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Structure of electronically reduced N-donor bidentate ligands and their heteroleptic four-coordinate zinc complexes: A survey of DFT results

The role of Hartree-Fock exchange in describing the structural changes occurring upon reduction of bipyridine-based ligands and their complexes is investigated within the framework of density functional theory calculations. A set of 4 free ligands in their neutral and radical anionic forms, and 2 of their zinc complexes in their dicationic and monocationic radical forms, is used to compare a large panel of pure, conventional, and long-range corrected hybrid DFT functionals; coupled cluster single and double calculations are used alongside experimental results as benchmarks. Particular attention has been devoted to the magnitude of the change, upon reduction, of the D-parameter, which measures the difference between the C py -C py and the C-N bond lengths in bipyridine ligand and is known to experimentally correlate with the charge of the ligands. Our results indicate that the structural changes significantly depend on the amount of exact exchange included in the functional. A progressive evolution is observed for the free ligands, whereas two distinct sets of results are obtained for the complexes. Functionals with a small degree of HF exchange, e.g., B3LYP, do not adequately describe geometric changes for the considered species and, quite surprisingly, the same holds for the CC2 method. The best agreement to experimental and CCSD values is obtained with functionals that include a significant but not excessive part of exact exchange, e.g., CAM-B3LYP, M06-2X, and wB97X-D. The calculated localisation of the added electron after reduction, which depends on the self-interaction error, is used to rationalize these outcomes. Static correlation is also shown to play a role in the accurate description of electronic structure.

