | A MoO 3 -metal-organic framework composite as a simultaneous photocatalyst and catalyst in the PODS process of light oil[END_REF] and gas capture and separation [START_REF] Li | Recent advances in gas storage and separation using metal-organic frameworks[END_REF][START_REF] Li | Selective gas adsorption and separation in metal-organic frameworks[END_REF] . In these materials, efficient and selective gas adsorption can be achieved due to the large internal surface area and the high affinity of the metal centers with certain gas molecules [START_REF] D'alessandro | Carbon dioxide capture: Prospects for new materials[END_REF] . The presence of coordinatively unsaturated metal centers [START_REF] Hwang | Amine grafting on coordinatively unsaturated metal centers of mofs: Consequences for catalysis and metal encapsulation[END_REF] , also called open-metal sites, has resulted in large gas uptake at low pressure [START_REF] Sumida | Hydrogen storage and carbon dioxide capture in an iron-based sodalite-type metal-organic framework (Fe-BTT) discovered via high-throughput methods[END_REF][START_REF] Herm | Hydrocarbon separations in metal-organic frameworks[END_REF] owing to the formation of selectively strong [START_REF] Lee | Design of a metal-organic framework with enhanced back bonding for separation of N 2 and CH 4[END_REF][START_REF] Poloni | Understanding trends in CO 2 adsorption in metal-organic frameworks with open-metal sites[END_REF] coordination bonds between the MOF and the guest molecules [START_REF] Chui | A chemically functionalizable nanoporous material [Cu 3 (TMA) 2 (H 2 O) 3 ]n[END_REF][START_REF] Kökçam-Demir | Coordinatively unsaturated metal sites (open metal sites) in metal-organic frameworks: design and applications[END_REF] . Recently, a cooperative carbon monoxide adsorption mechanism via spin-transition has been reported in MOFs exhibiting open-metal site Fe centers [START_REF] Reed | Reversible CO scavenging via adsorbate-dependent spin state transitions in an iron(II)-triazolate metal-organic framework[END_REF] . Exceptionally large working capacities [START_REF] Reed | A spin transition mechanism for cooperative adsorption in metal-organic frameworks[END_REF] and low regeneration energies were obtained as a result of a step-shaped isotherm resulting from a cooperative change in the gas binding properties upon electronic transition. The spin-state transition from high spin (HS) to low spin (LS) occurred as a function of the CO partial pressure, as a result of the strong ligand field induced by CO upon adsorption. Once the HS→LS is triggered at all Fe centers, the uptake is shown to increase abruptly as a consequence of the significantly larger CO binding energy expected at LS compared to HS [START_REF] Sumida | Hydrogen storage and carbon dioxide capture in an iron-based sodalite-type metal-organic framework (Fe-BTT) discovered via high-throughput methods[END_REF] .

The change in the affinity of the adsorbent material for the gas reported by Long and coworkers [START_REF] Reed | Reversible CO scavenging via adsorbate-dependent spin state transitions in an iron(II)-triazolate metal-organic framework[END_REF][START_REF] Reed | A spin transition mechanism for cooperative adsorption in metal-organic frameworks[END_REF] arises from the change in the occupation of the antibonding d z 2 . This idea had already been shown in general terms by some of the present authors using ab initio electronic structure calculations [START_REF] Poloni | Understanding trends in CO 2 adsorption in metal-organic frameworks with open-metal sites[END_REF] and will be leveraged here to demonstrate the feasibility of a more general spin-crossover induced gas release. In point of fact, the efficient CO adsorption-desorption process discussed above relies on the step-shaped adsorption isotherms that may be possible only for large gas-induced ligand field splittings such as for CO, and thus cannot be applied for most gases.

As an alternative to this cooperative adsorption mechanism, we suggest that the idea of changing the electronic occupation of antibonding molecular states to change the gas adsorption properties (as discussed previously [START_REF] Poloni | Understanding trends in CO 2 adsorption in metal-organic frameworks with open-metal sites[END_REF] ) can be translated into an efficient and more general spin crossover-assisted desorption process. This can be achieved by applying, ideally, a small temperature swing to the material so that the affinity between the gas and the material decreases substantially as a result of the change in the spin state of the transition metal cation acting as adsorbing site.

Despite the potentially high impact of this mechanism on the development of efficient capture technologies, the proofof-concept of this idea is still lacking possibly owing to the fact that its thermodynamic feasibility relies upon the delicate competition between the ligand field strength of the MOF linkers and that of the adsorbate. Ab initio electronic structure calculations are a critical ingredient towards such development. Thus, the well known challenge [START_REF] Zhang | Spin splitting energy of transition metals: A new, more affordable wave function benchmark method and its use to test density functional theory[END_REF][START_REF] Wilbraham | Multiconfiguration pair-density functional theory predicts spin-state ordering in iron complexes with the same accuracy as complete active space secondorder perturbation theory at a significantly reduced computational cost[END_REF][START_REF] Mariano | Improved spin-state energy differences of Fe(II) molecular and crystalline complexes via the Hubbard U-corrected density[END_REF] in computing the energy difference between different spin states, also called adiabatic energy difference (the energy difference between two spin states computed at their corresponding geometry, ∆E H-L = E HS -E LS ), in periodic systems and with chemical accuracy has possibly hampered the development of this field.

For a temperature-induced spin crossover yielding an efficient gas capture and release, the change in the affinity must be large and the transition should occur near room temperature. The SCO transition temperature, T 1/2 , is obtained from the equilibrium condition ∆G = ∆H -T 1/2 ∆S = 0 and can be computed from first-principles [START_REF] Cirera | Theoretical prediction of spin-crossover temperatures in ligand-driven light-induced spin change systems[END_REF][START_REF] Cirera | Theoretical modeling of spin crossover in metal-organic frameworks: [fe(pz) 2 pt(cn) 4 ] as a case study[END_REF] .The first term, ∆H, is given by the sum of the adiabatic energy difference, ∆E H-L , plus the zero-point energy contribution to this difference, and the vibrational contribution to the enthalpy at finite T . By assuming entropic contributions similar to those reported previously [START_REF] Kepp | Theoretical study of spin crossover in 30 iron complexes[END_REF][START_REF] Vela | Thermal spin crossover in Fe(II) and Fe(III). accurate spin state energetics at the solid state[END_REF] for a diverse set of complexes, i.e. ranging between ∼9 J/(mol K) and 90 J/(mol K), we estimate the target values of ∆H to fall between ∼ zero and 0.3 eV, for a spin crossover temperature, T 1/2 =∆H/∆S, equal to 300 K. Previous computational studies have estimated the zero-point energy and thermal contribution at 300 K to be of the order of 0.1 eV [START_REF] Kepp | Theoretical study of spin crossover in 30 iron complexes[END_REF]26 in favor of LS (negative contribution to ∆E H-L ). This would shift the target range of the adiabatic energy difference here to 0.1 and 0.4 eV for. The density-corrected method employed in this study has demonstrated its ability to provide reliable spin energetics, as evidenced by comparisons with CASPT2 and experimental data [START_REF] Mariano | Improved spin-state energy differences of Fe(II) molecular and crystalline complexes via the Hubbard U-corrected density[END_REF] . However, it should be noted that this approach still exhibits an overall error that exceeds the level of chemical accuracy. Therefore, we consider an error of 0.2 eV as taken from ref. 21 by considering both the error computed on the molecular complexes (0.30 eV) and that associated to the periodic SCO complexes (0.065 eV) exhibiting weak ligand field. When this is taken into account, the target values of ∆E H-L lie between -0.1 and 0.6 eV. In this work, the feasibility of this mechanism is assessed in silico by computing adiabatic energy differences and the associated changes in binding energies by adopting an accurate densitycorrected scheme in DFT.