Introduction

N-donor bidentate ligands (L) such as 2,2'-bipyridine (bpy) and 1,10-phenanthroline are able to form complexes with many transition metals. Their remarkable coordination behavior has been intensively exploited in organometallic and supramolecular chemistry, [START_REF] Schubert | Macromolecules Containing Bipyridine and Terpyridine Metal Complexes: Towards Metallosupramolecular Polymers[END_REF] as well as in main-group chemistry. [START_REF] Peloquin | Recent advances in hexacoordinate silicon with pyridinecontaining ligands: Chemistry and emerging applications[END_REF][START_REF] Gray | Cationic 2,2'-bipyridine complexes of germanium(II) and tin(II)[END_REF] The photophysical and photochemical properties of these metal multipyridyl structures allow the design of complexes with interesting luminescent [START_REF] Barbieri | Luminescent complexes beyond the platinum group: the d 10 avenue[END_REF][START_REF] Costa | Luminescent Ionic Transition-Metal Complexes for Light-Emitting Electrochemical Cells[END_REF] or nonlinear optical properties. [START_REF] Bozec | Photochromic bipyridyl metal complexes: Photoregulation of the nonlinear optical and/or luminescent properties[END_REF] These complexes can also undergo reversible redox processes, making them attractive building blocks in both artificial photosynthesis [START_REF] Andreiadis | Artificial Photosynthesis: From Molecular Catalysts for Light-driven Water Splitting to Photoelectrochemical Cells[END_REF][START_REF] Kärkäs | Artificial Photosynthesis: Molecular Systems for Catalytic Water Oxidation[END_REF] and visible light photocatalysis. [START_REF] Yoon | Visible light photocatalysis as a greener approach to photochemical synthesis[END_REF][START_REF] Prier | Visible Light Photoredox Catalysis with Transition Metal Complexes: Applications in Organic Synthesis[END_REF] Intense efforts have been made to better understand the structure and properties of these complexes, with both experimental and theoretical approaches being used to that end. [START_REF] Kalyanasundaram | PHOTOCHEMISTRY AND SOLAR ENERGY CONVERSION WITH TRIS(BIPYRIDYL)RUTHENIUM(II) AND ITS ANALOGUES[END_REF][12][13] Due to the non-innocent behavior of these ligands, [START_REF] Kaim | Manifestations of Noninnocent Ligand Behavior[END_REF] one of the essential questions relates to the electronic structure of their organometallic complexes and, more specifically, the repartition of the electronic density between the metal center and the ligands. This has been explored through a combination of various experimental methods such as Raman, UV-Vis, and magnetic susceptibility measurements or electron paramagnetic resonance (RPE) in condensed phase, [START_REF] Turro | Resonance Raman Spectrum of the Phenanthroline Anion: Implications on Electron Delocalization in the MLCT Excited State of Ru(phen) 3 2+[END_REF][START_REF] Pyo | Crystal Structure of [Ru(terpy) 2 ] 0 : A New Crystalline Material from the Reductive Electrocrystallization of [Ru(terpy) 2 ] 2+[END_REF][17][START_REF] Bowman | Electronic Structures of the [V( t bpy) 3 ] z (z = 3+, 2+, 0, 1-) Electron Transfer Series[END_REF][START_REF] Bowman | Electronic Structures of Homoleptic [Tris(2,2′-bipyridine)M] n Complexes of the Early Transition Metals (M = Sc[END_REF][START_REF] Wolff | Molecular and Electronic Structures of Mononuclear and Dinuclear Titanium Complexes Containing π-Radical Anions of 2,2′-Bipyridine and 1,10-Phenanthroline: An Experimental and DFT Computational Study[END_REF][START_REF] England | Molecular and Electronic Structures of Homoleptic Six-Coordinate Cobalt(I) Complexes of 2,2′:6′,2″-Terpyridine, 2,2′-Bipyridine, and 1,10-Phenanthroline. An Experimental and Computational Study[END_REF][START_REF] Shit | Coordination of o-benzosemiquinonate, o-iminobenzosemiquinonate, 4,4'-di-tert-butyl-2,2'-bipyridine and 1,10-phenanthroline anion radicals to oxidovanadium(IV)[END_REF] as well as with mass spectrometry and IR or UV-Vis photodissociation spectroscopies in the gas phase. [START_REF] Duchackova | Comparison of 2,2′-Bipyridine and 2,2′-Bipyridyl-N,N'-dioxide as Ligands in Zinc Complexes[END_REF][START_REF] Kirketerp | Absorption spectrum of isolated tris(2,2′bipyridine)ruthenium(II) dications in vacuo[END_REF][START_REF] Stockett | Does a single CH 3 CN molecule attached to Ru(bipy) 3 2+ affect its absorption spectrum?[END_REF][START_REF] Skinnerup Byskov | Gas-phase spectroscopy of singly reduced tris(bipyridine)ruthenium ions, Ru(bipy) 3 +[END_REF][START_REF] Katari | Combining gas phase electron capture and IRMPD action spectroscopy to probe the electronic structure of a metastable reduced organometallic complex containing a non-innocent ligand[END_REF][START_REF] Xu | Absorption Spectrum of a Ru(II)-Aquo Complex in Vacuo: Resolving Individual Charge-Transfer Transitions[END_REF][START_REF] Xu | The electronic spectrum of cryogenic ruthenium-tris-bipyridine dications in vacuo[END_REF][START_REF] Xu | UV Spectra of Tris(2,2′-bipyridine)-M(II) Complex Ions in Vacuo (M = Mn, Fe, Co, Ni, Cu, Zn)[END_REF][START_REF] Xu | Electronic Spectra of Tris(2,2′bipyridine)-M(II) Complex Ions in Vacuo (M = Fe and Os)[END_REF] These approaches reveal a variety of electronic structures that depend on the nature of the complexes as well as their oxidation states. Examples range from reduced metal centers with neutral ligands such as [Zn + (L 0 ) n ] + (n = 1, 2 or 3) complexes [START_REF] Katari | Combining gas phase electron capture and IRMPD action spectroscopy to probe the electronic structure of a metastable reduced organometallic complex containing a non-innocent ligand[END_REF][START_REF] Rannulu | Noncovalent Interactions of Cu + with N-Donor Ligands (Pyridine, 4,4-Dipyridyl, 2,2-Dipyridyl, and 1,10-Phenanthroline): Collision-Induced Dissociation and Theoretical Studies[END_REF] to complexes with reduced ligands such as [Ru(bpy) 3 ] + and [Fe(bpy) 3 ] + . For the latter complexes, the most likely formulation is [M 2+ (bpy 0 ) 2 (bpy -1 )], 17 which is also observed for the complex of Na + coordinated by a reduced macrobicyclic tris(bipyridine) ligand. [START_REF] Echegoyen | Cryptatium: A Species of Expanded Atom/Radical Ion Pair Type from Electroreductive Crystallization of the Macrobicyclic Sodium Tris(Bipyridine) Cryptate[END_REF] Other experimental data that can be used to investigate the electronic structure are provided by the geometric structure of the complexes. Indeed, based on the X-ray structure of neutral bpy 0 , 34 monoanionic bpy -1 35 and dianionic bpy -2 , [START_REF] Gore-Randall | Synthesis and Characterization of Alkali-Metal Salts of 2,2'-and 2,4'-Bipyridyl Radicals and Dianions[END_REF]36 it has been shown that the intramolecular CC and CN bond lengths of the bpy ligand vary as a function of the overall ligand charge because of changes in the bonding and antibonding interactions of the bpy 0 p* orbital (lowest unoccupied molecular orbital, LUMO). [START_REF] Gore-Randall | Synthesis and Characterization of Alkali-Metal Salts of 2,2'-and 2,4'-Bipyridyl Radicals and Dianions[END_REF] This structural signature, which has also been studied in other non-innocent ligands such as substituted bipyridine, [START_REF] Scarborough | Electronic and Molecular Structures of the Members of the Electron Transfer Series [Cr( t bpy) 3 ] n (n = 3+, 2+, 1+, 0): An X-ray Absorption Spectroscopic and Density Functional Theoretical Study[END_REF][START_REF] Wang | Structural and Spectroscopic Characterization of Rhenium Complexes Containing Neutral, Monoanionic, and Dianionic Ligands of 2,2′-Bipyridines and 2,2′:6,2″-Terpyridines: An Experimental and Density Functional Theory (DFT)-Computational Study[END_REF][39] phenanthroline, 40 terpyridine, [START_REF] Wang | Structural and Spectroscopic Characterization of Rhenium Complexes Containing Neutral, Monoanionic, and Dianionic Ligands of 2,2′-Bipyridines and 2,2′:6,2″-Terpyridines: An Experimental and Density Functional Theory (DFT)-Computational Study[END_REF]39,41 pyridine-2,6-diimine 40 or quinones [START_REF] Skara | Scrutinizing the noninnocence of quinone ligands in ruthenium complexes: insights from structural, electronic, energy, and effective oxidation state analyses[END_REF] is a good indicator of both the electronic population of the coordinated ligands and the electronic structure of the complexes. [START_REF] Irwin | Experimental and Computational Study of the Structural and Electronic Properties of Fe II (2,2'-bipyridine)(mes) 2 and [Fe II (2,2'-bipyridine)(mes) 2 ] -, a Complex Containing a 2,2'-Bipyridyl Radical Anion[END_REF][START_REF] Irwin | A Homologous Series of First-Row Transition-Metal Complexes of 2,2′-Bipyridine and their Ligand Radical Derivatives: Trends in Structure, Magnetism, and Bonding[END_REF][START_REF] Wang | Electronic Structures of "Low-Valent" Neutral Complexes [NiL 2 ] 0 (S = 0; L = bpy, phen, tpy) -An Experimental and DFT Computational Study[END_REF][START_REF] Wang | The Electron Transfer Series [Mo III (bpy) 3 ] n (n=3+, 2+, 1+, 0, 1-), and the Dinuclear Species [{Mo III Cl( Me bpy) 2 } 2 (μ 2 -O)]Cl 2 and [{Mo IV (tpy • ) 2 } 2 (μ 2 -MoO 4 )](PF 6 ) 2 •4MeCN[END_REF][START_REF] Ma | A Redox-Active Bridging Ligand to Promote Spin Delocalization, High-Spin Complexes, and Magnetic Multi-Switchability[END_REF] If high resolution X-ray crystallographic structures can be obtained, accurate bond lengths and the way in which they change upon varying the oxidation level can allow the redox state of the ligands in their coordination complexes to be determined unambiguously. Alternatively, a good correlation has been recently established between the 13 C NMR chemical shifts and the relevant bond lengths in non-innocent ligands at different levels of reduction. [START_REF] Sieh | Metal-Ligand Electron Transfer in 4d and 5d Group 9 Transition Metal Complexes with Pyridine, Diimine Ligands[END_REF][START_REF] Sieh | A Series of Diamagnetic Pyridine Monoimine Rhenium Complexes with Different Degrees of Metal-to-Ligand Charge Transfer: Correlating 13 C NMR Chemical Shifts with Bond Lengths in Redox-Active Ligands[END_REF] Finally, and more frequently, geometrical structures are obtained through DFT calculations, [START_REF] Scarborough | Electronic Structure of 2,2'-Bipyridine Organotransition-Metal Complexes. Establishing the Ligand Oxidation Level by Density Functional Theoretical Calculations[END_REF] even if the DFT accuracy for bond length variations induced by electronic reduction remains to be established convincingly.

In addition to geometrical structure, DFT calculations can be used to model the electronic structure of the species through determining the occupied molecular orbitals and the spin density distribution. [START_REF] Knijnenburg | The Electronic Structure of (Diiminopyridine)cobalt(I) Complexes[END_REF][START_REF] Budzelaar | Metal-to-Ligand Electron Transfer in Diiminopyridine Complexes of Mn-Zn. A Theoretical Study[END_REF][START_REF] Ghosh | Hydrogenase biomimetics with redox-active ligands: Electrocatalytic proton reduction by [Fe 2 (CO) 4 (к 2 -diamine)(μ-edt)] (diamine = 2,2'-bipy, 1,10-phen)[END_REF][START_REF] Kalläne | Raman Spectroscopy as a Method to Investigate Catalytic Intermediates: CO 2 Reducing [Re(Cl)(bpy-R)(CO) 3 ] Catalyst[END_REF] In most cases, good agreement is found when comparing experimental and theoretical descriptions of the electronic structure. We nevertheless underline that discrepancies have been observed in some cases. For example, B3LYP calculations of [Ru(bpy) 3 ] + and [Fe(bpy) 3 ] + complexes lead to structures with three equivalent ligands, each carrying 1/3 of a spin. This corresponds to a single electron delocalized over the three ligands, [M 2+ (bpy -1/3 ) 3 ], which is in contradiction with the [M 2+ (bpy 0 ) 2 (bpy -1 )] formulation based on experimental data. 17 Similarly, an electronic structure with spin density evenly distributed over the three bpy ligands is computed at the B3LYP level for [Cr(bpy) 3 ] +1 , whereas a more localized pattern [Cr 3+ (bpy 0 )(bpy -1 ) 2 ] can be inferred from experimental data. [START_REF] Scarborough | Electronic and Molecular Structures of the Members of the Electron Transfer Series [Cr( t bpy) 3 ] n (n = 3+, 2+, 1+, 0): An X-ray Absorption Spectroscopic and Density Functional Theoretical Study[END_REF] Globally, DFT methods are known to induce an overly disperse spin density after single-electron reduction or oxidation of closed-shell systems. [START_REF] Cohen | Insights into current limitations of density functional theory[END_REF] For example, it has been shown that the description of the ground state electronic structure of singly-reduced doubly protonated peptides is a problematic case for "conventional" DFT functionals, including local spin density approximation (LSDA) functionals, generalized gradient approximation (GGA) functionals, meta-GGA, and most of the global hybrid (GH) functionals. They also show excessively delocalized spin densities, comparable with those observed in charge-transfer excited states, [START_REF] Peach | Overcoming Low Orbital Overlap and Triplet Instability Problems in TDDFT[END_REF][START_REF] Laurent | DFT Benchmarks: A Review[END_REF][START_REF] Mewes | Exciton analysis in time-dependent density functional theory: How functionals shape excited-state characters[END_REF] and this problem can be traced back to incorrect long-range behaviour resulting from the self-interaction error (SIE). [START_REF] Gilson | Ground Electronic State of Peptide Cation Radicals: A Delocalized Unpaired Electron?[END_REF] An accurate description of the ground state with DFT methods is obtained only if the functional includes full exact exchange (EXX, the amount of exchange within the Hartree-Fock formulation) at long-range interelectronic distance, even if this prerequisite is not always sufficient. 60 Other problematic cases have been described in the literature, e.g., manganese oxo [START_REF] Ashley | The Electronic Structure of [Mn(V)=O]: What is the Connection between Oxyl Radical Character, Physical Oxidation State, and Reactivity?[END_REF] or iron nitrosyl complexes. 62 EXX has been shown to influence many computed properties, e.g. the spectoscopic properties of molecular systems, 63 spin-state ordering [START_REF] Ioannidis | Ligand-field-dependent behavior of meta-GGA exchange in transitionmetal complex spin-state ordering[END_REF] or the ability of metal complexes to change spin state during a catalytic reaction. [START_REF] Minaev | Spin-dependent effects in ethylene polymerization with bis(imino)pyridine iron(II) complexes[END_REF] To the best of our knowledge, there are no studies describing the effect of the chosen exchange-correlation functional on the electronic description of N-donor bidentate ligand radicals (L •-), or their [M(L) n ] •+ complexes obtained upon single-electron reduction of closed-shell systems. Such studies are particularly important with respect to the reliability of the B3LYP functional, which has been applied in countless related systems. [START_REF] Bowman | Electronic Structures of the [V( t bpy) 3 ] z (z = 3+, 2+, 0, 1-) Electron Transfer Series[END_REF][START_REF] Bowman | Electronic Structures of Homoleptic [Tris(2,2′-bipyridine)M] n Complexes of the Early Transition Metals (M = Sc[END_REF][START_REF] Wolff | Molecular and Electronic Structures of Mononuclear and Dinuclear Titanium Complexes Containing π-Radical Anions of 2,2′-Bipyridine and 1,10-Phenanthroline: An Experimental and DFT Computational Study[END_REF][START_REF] England | Molecular and Electronic Structures of Homoleptic Six-Coordinate Cobalt(I) Complexes of 2,2′:6′,2″-Terpyridine, 2,2′-Bipyridine, and 1,10-Phenanthroline. An Experimental and Computational Study[END_REF][START_REF] Shit | Coordination of o-benzosemiquinonate, o-iminobenzosemiquinonate, 4,4'-di-tert-butyl-2,2'-bipyridine and 1,10-phenanthroline anion radicals to oxidovanadium(IV)[END_REF][START_REF] Gore-Randall | Synthesis and Characterization of Alkali-Metal Salts of 2,2'-and 2,4'-Bipyridyl Radicals and Dianions[END_REF][36][START_REF] Scarborough | Electronic and Molecular Structures of the Members of the Electron Transfer Series [Cr( t bpy) 3 ] n (n = 3+, 2+, 1+, 0): An X-ray Absorption Spectroscopic and Density Functional Theoretical Study[END_REF][START_REF] Wang | Structural and Spectroscopic Characterization of Rhenium Complexes Containing Neutral, Monoanionic, and Dianionic Ligands of 2,2′-Bipyridines and 2,2′:6,2″-Terpyridines: An Experimental and Density Functional Theory (DFT)-Computational Study[END_REF]41,[START_REF] Irwin | Experimental and Computational Study of the Structural and Electronic Properties of Fe II (2,2'-bipyridine)(mes) 2 and [Fe II (2,2'-bipyridine)(mes) 2 ] -, a Complex Containing a 2,2'-Bipyridyl Radical Anion[END_REF][START_REF] Irwin | A Homologous Series of First-Row Transition-Metal Complexes of 2,2′-Bipyridine and their Ligand Radical Derivatives: Trends in Structure, Magnetism, and Bonding[END_REF][START_REF] Wang | Electronic Structures of "Low-Valent" Neutral Complexes [NiL 2 ] 0 (S = 0; L = bpy, phen, tpy) -An Experimental and DFT Computational Study[END_REF][START_REF] Scarborough | Electronic Structure of 2,2'-Bipyridine Organotransition-Metal Complexes. Establishing the Ligand Oxidation Level by Density Functional Theoretical Calculations[END_REF][START_REF] Knijnenburg | The Electronic Structure of (Diiminopyridine)cobalt(I) Complexes[END_REF][START_REF] Budzelaar | Metal-to-Ligand Electron Transfer in Diiminopyridine Complexes of Mn-Zn. A Theoretical Study[END_REF][START_REF] Ghosh | Hydrogenase biomimetics with redox-active ligands: Electrocatalytic proton reduction by [Fe 2 (CO) 4 (к 2 -diamine)(μ-edt)] (diamine = 2,2'-bipy, 1,10-phen)[END_REF][66][START_REF] Wang | New Complexes of Chromium(III) Containing Organic π-Radical Ligands: An Experimental and Density Functional Theory Study[END_REF][START_REF] Bezdek | Terpyridine Molybdenum Dinitrogen Chemistry: Synthesis of Dinitrogen Complexes That Vary by Five Oxidation States[END_REF][START_REF] Sinha | Redox Noninnocent Azo-Aromatic Pincers and Their Iron Complexes. Isolation, Characterization, and Catalytic Alcohol Oxidation[END_REF][START_REF] Rath | Effects of Ancillary Ligands on Redox and Chemical Properties of Ruthenium Coordinated Azoaromatic Pincer[END_REF][71] A further point deserves attention with respect to the use of mono-reference DFT methods to study these compounds. It is known that static correlation can influence the electronic structure of transition metal complexes having non-innocent ligands, [START_REF] Sieh | Metal-Ligand Electron Transfer in 4d and 5d Group 9 Transition Metal Complexes with Pyridine, Diimine Ligands[END_REF][START_REF] Budzelaar | Metal-to-Ligand Electron Transfer in Diiminopyridine Complexes of Mn-Zn. A Theoretical Study[END_REF] notably in the case of iron complexes. 72 The multi-reference character arises from the electronic exchanges between the metal and the ligands. In this respect, zinc complexes constitute counter-examples where the multi-reference character is not pronounced, [START_REF] Budzelaar | Metal-to-Ligand Electron Transfer in Diiminopyridine Complexes of Mn-Zn. A Theoretical Study[END_REF] unless the complex includes two radical ligands. [START_REF] Stroh | Aminomethyl-bipyridine bearing two flexible nitronyl-nitroxide arms: a new podand for complexation of transition metals in a facial or meridional conformation[END_REF] It should also be noted that whilst the analysis of the electronic structure of some of these complexes requires multireference calculations, the geometry optimization step is more usually performed at the DFT level. The choice of the functional used can have a significant impact on the optimized geometry, and therefore be crucial for the calculation of the electronic structure at the multi-reference level.