The calculations are performed using seven porous materials belonging to three MOF families with different metal choice or local environment of the open-metal center. Two are the Hofmann-type family [START_REF] Niel | Cooperative spin crossover behavior in cyanide-bridged Fe(II)-M(II) bimetallic 3d Hofmann-like networks (M= Ni, Pd and Pt)[END_REF][START_REF] Bartual-Murgui | Enhanced porosity in a new 3d hofmann-like network exhibiting humidity sensitive cooperative spin transitions at room temperature[END_REF][START_REF] Bartual-Murgui | Synergetic effect of host-guest chemistry and spin crossover in 3D Hofmann-like metal-organic frameworks [Fe(bpac)M(CN) 4 ] (M=Pt[END_REF] with formula Fe(pz)[M(CN) 4 ] and Fe(bpac)[M(CN) 4 ], where M = Fe(II), Mn(II) and Ni(II) exhibits a square planar coordination. The pz = pyrazine and the bpac = (bis(4-pyridyl)acetylene). The bpac ligand, being longer, results in a higher porosity in the MOF than the pz case and allows to adsorb two gas molecules onto the openmetal site, thus resulting in a stronger ligand field induced by the adsorbate. The third MOF is Fe 2 (tpt) 2 (NCS) 4 [START_REF] Halder | A highly distorted (10, 3)-a coordination framework constructed from alternating t-shaped and trigonal nodes[END_REF] with the Fe(II) sites in a square pyramidal coordination. We employ a novel Hubbard U density-corrected scheme [START_REF] Mariano | Improved spin-state energy differences of Fe(II) molecular and crystalline complexes via the Hubbard U-corrected density[END_REF] within density-functional theory to compute the change in binding energy upon spin-state change and the adiabatic energy difference associated with the spin crossover, in presence of adsorbed gas. This method allows us to remove the bias in the calculation of the adiabatic energy difference which is imposed by the Hubbard term entering in the total energy [START_REF] Mariano | Biased spin-state energetics of Fe(II) molecular complexes within density-functional theory and the linear-response Hubbard U correction[END_REF] and it yields predictions of spin splitting energies in excellent accuracy when compared with experiments or higher quantum chemistry level calculations [START_REF] Mariano | Improved spin-state energy differences of Fe(II) molecular and crystalline complexes via the Hubbard U-corrected density[END_REF] . The importance of using this approach in order to remove the bias affecting the calculation of binding energies is discussed extensively. Our results show that for the two Hofmann-like families, the ligand field splitting upon adsorption is too weak for CO 2 and too strong for CO to yield adiabatic energy differences consistent with a spin crossover near room temperature. Intermediate values, consistent with near room temperature SCO, are predicted for N 2 and H 2 , with the latter representing the most original result due to the large change in binding energy arising from from the strong binding energy in LS state expected from a Kubastype of binding. This result only applies to the Hofmannclathrates family studied in this work, where the metal has four-fold (NC) 6 coordination. Because the feasibility of the proposed mechanism depends on the competition between the ligand field strength of the MOF and that of the adsorbate, one could design a specific open-metal site MOFs with a local environments around the metal center such that a specific gas molecule can be desorbed upon SCO.

II. COMPUTATIONAL METHODS

A. Molecular fragments

The calculations of gas adsorption are performed by employing the TPSSh functional and the aug-cc-pVTZ basis sets as implemented in ORCA [START_REF] Neese | The ORCA program system[END_REF] . This functional was reported to give accurate results for spin crossover complexes [START_REF] Cirera | Theoretical prediction of spin-crossover temperatures in ligand-driven light-induced spin change systems[END_REF][START_REF] Cirera | Benchmarking density functional methods for calculation of state energies of first row spin-crossover molecules[END_REF] . Allelectron calculations are performed without inclusion of relativistic effects. The semiempirical Grimme's D3 correction [START_REF] Grimme | A consistent and accurate ab initio parametrization of density functional dispersion correction (DFTd) for the 94 elements H-Pu[END_REF] is employed in conjunction with the Becke-Johnson (BJ) damping scheme [START_REF] Smith | Revised damping parameters for the d3 dispersion correction to density functional theory[END_REF] to account for van der Waals forces (named as D3BJ) which are critically important for the correct description of the adsorption mechanism [START_REF] Poloni | CO 2 capture by metal-organic frameworks with van der waals density functionals[END_REF][START_REF] Lee | Small-molecule adsorption in open-site metal-organic frameworks: A systematic density functional theory study for rational design[END_REF] . For each calculation we place two molecules on each side of the metal atom and perform a full geometrical optimization. The molecules are always bound in end-on configuration except for H 2 molecule for which the side-on geometry is considered [START_REF] Kubas | Metal-dihydrogen and σ -bond coordination: the consummate extension of the dewar-chatt-duncanson model for metal-olefin π bonding[END_REF][START_REF] Kubas | Hydrogen activation on organometallic complexes and H 2 production, utilization, and storage for future energy[END_REF] . For the charge analysis, we employ the Bader method [START_REF] Henkelman | A fast and robust algorithm for bader decomposition of charge density[END_REF][START_REF] Sanville | Improved gridbased algorithm for bader charge allocation[END_REF][START_REF] Tang | A grid-based bader analysis algorithm without lattice bias[END_REF][START_REF] Yu | Accurate and efficient algorithm for bader charge integration[END_REF] to extract the electrostatic charge associated with the metal cation. For the calculation of the binding energy, a geometrical counterpoise correction is applied to correct for the basis set superposition error arising from the use of localized orbitals. The values of binding energy, Bader charge computed on the metal, and metal-ligand and metal-gas bond distances are reported in Tab. I. The values of adiabatic energy differences computed using TPSSh are reported in Tab. S2 and not discussed here since, as reported previously, they may differ from the DFT+D3BJ[U] values [START_REF] Mariano | Improved spin-state energy differences of Fe(II) molecular and crystalline complexes via the Hubbard U-corrected density[END_REF] . Analytical frequencies are computed in ORCA using the TPSSh functional and the aug-cc-pVTZ basis sets. These are used to compute the vibrational partition function that enters in the calculation of the vibrational contribution to the entropy [START_REF] Ochterski | Thermochemistry in gaussian[END_REF] .