In the present work, a large selection of exchange-correlation DFT functionals is used to probe the structural changes upon reduction of N-donor bidentate ligands and their complexes and their representation of electronic structure in the resulting singly-reduced species. When possible, reference data determined experimentally [START_REF] Chisholm | Bis(2,2'bipyridyl)diisopropoxymolybdenum(II). Structural and Spectroscopic Evidence for Molybdenum-to-Bipyridyl π* Bonding[END_REF][START_REF] Gore-Randall | Synthesis and Characterization of Alkali-Metal Salts of 2,2'-and 2,4'-Bipyridyl Radicals and Dianions[END_REF] or at the coupled-cluster single and double (CCSD) level are used to benchmark the data obtained at the DFT levels. Two heteroleptic four-coordinate zinc complexes I n+ and II n+ (n = 1, 2) (Scheme 1) have been examined, as well as their free N-donor bidentate ligands (1-3), which include various chemical functionalities. [START_REF] Katari | Combining gas phase electron capture and IRMPD action spectroscopy to probe the electronic structure of a metastable reduced organometallic complex containing a non-innocent ligand[END_REF][START_REF] Boricha | Characterisation, Electrochemistry and Ion-Binding Studies of Ruthenium(II) and Rhenium(I) Bipyridine/Crown Ether Receptor Molecules[END_REF][START_REF] Mcdaniel | Synthesis and Solution Phase Characterization of Strongly Photooxidizing Heteroleptic Cr(III) Tris-Dipyridyl Complexes[END_REF][START_REF] Katari | Improved Infrared Spectra Prediction by DFT from a New Experimental Database[END_REF] Those are expected to induce different chemical behavior [START_REF] Fontanesi | Computational electrochemistry. Ab initio calculation of solvent effect in the multiple electroreduction of polypyridinic compounds[END_REF] and in particular, contrasted spin distribution. 66,[START_REF] Chiang | Influence of Electron-Withdrawing Substituents on the Electronic Structure of Oxidized Ni and Cu Salen Complexes[END_REF] Scheme 1. Zn complexes I-II and the free N-donor bidentate ligands 1-3 studied in this work.