B. Periodic Calculations

The calculations of the adiabatic energy difference and the binding energies are performed using Quantum Espresso [START_REF] Giannozzi | Quantum espresso: a modular and open-source software project for quantum simulations of materials[END_REF][START_REF] Giannozzi | Advanced capabilities for materials modelling with quantum ESPRESSO[END_REF] . We employ the GBRV ultrasoft pseudopotentials [START_REF] Garrity | Pseudopotentials for high-throughput dft calculations[END_REF][START_REF] Bennett | A systematic determination of Hubbard U using the GBRV ultrasoft pseudopotential set[END_REF] and wavefunction and charge density cutoffs of 70 Ry and 700 Ry, respectively. The reciprocal space sampling is performed by using a 2×2×1 Monkhorst-Pack grid. A full geometrical optimization is performed for both the bare and the loaded MOF using PBE+U with U=4 on both the octahedrally coordinated Fe and the open metal center M (vide infra), starting from the published structure [START_REF] Bartual-Murgui | Enhanced porosity in a new 3d Hofmann-like network exhibiting humidity sensitive cooperative spin transitions at room temperature[END_REF] . optimization is performed until the forces on atoms are less than 0.003 eV/Åand the stress along c axis is less than 0.015 kbar. In order to compute the spin state energetics we employ instead a Hubbard U computed self-consistently 50 using linear-response [START_REF] Cococcioni | Linear response approach to the calculation of the effective interaction parameters in the lda+U method[END_REF] , called here U sc . The self-consistency is achieved as follows: the linearresponse U is first computed starting from the PBE electronic density, and subsequent iterations are performed until the input and output values of U differ by less than 0.1 eV. The U sc is computed separately for each metal and spin state by employing the geometry optimized using U=4 eV. For Fe and Ni, we employ a molecular fragment M(CNH) 4 and two N 2 adsorbed molecules. For Mn, the U sc is computed using the periodic Fe(pz)[Mn(CN) 4 ] and one CO molecule. We employ ortho-atomic projectors. These U sc are then employed for all the subsequent calculations including those for the bare MOF and the other gas molecules, for both Fe(bpac)M(CN) 4 and Fe(pz)M(CN) 4 . Tab. III for the values of U sc . We note several convergence issues in the self-consistent cycle when using U sc =8.9 eV for the octahedrally-coordinated Fe. Thus, in order to avoid convergence problems we have set U=4 eV for this atom for every MOF calculation. Similar to the molecular case, all the PBE+U calculations are performed using the Grimme-D3 correction [START_REF] Grimme | A consistent and accurate ab initio parametrization of density functional dispersion correction (DFTd) for the 94 elements H-Pu[END_REF] together with the BJ damping scheme [START_REF] Smith | Revised damping parameters for the d3 dispersion correction to density functional theory[END_REF] . As reported in previous works [START_REF] Lee | Small-molecule adsorption in open-site metal-organic frameworks: A systematic density functional theory study for rational design[END_REF][START_REF] Rodríguez-Velamazán | Long-range magnetic order in the porous metal-organic framework Ni(pyrazine)[Pt(CN) 4 ][END_REF] , the Hubbard correction is needed in order to correctly describe the transition-metal 3d electrons in MOFs [START_REF] Mann | Firstprinciples Hubbard U approach for small molecule binding in metal-organic frameworks[END_REF] and in particupar the metal-gas interaction [START_REF] Poloni | Understanding trends in CO 2 adsorption in metal-organic frameworks with open-metal sites[END_REF][START_REF] Lee | Small-molecule adsorption in open-site metal-organic frameworks: A systematic density functional theory study for rational design[END_REF][START_REF] Mann | Firstprinciples Hubbard U approach for small molecule binding in metal-organic frameworks[END_REF][START_REF] Fernández-Blanco | Probing the SO 2 adsorption mechanism in hofmann clathrates via inelastic neutron scattering and density functional theory calculations[END_REF][START_REF] Fernández-Blanco | CO and CO 2 adsorption mechanism in Fe(pz)[Pt(CN) 4 ] probed by neutron scattering and density-functional theory calculations[END_REF] .

Corrected density scheme for adiabatic energy difference calculation

The adiabatic energy differences are computed by employing the Hubbard U-corrected density scheme [START_REF] Mariano | Improved spin-state energy differences of Fe(II) molecular and crystalline complexes via the Hubbard U-corrected density[END_REF] . For this, total energy calculations for each spin state are computed using PBE+U sc including the Grimme-D3+BJ such that

E PBE+D3BJ+U [ρ, {n σ m }] = E PBE+D3BJ [ρ] + ∑ m,σ U 2 [n σ m (1 -n σ m )]
(1) where the second term on the right is the Hubbard energy which depends on the density through the occupations, {n σ m }. These are the eigenvalues of the 5×5 occupation matrix

n σ mm = ∑ i,k f σ i,k Ψ σ i,k |φ m φ m |Ψ σ i,k (2) 
with f σ i,k being Fermi-Dirac occupations. The |Ψ σ i,k are the Kohn-Sham wave functions of band index i, and the {|φ m } projectors are here the 3d atomic-like functions. The densitycorrected scheme consists in performing a full self consistent calculation using the self consistent U, and by keeping only the first term of the total energy of equation 1. By removing the Hubbard term from the adiabatic energy difference, we remove the bias of DFT+U towards HS which arises from the penalizing Hubbard term being systematically larger for LS [START_REF] Mariano | Biased spin-state energetics of Fe(II) molecular complexes within density-functional theory and the linear-response Hubbard U correction[END_REF] .

We recently demonstrated that this method allows to compute adiabatic energy differences of Fe(II) molecular and crystalline complexes with excellent agreement with coupled cluster-corrected CASPT2 [START_REF] Pierloot | Spin state energetics in firstrow transition metal complexes: Contribution of (3s3p) correlation and its description by second-order perturbation theory[END_REF][START_REF] Phung | Toward highly accurate spin state energetics in first-row transition metal complexes: A combined CASPT2/CC approach[END_REF] and with experimentallyextracted values [START_REF] Mariano | Improved spin-state energy differences of Fe(II) molecular and crystalline complexes via the Hubbard U-corrected density[END_REF] . The Hubbard-U density corrected adiabatic energy difference between HS and LS is thus computed as follows

∆E H-L [ρ U ] = E HS PBE+D3BJ [ρ U ] -E LS PBE+D3BJ [ρ U ]. (3) 
As discussed in detail in our previous work [START_REF] Mariano | Biased spin-state energetics of Fe(II) molecular complexes within density-functional theory and the linear-response Hubbard U correction[END_REF] , the bias towards HS imposed by the Hubbard term (that penalizes LS more than HS) would yield negative values of all the adiabatic energy differences computed in this work, regardless of the molecule and framework choice (see comparison between the density-corrected and the standard DFT+U method in Tab. S3 and Tab. S4) and larger bias are computed for stronger ligand field molecules.

2. Density-corrected scheme for the binding energy

We employ here for the first time a density-corrected scheme to compute the binding energy. In this case, such approach allows us to correct for the bias due to the difference in the Hubbard term between the bare and bound case. As discussed below and shown in Tab. S3 and Tab. S4, the difference between DFT+D3BJ+U and DFT+D3BJ[U] binding energy can reach up to 2 eV. The binding energy is thus computed as follows

E bind [ρ U ] = E MOF+gas [ρ U ] -E MOF [ρ U ] -E gas , (4) 
where the total energy of the MOF and the MOF with adsorbed gas are taken from the first term of equation 1, i.e. as E PBE+D3BJ [ρ U ]. These energies are single point calculations on the geometries optimized using U=4, as explained above.

For the bare MOF and the MOF upon gas adsorption the total energy is computed using the same values of U sc ; these are the same adopted for the calculation of the adiabatic energy differences (see Tab. III).