Computational methods

DFT calculations were carried out with the Gaussian09 package 79 and all structures were fully optimized without any symmetry constraints. Sixteen different exchange-correlation functionals, which cover different families from semi-local approaches to range-separated hybrid (RSH) functionals have been applied for these calculations. To simplify the presentation of the results, only the data for 11 functionals are presented in the text. Three different families of functionals are treated:

(i)

The "B + LYP" family is based on the Becke exchange functional published in 1988 [START_REF] Becke | Density-functional exchange-energy approximation with correct asymptotic behavior[END_REF] and the Lee-Yang-Parr correlation functional. 81 We have selected 4 functionals from this series: one generalized gradient approximation (GGA) functional BLYP which has 0% of EXX; 80 the hybrid-GGA B3LYP, [START_REF] Becke | Density-functional exchange-energy approximation with correct asymptotic behavior[END_REF][81] which includes 20% of EXX; and the RSHs CAM-B3LYP [START_REF] Yanai | A new hybrid exchange-correlation functional using the Coulombattenuating method (CAM-B3LYP)[END_REF] and LC-BLYP, [START_REF] Iikura | A long-range correction scheme for generalizedgradient-approximation exchange functionals[END_REF] which include 19/65 and 0/100% of EXX contribution at short/long-range, respectively. Their attenuation parameter amounts to 0.33 (CAM-B3LYP) and 0.47 (LC-BLYP).

(ii)

The Minnesota suite developed in 2006 by Truhlar's group. It also includes 4 functionals: one meta-GGA functional M06-L (0% of EXX), [START_REF] Zhao | A new local density functional for main-group thermochemistry, transition metal bonding, thermochemical kinetics, and noncovalent interactions[END_REF] and three global hybrid-meta-GGA functionals M06, 85 M06-2X [START_REF] Zhao | The M06 suite of density functionals for main group thermochemistry, thermochemical kinetics, noncovalent interactions, excited states, and transition elements: two new functionals and systematic testing of four M06-class functionals and 12 other functionals[END_REF] and M06-HF 86 with 27, 54 and 100% of EXX respectively.

(iii)

The "wB97" RSHs family developed by the Head-Gordon group, which includes three RSHs functionals: wB97X-D, 87 wB97X 88 and wB97. [START_REF] Chai | Systematic optimization of long-range corrected hybrid density functionals[END_REF] These functionals present a 22.2/100, 15.77/100 and 0/100% of EXX contribution at short/long-range, respectively. Importantly, the transition from Kohn-Sham exchange to HF-like exchange is governed by the attenuation parameter w whose value is 0.2, 0.3 and 0.4 a.u. for these three functionals, respectively. A larger w value accelerates the transition from Kohn-Sham exchange to exact exchange. All three functionals show 100% EXX at long range, so that wB97X-D has a somewhat smaller EXX contribution and higher self-interaction errors than wB97X and wB97. 60a

These 3 families provide a representative sample of the DFT functionals that are most often used in the literature. Within each family, the forms of DFT exchange and DFT correlation remain constant, allowing the effect of EXX on the properties under study to be estimated. Results for PBE (GGA functional, EXX=0%), 89 PBE0 (hybrid-GGA functional, EXX=25%), [START_REF] Adamo | Toward reliable density functional methods without adjustable parameters: The PBE0 model[END_REF] TPSS (meta-GGA functional, EXX=0%), [START_REF] Tao | Climbing the density functional ladder: Nonempirical meta-generalized gradient approximation designed for molecules and solids[END_REF] TPSSh (hybrid-meta-GGA functional, EXX=10%) [START_REF] Staroverov | Comparative assessment of a new nonempirical density functional: Molecules and hydrogen-bonded complexes[END_REF] and M11 (RSH functional, 42.8/100% of EXX at short/long range) [START_REF] Peverati | Improving the Accuracy of Hybrid Meta-GGA Density Functionals by Range Separation[END_REF] are in accordance to their EXX contribution compared to the results of the 11 functionals (see SI).