III. RESULTS

A. Fragment calculations

The gas binding energies associated with each spin state are computed for the fragment model M(CN) 4 [with M=Fe(II), Fe(III), Ni(II)] for CO 2 , CO, N 2 , and H 2 . The computed values, together with the gas-metal bond distance and the electrostatic charge of the metal are reported in Tab. I. For Fe(II) and Fe(III), we compute the three spin states while for Ni(II) only two spin states are possible. In order to facilitate the understanding of the results, in what follows we divide the calculations in two groups. Each group reflects a specific mechanism that we have identified as responsible for the change in binding energy upon spin-state transition. The first group represents a situation where the change in binding energy mainly results from the change in occupation of the metal-gas molecular orbital d z 2 . Consistent with the analysis reported in Ref. 14, the binding energy always significantly decreases (increases) upon occupation (depopulation) of the antibonding d z 2 . The second mechanism, overlooked until now, involves the change in the occupation of the d x 2 -y 2 exhibiting antibonding character between the metal and the in-plane CN -ligands. I 0 0.5 Because the d z 2 has an antibonding character along z, the spin crossover-induced change in the occupation of this molecular orbital yields a change in the bond order of the gas 14 adsorbed along z. This decrease in binding energy and consequent bond elongation have been discussed previously in the case of gas adsorption in BTT-MOFs [START_REF] Poloni | Understanding trends in CO 2 adsorption in metal-organic frameworks with open-metal sites[END_REF] and MOF-74 [START_REF] Lee | Design of a metal-organic framework with enhanced back bonding for separation of N 2 and CH 4[END_REF][START_REF] Poloni | Understanding trends in CO 2 adsorption in metal-organic frameworks with open-metal sites[END_REF] . In these studies, the change in occupation of the d z 2 resulted from the increase in the electron count from d 3 to d 4 as expected for a transition metal in HS configuration. Here, the antibonding states are occupied upon spin crossover.

This case applies to the change between S=1 and S=0 for Fe(II); between S=3/2 and S=1/2 for Fe(III); and between S=1 and S=0 for Ni(II). See Tab. S1 for the electronic configurations of the different molecules. The change in binding energy, ∆E bind,H-L , is reported in the upper panel of Figure 1. We employ the general term ∆E bind,H-L to indicate the change in binding energy between a higher and lower spin state. This nomenclature includes intermediate spin (IS) as well, such as, for example for Fe(III) and Fe(II). The corresponding E bind are reported in Tab. I. Using the convention of positive binding energies for attractive interactions, positive values of ∆E bind,H-L indicate a lowering of the bond order TABLE I. Computed electrostatic charge of the metal center M, metal-cyanide ligands distance M-L, metal-gas bond distance M-gas and binding energies E b for the three molecular complexes at different spin states, spin. Calculations are performed using TPSSh-D3BJ. Significant changes in the binding energy are predicted also upon a spin transition involving a change in the occupation of the d x 2 -y 2 . This effect can be better appreciated when two binding energies are compared between spin states where a change in d x 2 -y 2 occurs but the occupation of the d z 2 remains unchanged. Because the molecular d x 2 -y 2 has an antibonding character between the metal cation and the four CN -ligands, the occupation of this molecular orbital results in a less covalent/more ionic character of the M-L bonds. This occurs for IS→HS spin-state transition between S=1 and S=2 for Fe(II) and between S=3/2 and S=5/2 for Fe(III). See Tab. I and Fig. 1 (lower panel). The occupation of the antibonding d x 2 -y 2 in HS results in longer M-L distances and an increased electrostatic positive charge at the Fe (see Tab. I). The Bader charge analysis shows a charge transfer of around 0.25 electrons from the metal to the ligands for Fe(II) and Fe(III) in absence of adsorbed molecules. We illustrate this change in Fig. 3 where the difference in total electronic density is computed between S=2 and S=1 of the Fe(II)(CNH) 4 complex, bound to CO. Because the electronic configuration changes from (d yz ) 2 (d x 2 -y 2 ) 0 for S=1 to (d yz ) 1 (d x 2 -y 2 ) 1 for S=2, a fraction of electronic charge density migrates from the iron to the ligands consistent with a d x 2 -y 2 orbital exhibiting a molecular character with some localization on the ligand (see Fig. 3). This charge redistribution yields an increase in the positive charge of the metal which enhances the strength of the electrostatic component of the interaction with the guest molecule. Consistently with this analysis, the MOF-gas binding energy increases and the bond distances decrease (see Tab. I). Overall, the computed ∆E bind,H-L are smaller compared to the case where the spin state transition involves a change in the occupation of the d z 2 as shown in Fig. 1 (upper panel). The whole mechanism is illustrated using a molecular orbital picture in Fig. 2 for CO 2 bound on Fe(II)(CNH) 4 . For S=0, the d z 2 is empty and the binding energy is the largest with E bind =0.960 eV and the metal-CO 2 bond length of 2.06 Å. At intermediate spin, S=1, the d z 2 is singly occupied and the binding energy drops to 0.487 eV and the bond lengths lengthen to 2.42 Å. At S=2, the d z 2 is singly occupied and the d x 2 -y 2 changes from empty to singly occupied. Due to the enhancement of the electrostatic contribution to the total binding mechanism, the binding energy increases with respect to S=1 and becomes E bind =0.698 eV with a shortening of the metalgas bond length to 2.24 Å. This analysis agrees with previous studies reporting a change in binding energy upon change in the occupation of d x 2 -y 2 achieved by changing the metal ion in high spin configuration. Specifically, an increase in binding energy was predicted from Cr to Mn and from Cu to Zn [START_REF] Poloni | Understanding trends in CO 2 adsorption in metal-organic frameworks with open-metal sites[END_REF][START_REF] Lee | Small-molecule adsorption in open-site metal-organic frameworks: A systematic density functional theory study for rational design[END_REF] , as expected from an increase in the electrostatic charge of the ion [START_REF] Poloni | Understanding trends in CO 2 adsorption in metal-organic frameworks with open-metal sites[END_REF] .

Metal gas Spin Charge (e) M-L (Å) M-gas (Å) E b (eV)

Fe(II)

Change in vibrational entropy upon spin state change

As explained in the Introduction, in order to assess the thermodynamic feasibility of spin-crossover-induced change in gas adsorption in the studied materials, we refer to refs. 24 and 25 for the range of values of vibrational entropy change upon spin state splitting between S=0 and S=2. In these studies, the authors report a range of values between ≈ 0.00009 eV/K and 0.0009 eV/K for Fe(II) and Fe(III) octahedral complexes. Here, to validate that this approximation holds also for other cation and spin state choices, we compute the change of vibrational entropy upon spin crossover for six of the complexes reported in Tab. I. For each cation, i.e. for M=Fe(II), Fe(III), and Ni(II), we compute the ∆S vib at 300 K for the fragment with two adsorbed H 2 and CO molecules. We compute the LS→IS for Fe(II) and Fe(III) and HS→LS for Ni(II). The results reported in Tab. S5 show that ∆S vib varies between 0.00034 eV/K and 0.00088 eV/K.

B. MOF calculations

For an efficient capture-and-release process that makes use of a spin crossover-induced gas-release, two conditions are necessary: i) a large change in binding energy upon spin crossover and ii) a transition temperature close to the adsorption condition. In this section we compute the binding configuration and binding energy for each spin state and the corresponding adiabatic energy difference in metal-organic frameworks exhibiting the open-metal site coordination studied in the previous section. We have found that the predicted changes in binding energy are substantial when the occupation of the d z 2 changes and this may lead to efficient gas release, depending on the thermodynamics of the transition. We recall that for Ni(II), HS results in a stronger interaction with the gas because the d z 2 is singly occupied while it is doubly occupied in LS. Thus, in this case gas release is achieved upon cooling down the system. As candidate MOF exhibiting the M(CN) 4 fragment we choose the Hofmann-like MOFs Fe(pz)M(CN) 4 and Fe(bpac)M(CN) 4 . Because the open metal site exhibit a divalent metal, here M=Fe(II), Ni(II), and Mn(II). The latter is isoelectronic to (and replaces) Fe(III). We note that the Ni case has been largely studied experimentally for both bpac and pz [START_REF] Niel | Cooperative spin crossover behavior in cyanide-bridged Fe(II)-M(II) bimetallic 3d Hofmann-like networks (M= Ni, Pd and Pt)[END_REF][START_REF] Bartual-Murgui | Synergetic effect of host-guest chemistry and spin crossover in 3D Hofmann-like metal-organic frameworks [Fe(bpac)M(CN) 4 ] (M=Pt[END_REF][START_REF] Southon | Dynamic interplay between spin-crossover and host-guest function in a nanoporous metal-organic framework material[END_REF] . In each case we compute the ground state and the first accessible state. This corresponds to S=0 and S=1 for Fe(II) and Ni(II), and S=1/2 and S=3/2 for Mn(II). 

Bias in the calculation of the binding energy

We note a large difference in binding energy between the full PBE+D3BJ+U calculation and the density-corrected one, PBE+D3BJ[U], as shown in Tab. II for Fe(bpac)Fe(CN) 4 . This bias yields binding energies that are lower (weaker binding) than the density-corrected scheme of equation 4, for Mn and Fe in LS.

The bias is due to the difference in the Hubbard term between the bare MOF and the bound case and its origin is here explained. We recall that, for a given value of U, the Hubbard term is larger when the occupation numbers n are more fractional (closer to 1/2) (see second term of equation 1). As expected from a molecular orbital picture (see Figure 2), when the d z 2 is empty (Fe and Mn in LS) the occupation number associated with the atomic projector d z 2 increases upon binding. This is due to the fact that in the bare MOF without any bound molecule this is an atomic-like orbital which is empty and therefore its occupation number is close to zero. In the bound case, due to the orbital mixing between the metal and the gas molecule, the occupation number increases due to the contribution from the low lying ligand-like states to the projection onto the d z 2 [START_REF] Mariano | Improved spin-state energy differences of Fe(II) molecular and crystalline complexes via the Hubbard U-corrected density[END_REF] . In Tab. II we also report the changes in the eigenvalues of the occupation matrix for the bare MOF and for the bound cases. Because the hybridization is stronger for more strongly bound molecules, the occupation number associated with d z 2 increases from almost 0.050 in the case of CO 2 where the molecule's orbitals are expected to mix negligibly with the metal, to 0.300 in the case of strongly bound CO. This leads to values of the Hubbard energy term that increase as a function of the orbital mixing between the metal and the molecules. As a consequence, the binding energies computed using the full energy expression of PBE+D3BJ+U are always lower (weaker binding) than the density-corrected PBE+D3BJ[U] case and the difference between the values computed using the two approaches also increases from weak to strongly bound molecules. As an example, the CO binding energy is predicted to be 0.754 eV using PBE+D3BJ+U while the density corrected scheme gives and 2.344 eV. The difference in the Hubbard energy between the bare and the bound cases, ∆(E U ), is also reported in Tab. II. Because the occupation numbers of the octahedrally coordinated Fe barely change in the different cases, this difference corresponds to the twice the difference (bias) in binding energy between the two sets of calculations (two bound molecules per unit cell).

The full list of values of binding energies computed using PBE+D3BJ+U and PBE+D3BJ[U] is reported in the SI. For Ni, the opposite behavior is found with stronger binding energies than the density-corrected scheme. The bias is substantially lower for Fe and Mn in HS, and for Ni in LS (see SI), as expected from a half occupied d z 2 orbital and substantially weaker binding between the metal and the molecules.

In what follows, we report and discuss the PBE+D3BJ[U] values.

Binding energy and binding configuration

We discuss first the case of Fe(bpac)Fe(CN) 4 . In LS, CO 2 binds on top of the Fe site in a tilted top on configuration (see Fig. 4 d) (similar to the molecular case discussed in the previous section) with the O atom of CO 2 on the two apical sites of the octahedron at a bond distance of 2.314 Å. In HS (S=1), the bond distance increases substantially (3.379 Å), as expected, and the molecule orients parallel to the Fe(CN) 4 plane and parallel to the plane of the pyridine rings and in between them. We note that this configuration differs from the molecular case where CO 2 binds in a top on fashion (see Fig. 2 and Tab. I) and we attribute this difference to the important role of the pyridine rings of bpac when the affinity for the metal is low. In LS, N 2 and CO adsorb on a top on configuration with the N-N and C-O bond perpendicular to the Fe(CN) 4 plane (see Fig. 4 b and a, respectively). At S=1, the N 2 molecule maintains its orientation while increasing the bond distance. The configuration with CO in S=1 could not be converged (vide infra). H 2 binds in an side on horizontal configuration (see Fig. 4 c) as expected from a Kubas type of binding in LS (H-Fe bond distance of 1.656 Å). In S=1 the bond distances increase and the molecules are found in a slightly tilted configuration.

The pz case is qualitatively similar to the bpac case except that in this case CO can be converged in S=1 and that CO 2 in S=1 adopts a side on configuration perpendicular to the pyrazine rings with the Fe coordinated to the CO 2 carbon. The same configuration was predicted by Culp et al. for the Hofmann-like clathrate Fe(pz)[M(CN) 4 ] (M = Pt and Ni) using DFT [START_REF] Culp | Effect of spin-crossover-induced pore contraction on CO 2 -host interactions in the porous coordination polymers [Fe(pyrazine)M(CN) 4 ] (M = Ni, Pt)[END_REF] . We note a similar binding configuration of H 2 , N 2 , and CO in the MOF and in the molecular fragment. Fe(bpac)Mn(CN) 4 adsorbs CO 2 with a side on configuration both in LS and HS with a metal-C distance of 3.611 Å and 3.663 Å, respectively. N 2 and CO adsorb on a top on configuration, both in LS and HS, similar to the Fe case. In LS, H 2 binds in a Kubas mechanism with E b =1.047 eV and an average Mn-H distance of 1.710 Å. In HS, the weak interaction is reflected on the large average distance of 3.025 Å and E b =0.087 eV. Similar binding configurations are found for Fe(pz)Mn(CN) 4 .

For Fe(bpac)Ni(CN) 4 a stronger binding is expected in HS because of the d 8 electron count and the distorted octahedral ligand field (the d z 2 is singly occupied in HS and doubly occupied in LS). In HS, N 2 and CO bind in a top on apical configuration, while H 2 adopts a side on Kubas configuration. The CO 2 molecules are located horizontally on top of the metal and parallel to the phenyl rings with the O(CO 2 )-Ni-C(CN) bond angle of 74.5 • . In LS, the bond distances increase for all molecules. N 2 and CO 2 maintain their orientation. H 2 adopts a tilted configuration as in the IS case of Mn and Fe, and CO also adopts a tilted configuration.