The def2-SVP atomic basis set, developed by Weigend and Ahlrichs, [START_REF] Weigend | Balanced basis sets of split valence, triple zeta valence and quadruple zeta valence quality for H to Rn: Design and assessment of accuracy[END_REF] has been used for geometry optimization at the DFT levels for all atoms. For each stationary point, we carried out a vibrational frequency calculation at the same level to characterize their nature as minima. Additional calculations have been performed with the 6-31G(d,p) and 6-31++G(d,p) basis sets for selected cases in order to evaluate the influence of diffuse functions upon the optimized geometries. These appear to have a significantly more limited impact than EXX on the bond length variations (see Figure S6 and Tables S4-S7).

In order to obtain reference structural data, the optimized geometry of ligands 1, 2a and 3 in their neutral and reduced forms, has been computed at the CCSD [START_REF] Purvis | A full coupled-cluster singles and doubles model: The inclusion of disconnected triples[END_REF] and CC2 96 levels using Gaussian16, 97 Turbomole v7.1 98 and PSI4 99 software. CCSD and CC2 methods have recently been shown to give reasonable ground and excited state multiple bond lengths but with opposite errors relative to CCSDR(3): multiple bond lengths are found to be too short with CCSD, because of an overlocalized description of the ground and excited state geometries; the reverse is found for CC2. 100 In addition to the def2-SVP basis set, triple zeta basis sets 6-311G(d,p) and def2-TZVPP have been used with CCSD and CC2 methods, respectively, because it is known that the basis set size influences the geometries obtained with these post-HF methods. 101 Both "Frozen Core" (FC), with inner-shell electrons excluded from the correlation calculation, and "Full" approaches, in which all electrons are correlated, have been used with the CCSD method, 102 whereas all CC2 calculations have been done with the "Full" option. CC calculations took advantage of the point group symmetry when possible. These calculations, as well as additional calculations at the DFT levels, demonstrate that structural data for a given method are basically insensitive to the size of the basis set and/or to the correlation of the core electrons in CCSD calculations (vide infra and Tables S4-S6).

In order to ascertain that the wave functions of the open-shell species correspond to the minimum, their stability has been tested with the "stable" approach implemented in Gaussian with DFT.

Calculations on all open-shell species (monoanionic ligands and monocationic complexes) used the spin-unrestricted formalism. In all DFT calculations, contamination by higher spin states was negligible to modest (the spin operator áS 2 ñ values are between 0.75 and 0.81). As might be expected, contamination by higher spin states was larger for coupled cluster calculations (áS 2 ñ up to ca. 1.50). The atomic spin density populations are obtained from the difference between α-spin and β-spin natural bond orbital (NBO) atomic charges 103 computed with the same level used for geometry optimization, whilst employing the larger def2-TZVPP basis set in the case of DFT calculations. They were performed with the NBO program implemented in Gaussian.

Static electron correlation diagnosis has been carried out for all compounds through a fractional occupation number weighted density (FOD) analysis performed with the ORCA 4.0 program. 104 FOD analyses have also been performed on CAM-B3LYP geometries for neutral and anionic ligands 1-3, as well as dicationic and monocationic complexes I and II. The static electron correlation was quantified by the fractional orbital occupation (FO) as well as integration of the fractional orbital density r FOD over all space (N FOD ). The procedure recommended 105 in the literature (TPSS method, def2-TZVP basis set, Fermi temperature at 5000 K) and successfully employed for open-shell compounds 106 was used to obtain these values.

Results and discussion

Static electron correlation diagnosis

Figure 1 shows the N FOD values for ligands 1-3 and complexes I-II. Fractional orbital occupations are given in Table S1. Neutral ligands 1 0 -3 0 and dicationic complexes I 2+ show negligible to small fractional orbital density due to incomplete occupation of the nitrogen and oxygen lone pairs (FO < 1.98) and small occupation of delocalized p* orbitals (FO > 0.02). Surprisingly, a large N FOD value (0.935) is obtained for II 2+ . In addition to intra-ligand electronic transfers of the type found in 1 0 -3 0 and I 2+ , significant transfers from 2b ligand (p* of the amide groups) into the p system of ligand 3 are also observed, whilst the metal center is not involved at all. With respect to radicals, all compounds have a large N FOD (values between 0.668 and 1.624) that reflect two factors. Firstly, the effects observed prior to the addition of the single electron are retained for b orbitals, and this accounts for about 20% of the observed values. However, most of the fractional orbital density arises from the single electron, which is partially present in the delocalized p-orbital of the bipyridine moieties, but is also found in some of the virtual p orbitals. It is therefore clear that a good description of the electronic structure of these compounds requires the use of multi-reference methods, particularly in the case of radical species. The electronic structures obtained with the DFT functionals in the following should therefore be interpreted with caution. Given that the use of multi-reference methods is unlikely to be practical for optimizing the geometry of these compounds, an approximate mono-reference method such as a DFT functional needs to be used for this purpose if no experimental structure is available. In the rest of this work, we will therefore consider that static electron correlation does not strongly influence the differences between the close-shell and radical final structures of the geometry optimization process. This assumption is justified both by the results obtained for 1 0 and 1 •-for which a comparison with the experimental data is possible (vide infra), and by additional CAS-SCF multi-reference calculations showing only small effects on bond length variation upon reduction as compared to mono-reference calculations (see Table S2 in the SI). 

Single reduction of the free ligands

We started our study of bond length variations that occur upon single electron reduction by looking at the free neutral ligands 1 0 -3 0 and their mono-electronic reduced forms 1 •--3 •-, respectively. The geometries of these neutral and anionic species were optimized in their cisoid forms so as to retain a consistent ligand conformation throughout the study, but we have demonstrated in the case of 1 0 that cis-trans isomerization provides similar results and conclusions (see Table S3). Methods employed for these geometry optimizations include the eleven functionals selected in this work, as well as both the CC2 and CCSD levels, except for the largest ligand 2b. As expected, 107 1 0 , 2a 0 and 2b 0 present a twisted structure around the central CC bond separating the 6-membered rings, whereas their anionic forms, as well as 3 0 and 3 •-, show almost planar geometries except for the C(O)NR 2 substituents of 2a •-and 2b •-.

The single reduction of neutral N-donor bidentate ligands 1-3 induces changes in the CC, CN and CO bond lengths. All calculations indicate that the incoming electron occupies a SOMO orbital that strongly resembles the LUMO of the neutral system 1 0 -3 0 (Figure 2). Consequently, the CC, CN, and CO bond length variations upon reduction reflect the bonding or antibonding nature of these bonds in the LUMO of the neutral system. [START_REF] Gore-Randall | Synthesis and Characterization of Alkali-Metal Salts of 2,2'-and 2,4'-Bipyridyl Radicals and Dianions[END_REF] Furthermore, for all ligands, a highly similar LUMO is obtained using the various functionals (Figure S1). Despite the good qualitative agreement between the bond length variations obtained using the functionals under evaluation, quantitative differences can nevertheless be observed as a function of the method employed. Examination of the results for each individual bond (Figures S2-S5) shows that some bond length variations are not affected by the level of calculation, while others are. For example, the a CN bond length of 1 (see Scheme 1 for numbering) increases upon reduction by 0.040 to 0.043 Å for all DFT functionals. In contrast, electronic reduction of 2a induces almost equal changes in b CN and f CC bond lengths (+0.002 Å) at the BLYP level whereas M06-HF yields either opposite (-0.009 Å for b) or larger (+0.033 Å for f) variations. This obviously hints at an interplay between the amount of EXX and the computed bond length variations.

In order to describe these data more concisely, we analyzed two structural parameters: the Root Mean Squared Deviation (RMSD) of the bond length variations relative to reference values (Table 1) and the variation of D-parameter

(D = g -a = [d(C py -C py ) -d(C-N)]
), noted DD, used recently as a tool to characterize the electronic charge of the ligands (Figure 3). [START_REF] Wang | Structural and Spectroscopic Characterization of Rhenium Complexes Containing Neutral, Monoanionic, and Dianionic Ligands of 2,2′-Bipyridines and 2,2′:6,2″-Terpyridines: An Experimental and Density Functional Theory (DFT)-Computational Study[END_REF]40 Two forms of reference have been used. First, we use experimental X-ray crystal structure available in the literature for 1 0 34 and 1 •-. [START_REF] Gore-Randall | Synthesis and Characterization of Alkali-Metal Salts of 2,2'-and 2,4'-Bipyridyl Radicals and Dianions[END_REF] For the second, we optimize the geometry of 1 0 and 1 •-and, when possible, of 2a 0 , 2a •-, 3 0 and 3 •-, at the CCSD and CC2 levels using different atomic basis sets, and use the CC results to evaluate the quality of the DFT predictions. c RMSD values for the bond length variations in 1, i.e., magnitude of the change between the bond lengths in neutral 1 0 and in radical anionic 1 •-species, relative to experimental values. d RMSD for the bond length variations in 1 relative to CCSD(FC)/6-311G (d,p) values. e RMSD for the bond length variations in 1, 2a, and 3 relative to CCSD(FC)/6-311G (d,p) values. f RMSD only for 1 and 3, as 2a •-could not been obtained at the CCSD(Full)/6-311G(d,p) level. g RMSD only for 1 and 2a, as 3 •-could not been obtained at the CC2 level.

Results in Table 1 show low RMSD values (about 10 -2 Å). Rather than referring to the bond lengths themselves, these are given for bond length variations which, even though they are small, are normally used to characterize the electronic charge of the ligands. Thus, among the a-g bonds of 1, the largest variation upon reduction observed by X-ray is 6.1 10 -2 Å and the RMSD between the neutral and reduced forms is 3.283 10 -2 Å. Values of similar magnitude are obtained for all ligands at the DFT level. For example at the B3LYP level, RMSD values are 3.063, 1.993, 2.026 and 2.577 10 -2 Å respectively for 1, 2a, 2b and 3 between the neutral and reduced forms. On average, this indicates that, for some methods, the error in bond length variations can be almost the same order of magnitude as the variations themselves.

More specifically, results in Table 1 concerning bond length variations for 1 indicate that CCSD/6-311G(d,p) provides the most accurate computed results compared to experiment. This justifies its use as a reference, even if CCSD is known to provide multiple bond lengths in small conjugated organic molecules that are slightly too short. 100a The results obtained with the Frozen Core option are used as a reference because they are very similar to those obtained when including all orbitals in the post-HF calculation and are less computationally demanding, which made it possible to perform them on all the organic compounds studied.

As stated above, the amount of exact exchange in the functional has a noticeable influence on the computed bond length variations. Relative to the experimental values for 1, the most accurate functionals in each family for evaluating changes in bond lengths upon reduction appear to be CAM-B3LYP, M06-2X, and wB97X-D. This result is confirmed by the study of compounds 1-3, for which comparison can only be made with CCSD data. Indeed, relative to CCSD, those GGA functionals and hybrid functionals having 20-27% of EXX give RMSD values that are roughly three and two times larger respectively than RSH functionals and hybrid functionals that have more than 50% of EXX. In contrast, functionals with the largest amount of EXX (LC-BLYP, M06-HF, and wB97) give slightly less accurate results compared to those with a more balanced repartition between Kohn-Sham and HFlike exchanges (CAM-B3LYP, M06-2X, wB97X-D, and wB97X). Surprisingly, the largest deviation relative to both experimental and CCSD values is observed for CC2, which appears to be inadequate to reproduce the bond changes upon reduction.