Bias in the calculation of the adiabatic energy differences

The use of DFT+U in the study of TM complexes has become increasingly popular over the years. This is due to its effectiveness in healing the pathological delocalisation error of d/f-electrons typically observed within standard local and semi-local approximations. In a nutshell, the underlying approximation of DFT+U is the possibility of identifying a manifold of localized electrons and introducing a potential that favours integer occupations of the d/f-like KS orbitals, i.e. the set {n ρ m } previously introduced. In the complexes studied here, a strong mixing between the atomic d orbitals of the metal center and the p-like orbitals of the coordinated chemical species occurs. This results in {n ρ m } which deviate from 1 and 0 depending on the ligand field strength. When comparing LS and HS/IS states, larger values of the Hubbard energy term (second right-hand term in equation 1) are systematically observed for LS states due to the higher number of occupied bonding molecular orbitals involving d electrons, as explained in detail in ref. 31. This affects the evaluation of spin-state energetics in such a way that the bias towards HS/IS states imposed by the Hubbard term can reach up to a few eVs for strong-ligand complexes. The Hubbard U-density corrected scheme [START_REF] Mariano | Improved spin-state energy differences of Fe(II) molecular and crystalline complexes via the Hubbard U-corrected density[END_REF] has been developed to avoid such a bias. In Tab. III we report the values of adiabatic energy differences computed using PBE+D3BJ[U] while the corresponding PBE+D3BJ+U values are shown in parenthesis. As expected, the largest bias is found for the bpac MOF, where two molecules are adsorbed, and the CO molecules which exhibit the strongest ligand spin splitting. The largest difference of 2.65 eV is predicted found for Fe(bpac)Mn(CN) 4 .

In the theoretical study of spin-crossover materials, the accuracy in evaluating the adiabatic energy difference is crucial for identifying possible new SCO compounds. We notice that, PBE+D3BJ+U not only introduces a major error in the evaluation of this quantity but also, often fails to capture the correct magnetic ground state. This can be observed in Tab. III where the majority of the PBE+D3BJ+U values have opposite sign compared with PBE+D3BJ[U]. For these reasons, in the discussion that follows we only discuss PBE+D3BJ[U] values. ∆E I,H-L , binding energy (eV) and metal-gas distance (Å) between S=1 and S=0 for M=Fe,Ni, and between S=3/2 and S=1/2 for M=Mn. The energies are computed using the PBE+D3BJ[U] density-corrected scheme. For the ∆E I,H-L , the PBE+D3BJ+U values are reported in parenthesis. These correspond to differences between intermediate spin and low spin for Fe and Mn. The self-consistent linear response values of U are reported in each case. Gas-metal bond distances refer to the average value computed over the two molecules in the bpac case. a This configuration corresponds to S=2 (see text). The values of in bold correspond to ∆E compatible with a near-RT SCO, i.e. between -0.1 and 0.6 eV (see discussion in section I). The results of adiabatic energy differences computed adopting the density-corrected scheme are reported in Tab. III. Only these values will be commented in this section. The calculations are performed for the ground state and the first accessible state which correspond to low spin and intermediate spin in most of the molecules adsorbed on Fe and Mn. We employ the term ∆E I,H-L to indicate that the difference is performed between either intermediate or high spin and low spin, depending on the case. Two molecules are adsorbed per metal site.

We discuss first the M=Fe case. The ground state of the bare MOF is S=1. Upon coordination of CO 2 , the ∆E I-L (S=1 and S=0) increases as a result of the repulsion between the d z 2 and the molecule, however, there is no change of sign owing to the weak field ligand of CO 2 . For the other molecules, HS also correspond to S=1 and the strong interaction with the Fe center computed in S=0 (E b =1.007 eV for H 2 , and E b =1.223 eV for N 2 ), allows to stabilize LS yielding positive values of ∆E H-L that correlate well with the strength of the binding. For CO, the interaction is so strong that only the S=2 state could be converged (and not S=1) preventing us from computing the values of adiabatic energy difference and the binding energy in the IS case.

For Mn, the ground state is S=3/2 for the bare MOF and the trend of binding energies and ∆E I-L is similar to the Fe case. We predict a progressive increase of the ∆E I-L as the strength of the binding increases, i.e. from CO 2 to CO. The binding energy of CO 2 is 0.550 eV and the negative adiabatic energy difference is -1.040 eV. For the strong field ligand CO, we compute 2.463 eV (binding) and 2.745 eV (spin splitting energy). Thus, similar to the Fe case, the spin crossover transition is expected not to occur as an entropy driven process for adsorbed CO.

In the case of Ni, the spin state change from S=0 to S=1 corresponds to a change of the d z 2 from doubly to singly occupied. Thus, larger binding energies are predicted for S=1. For the bare MOF, the calculations could be converged only in LS, consistent with experimental findings. Thus, the S=1 could be computed for all adsorbed molecules but the binding energy can be reported only for LS. The analysis of the metalgas bond distance, however, shows systematically stronger binding in HS, with CO being possibly the strongest among all molecules, as expected from the shortest bond length and smallest ∆E H-L . As expected, an opposite evolution of the adiabatic energy difference is found for the four gas molecules between the Ni(II) case and Fe(II) and Mn(II) cases. For Fe and Mn, larger values of adiabatic energy differences are found for molecules exhibiting stronger-field ligands, i.e. for a higher destabilization of d z 2 with respect to the low lying non-bonding orbitals. Thus, a LS→HS change involving a change in occupation between the d z 2 and d xy , results in the largest values of ∆E H-L for CO in Mn (and Fe eventually) and the smallest when Ni is considered (see illustration of the molecular-orbital diagram in Fig. 2). For the same reason, increasing values of ligand fields result in the progressive decrease of ∆E H-L in the case of Ni(II). In this case, the destabilization of d z 2 upon (strong) binding brings this molecular orbital closer to high-lying antibonding d x 2 -y 2 , and because the spin transition involves these two energy levels, the associated ∆E H-L decreases.

Adiabatic energy differences in Fe(pz)M(CN) 4

The results of the Fe(pz)M(CN) 4 clathrate are reported in Tab. III. In this case, one molecule adsorbs within the smaller pore the top of the coordinatively unsaturated metal.

In the case of Fe, the ground state of the bare MOF is S=1 and the ∆E I-L between S=1 and S=0 is comparable to the bpac counterpart. When CO 2 is adsorbed, the ∆E I-L increases only marginally, and less compared to the previous case when two molecules are adsorbed. The strong ligand field exerted by CO (E b =2.728 eV in LS) and N 2 (E b =1.439 eV in LS) results in a change of the sign of the ∆E I-L as in the previous case and yields ∆E I-L = 1.147 eV and ∆E I-L =0.326 eV, respectively. For H 2 , the ligand field induced by the uptake of one molecule is strong enough to change the sign of the spin splitting energy (∆E I-L =-0.030 eV). The metal-ligand distance and the change in the binding energy are similar to the bpac case. For Mn, the ∆E I-L are overall smaller than the Fe case, and the trend correlates well with the binding strength and bond distances. A positive value of ∆E I-L is here predicted only for CO (0.897 eV). For Ni, the bare MOF is in S=1 as for the bpac case, and S=0 could not be converged. The adiabatic energy differences are smaller than the previous MOF case and the smallest value is found for CO, consistent with the strongest bonding and shortest bond distance in HS (M-gas=1.966 Å).

The situation for Ni is similar to the bpac case. The ground state is LS, regardless of the type of molecule adsorbed. The adiabatic energy differences decrease as a function of the ligand strength but these are always rather large even for strongly adsorbed molecules such as CO (∆E H-L =1.920 eV) thus preventing the proposed mechanism from occurring.

Kubas interaction

Whenever the open metal site is in LS and the d 2 z orbital is empty, the geometrical optimization results in a configuration with H 2 bound horizontally on top of the metal. This is the case for bpac and pz MOFs with M=Fe in S=0, and for the pz case for M=Mn in S=1/2. The corresponding large binding energies, i.e. above 1 eV, are consistent with the short metal-gas bond lengths and a Kubas type of binding [START_REF] Kubas | Metal-dihydrogen and σ -bond coordination: the consummate extension of the dewar-chatt-duncanson model for metal-olefin π bonding[END_REF][START_REF] Kubas | Hydrogen activation on organometallic complexes and H 2 production, utilization, and storage for future energy[END_REF] (see results in Tab. III). The Kubas interaction here involves the σ -donation from the H-H σ -bonding orbital into the empty d z 2 orbital of the metal, and the simultaneous π-back-donation from a filled metal d orbital into the σ * antibonding orbital of the molecule. It results in a lengthening of the H-H bond as found in this work. The computed H-H bond distance of the gas phase molecule is 0.762 Å. For the bpac and pz cases and Fe in LS, the adsorbed H 2 molecules exhibit H-H=0.830 Å. For Mn, we compute a shorter values of H-H=0.823 Å in the bpac case, and H-H=0.818 Å in the pz case, and a larger H 2metal distance as compared with Fe (see Tab. III). The case of partially filled d z 2 in Ni (bpac) in HS is also consistent with a Kubas interaction: a slight weakening of the H-H bond is predicted with a H-H=0.773 Å and the average H-Ni distance 2.179 Å.

In HS, the interaction of H 2 is dominated by weak van der Waals forces and results in binding energies ranging between 0.087 and 0.132 eV. The binding configurations results in significantly longer bond distances with the molecule placed in a semi-horizontal configuration. The large change in binding energy upon spin crossover provides a promising mechanism for an efficient hydrogen capture/storage because the use of cryogenic conditions can be bypassed [START_REF] Li | Recent advances in gas storage and separation using metal-organic frameworks[END_REF] , and storage could be performed at RT, provided that the transition to HS occurs at higher temperatures. Thus, the cases of bpac for both Fe and Mn represent promising candidates for this mechanism since the predicted ∆E H-L may be consistent with transition occurring above RT. In view of the encouraging results obtained for the adsorption and release process of hydrogen molecules in Fe(bpac)Fe(CN) 4 and Fe(pz)Fe(CN) 4 , we further investigate the feasibility of the proposed spin-crossover strategy for a MOF that has already been synthesised. This is Fe 2 (tpt) 2 (NCS) 4 (tpt = 2,4,6-tris(4'-pyridyl)-1,3,5-triazine) which was synthesised by C. J. Kepert and coworkers [START_REF] Halder | A highly distorted (10, 3)-a coordination framework constructed from alternating t-shaped and trigonal nodes[END_REF] and exhibit Fe(II) in a square-pyramidal coordination. In our calculations, all solvant molecules are removed from the .cif file obtained from the CoRE database [START_REF] Chung | Advances, updates, and analytics for the computation-ready, experimental metal-organic framework database: CoRE MOF 2019[END_REF] . This MOF consists of two interpenetrated structures in which each metal node is coordinated via three tpt ligands. The structure around the open metal center upon gas adsorption is shown in Fig. 5. The Fe(II) is coordinated with two tpt and two NCS ligands on the xy plane and with another tpt along the z direction. In the absence of host molecules, the ligand field splitting induced by the ligand along z is not strong enough to stabilise the LS state and thus the magnetic fundamental state in the bare MOF is HS. Upon adsorption of H 2 on the open metal site, the ground state is LS as a result of the strong binding interacting as expected from a Kubas mechanism. The binding distances between H 2 and the Fe are 2.74 A and 1.72 A for HS and LS respectively. These distances and the associated binding geometries are very similar to the those obtained in the case of Fe(bpac)Fe(CN) 4 and Fe(pz)Fe(CN) 4 . The computed ∆E H-L between S=2 and S=0 upon gas adsorption is 0.342 eV. Because of geometrical instability in the LS case of the bare MOF, we could not compute the change in the binding energy associated with the change in the spin state. Nevertheless, the change in the magnetic ground state (it becomes LS) upon H 2 adsorption as well as the computed adsorption geometries clearly show that the interaction between the molecule and the MOF is significantly reduced when switching from S=0 to S=2. FIG. 5. Optimized periodic Fe 2 (tpt) 2 (NCS) 4 framework upon H 2 (color code: pink) adsorption in LS (left) and HS (right). We predict a ∆E H-L =0.342 eV.

IV. DISCUSSION AND CONCLUSION

We employ an ab initio electronic structure computational scheme to provide design principles towards the development of spin-crossover assisted gas release. For this, we perform an extensive computational study of the relationship between the spin state of the open metal of seven different porous materials and the affinity for the host molecules. Two different mechanisms are studied. In the case of elongated octahedral complexes, the first occurs upon a transition from low spin to intermediate spin [START_REF] Gütlich | Spin crossover-an overall perspective[END_REF] . This mechanism, already discussed in previous studies [START_REF] Poloni | Understanding trends in CO 2 adsorption in metal-organic frameworks with open-metal sites[END_REF] , involves a change in the bond order between the metal and the molecule as a consequence of the change in the occupation of the d z 2 orbital. The second occurs upon a transition from intermediate spin to high spin, it is of electrostatic nature, and arises from the change in the occupation of between the antibonding d x 2 -y 2 and one non-bonding d xz/yz orbital. The latter, which was not reported before but finds confirmation in previous experimental and computational studies, is substantially less effective in modifying the binding energy than the former.

The first mechanism is studied in detail in two Hofmannlike MOFs, Fe(bpac)M(CN) 4 and Fe(pz)M(CN) 4 with M=Fe(II), Ni(II), and Mn(II). The large change in binding energy occurring concomitantly with the spin state change from low to intermediate spin is reported for CO, CO 2 , N 2 , and H 2 . These represent the ground state and the first accessible one in a thermally-induced SCO transition. The feasibility of this novel process from a thermodynamic point of view is the most challenging aspect of the presented idea. Here, this is assessed by computing the adiabatic energy difference between the spin states involved in the transition and the change in binding energy. Motivated by our previous studies, we employ an efficient and yet accurate Hubbard U-density corrected scheme to compute both the adiabatic energy differences and the change in binding energy upon spin crossover. This method, already validated in the calculation of spin splittings of periodic compounds [START_REF] Mariano | Improved spin-state energy differences of Fe(II) molecular and crystalline complexes via the Hubbard U-corrected density[END_REF] , consists in adopting the Hubbard U-corrected density and a standard energy functional (without U) so that a good description of the electronic density is achieved via DFT+U while the Hubbard term is removed in order to avoid the bias in the energy [START_REF] Mariano | Biased spin-state energetics of Fe(II) molecular complexes within density-functional theory and the linear-response Hubbard U correction[END_REF] . As explained in section I, by assuming the entropic and vibrational contributions as those reported previously [START_REF] Kepp | Theoretical study of spin crossover in 30 iron complexes[END_REF][START_REF] Vela | Thermal spin crossover in Fe(II) and Fe(III). accurate spin state energetics at the solid state[END_REF][26] , and by taking into account the error in the density-corrected method [START_REF] Mariano | Improved spin-state energy differences of Fe(II) molecular and crystalline complexes via the Hubbard U-corrected density[END_REF] , we estimate the target values of adiabatic energy differences between -0.1 and 0.6 eV for a spin crossover near room temperature. We stress here that while the calculation of T 1/2 is possible by evaluating all the terms that enter the free energy [START_REF] Cirera | Theoretical prediction of spin-crossover temperatures in ligand-driven light-induced spin change systems[END_REF][START_REF] Cirera | Theoretical modeling of spin crossover in metal-organic frameworks: [fe(pz) 2 pt(cn) 4 ] as a case study[END_REF][START_REF] Fernández-Blanco | Hidden ordered structure in the archetypical Fe(pyrazine)[Pt(CN) 4 ] spin-crossover porous coordination compound[END_REF][START_REF] Poloni | High-pressure stability of Cs 6 C 60[END_REF] , this is beyond the scope of this work. To provide a quantitative evaluation of the efficiency of the proposed mechanism with respect to a more standard temperature-induced gas release process, one would require, besides the evaluation of T 1/2 , the calculation of the gas uptake as a function of the gas pressure and temperature (thus, right below and above T 1/2 ) by employing e.g. grand canonical Monte Carlo simulations. In this work, we provide the first step towards the demonstration of this idea by showing that the adiabatic energy difference and change in binding energy upon spin transition can be tuned depending on the electronic occupation of the d shell of the transition metal atom and/or the ligand field strength around the transition metal. For a transition metal in square-planar configuration, the ∆E H-L can be tuned to fall in a promising range by changing the relative field strength of the ligand in the equatorial position and the number and type of adsorbate molecule in the apical position. For example, two adsorbed molecules, as in bpac, are more effective that one in exerting the ligand field.

We find that both for the pz and bpac Hofmann-clathrates with Mn and Fe open metal sites, the CO 2 -metal interaction is too weak to stabilize LS so that negative ∆E H-L are negative therefore precluding the implementation of the proposed spin-crossover mechanism for this gas. This applies to the materials studied here and more generally to frameworks where the open metal is coordinated to a molecule whose ligand field is weak (weaker than the ligands'). On the contrary, the strong CO binding results in a large stabilization of LS state and yields values of ∆E H-L that are positive but too high, with consistently higher values predicted when two gas molecules are adsorbed (bpac) rather than one (pz). Promising values are found for N 2 and H 2 molecule adsorbed in both Fe(pz)M(CN) 4 and Fe(bpac)Fe(CN) 4 clathrates. The proposed strategy for efficient H 2 adsorption/storage has been studied also in a MOF with a different local coordination around the Fe metal center, i.e. Fe 2 (tpt) 2 (NCS) 4 MOF. The predicted adiabatic energy difference between HS and LS states upon H 2 adsorption (∆E H-L =0.342 eV) suggests that this compound is an excellent candidate for applications in hydrogen storage technologies. We expect that the strong interaction in LS, which is consistent with a Kubas mechanism, may lead to an efficient adsorption and high storage capacity at non-cryogenic conditions while the adiabatic energy difference is compatible with a temperature induced spin crossover near room temperature.

Due to the exceptional tunability of MOFs composition and the large number of already existing MOFs, one can expect that recent developments on statistical methods applied to materials science can allow for the discovery of specific frameworks for this strategy for possibly any adsorbate molecule of choice. Therefore, we are confident that the understanding provided here will assist future computational and synthetic efforts towards the development of a novel mechanism yielding a large change in gas affinity for energy-efficient gas capture and/or H 2 storage technologies.
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 3 FIG. 3. Difference of the total electron charge density between S=2 and S=1 for the case of CO adsorbed onto Fe(II)(CNH) 4 . Yellow and blue surfaces represent negative and positive values, respectively, with an isovalue of 0.005 e/bohr 3 . The arrows illustrate the charge transfer from low to high spin.
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 24 FIG. 4. Molecular orbital diagram for an elongated square pyramidal coordination (panel a). Representation of the change in the optimized geometry and binding energy upon spin state change from S=0 and S=1 for molecules adsorbed onto Fe(bpac)[Fe(CN) 4 ] such as (starting from the left) CO, H 2 , N 2 and CO 2 . For CO the first accessible state corresponds to S=2 (pane b). Color code: Fe (LS), Fe (IS), C, N, O and H are orange, purple, grey, blue, red and white. The H atoms of the MOF are omitted for clarity.
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 2 adsorption in Fe 2 (tpt) 2 (NCS) 4

  Color code: C, N, H are grey, blue, and white. Fe is orange, purple, and water blue for low spin, intermediate spin and high spin, respectively. 2. Change in the occupation number of the d x 2 -y 2 .
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				upon LS→HS transition. For clarity, the change in binding
				energy is reported with an opposite sign in the case of Ni(II)
				in Figure 1: in this case, the LS→HS transition is accompa-
				nied by an increase in binding energy which is consistent with
				a decrease in the occupation number of the d z 2 for a metal with a d 8 electron count.
				We note a smoother evolution of the curve for Ni(II) and a
				systematically larger change for Fe(II) with respect to Fe(III):
				while the binding energy is similar for the low spin case, the
				intermediate spin case exhibits systematically larger binding
				in the case of Fe(III). For CO for example, the binding energy
				for LS is 2.159 eV for Fe(II) and 2.270 eV for Fe(III), and
				for IS we predict 0.660 eV and 1.330, respectively. This re-

sults in a change of 1.50 eV for Fe(II) and 0.94 eV for Fe(III) upon spin change. We attribute this to the larger electrostatic charges computed on the Fe(III) metal which may affect the binding more when weak interactions dominate (in IS).

We also note the high binding energy computed for CO 2 in the case of Fe(III). It reaches a value of 1.599 eV in LS and 1.344 eV for IS, while for Fe(II) the computed values are substantially smaller (0.960 eV and 0.487 eV, for LS and IS), which is consistent with bond lengths values being significantly shorter for Fe(III): the metal-CO 2 bond length is 2.06 and 2.42 Å for LS and IS for Fe(II), and 1.98 and 2.14 Å for Fe(III).

TABLE II .

 II Comparison between the binding energies computed using the PBE+D3BJ+U and PBE+D3BJ[U] (with U=9.23 eV for the square planar Fe). The stronger the binding in LS, the larger the occupation of the d z 2 and consequently the bias in the binding energy introduced by the Hubbard term.

	complex		Binding Energy (eV)				occupations n j			
	Fe(bpac)Fe(CN) 4	PBE+D3BJ+U LS IS	PBE+D3BJ[U] LS IS	d z 2	d x 2 -y 2	for LS d xz	d yz	d xy	∆E U for LS (eV)
	bare	/	/	/	/	0.023	0.309	0.960	0.961	0.932	zero
	CO 2	0.312	0.079	0.419	0.128	0.050	0.296	0.959	0.959	0.929	0.213
	H 2	0.131	0.094	1.007	0.097	0.181	0.306	0.928	0.929	0.919	1.752
	N 2	0.293	0.164	1.223	0.167	0.171	0.305	0.909	0.910	0.933	1.860
	CO	0.754	/	2.344	/	0.300	0.309	0.863	0.864	0.929	3.180

TABLE III .

 III Adiabatic energy difference,
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