A more in-depth analysis (see Table S8) of the calculated bond lengths reveals the origin of the above observed deviation. For 1 0 and 1 •-, low RMSD values relative to experiment indicate that all levels of calculation provide accurate geometries with, however, a slightly greater deviation in the case of anions. The calculated bond lengths for 1 0 -3 0 and 1 •--3 •-also broadly show a good agreement for all levels of calculation compared to CCSD values. More specifically, the deviation relative to CCSD is similar for both neutral and anionic compounds in most cases, except for BLYP, B3LYP, M06, M06-L, and CC2 where larger discrepancies are obtained for the anions. This indicates that these methods appear to be less adequate to accurately reproduce the structure of the radical anions than the neutral species.

Similarly, the variation of the D-parameter is sensitive to the level of calculation (Figures 3 andS6). In all cases, the lengthening of the CN bond a and the shortening of the CC bond g that accompany reduction means that value of the D-parameter decreases from the neutral to the anionic structure, implying negative values for DD. Once again, this structural value is highly sensitive to the amount of exact exchange in the DFT calculations, ranging for example from -0.043 Å with BLYP to -0.101 Å with M06-HF for 2a. Comparisons with the experimental [START_REF] Chisholm | Bis(2,2'bipyridyl)diisopropoxymolybdenum(II). Structural and Spectroscopic Evidence for Molybdenum-to-Bipyridyl π* Bonding[END_REF][START_REF] Gore-Randall | Synthesis and Characterization of Alkali-Metal Salts of 2,2'-and 2,4'-Bipyridyl Radicals and Dianions[END_REF] and calculated CCSD reference values confirm that the best agreement is obtained with CAM-B3LYP, M06-2X, and wB97X-D, i.e., functionals involving a very large amount of EXX (compared to the functional usually applied to model metal complexes) but not the huge contribution found in LC-BLYP, M06-HF or wB97. In order to get further insights, we now turn our attention to the electronic structure of the neutral and anionic ligands. As noted above, the level of calculation does not influence the qualitative description of the electronic structure of the neutral closed-shell ligands, as illustrated by the great similarities of the LUMO obtained with various functionals (Figure S1). On the other hand, weak differences in the electronic structure of the singly-reduced systems are observed depending on the functional used (Figures 4 andS7-S9). Increasing the EXX ratio, e.g., going from BLYP to LC-BLYP in Figure 4, induces a small decrease of the single electron delocalization over the whole p-system of 1 •- Furthermore, since the calculations are performed with unrestricted wavefunctions, we observe that an increasing amount of EXX leads to larger spin-polarization, i.e., larger amount of atomic a and b spin densities on the carbon and nitrogen atoms of the six-membered ring, as has already been observed for radical cations of photosynthetic pigment models. 108 Comparison with the CCSD reference values (Figures S7-S9) indicates that the most trustworthy results are obtained for CAM-B3LYP and wB97X-D, which is consistent with the above analysis. In a more marked way, the delocalization of the spin-density over the amide moiety in 2a •-and 2b •-is diminished when increasing the amount of EXX.

DFT functionals which include a small contribution from EXX are known to yield spin densities that suffer significantly from the self-interaction error. [START_REF] Gilson | Ground Electronic State of Peptide Cation Radicals: A Delocalized Unpaired Electron?[END_REF]108 This incorrect behavior also applies to the electronic structure of anionic radical ligands 1 •--3 •-. Concomitantly the geometry change upon reduction is related to the localization of the added electron. So it implies that the SIE plays a noticeable role in the ability of the functional to describe structural properties such as the D parameter. 

Single reduction of the zinc complexes

We now turn our attention to the single reduction of the two heteroleptic four-coordinate zinc complexes [Zn(1)(3)] 2+ and [Zn(2b)(3)] 2+ , named respectively I 2+ and II 2+ (Scheme 1).

As for the ligands, we first examine for complexes I 2+ and II 2+ the bond length variations upon reduction with the eleven DFT functionals. The more significant data obtained for I and II are shown in Figure 5 (See Figures S10 andS11 for complete results). As observed for the free ligands, the bond length variations are functional-dependent and the amount of EXX has a marked impact on the predicted structural changes upon reduction. In most cases, the differences between functionals are only quantitative, with bond length variations that are more or less marked, even if the differences can be significantly larger than for the free ligands. For example, upon reduction, the D-parameter of ligand 3 in I/II decreases by -0.033/-0.038 and -0.101/-0.102 Å at the BLYP and LC-BLYP levels, respectively, whereas it is shortened by -0.046 and -0.061 Å in the free ligand 3 (Figure 3). One can also note specific phenomena for these complexes. First, bond length variations of opposite signs are obtained when comparing conventional and long-range corrected hybrid functionals. In particular, the Zn-N distance between ligand 1 and the metal cation in I shortens upon reduction at the BLYP, B3LYP, and M06-L levels but lengthens with the other functionals. Similar observations are also obtained in some cases for the D-parameter. Secondly, in contrast to the free ligand cases, the bond lengths remain almost unchanged in ligands 1 (complex I) and 2b (complex II) for all methods but BLYP, B3LYP, M06-L, and M06, i.e., the functionals presenting the smallest EXX ratio. From this analysis, it appears that the functional behavior allows the separation of the functionals into 2 distinct groups within which the structural changes are very similar. B3LYP, B3LYP and M06-L belong to the first group and CAM-B3LYP, LC-BLYP, M06-2X, M06-HF, wB97X-D, wB97X and wB97 are in the second one, whereas M06 seems to be the only functional with a somewhat mixed behavior.

An explanation of these significant geometrical differences can be deduced from the examination of the SOMO (or the spin density) after reduction (Figures 6 andS12-S13). Indeed, at the BLYP, B3LYP, M06-L and, to a lesser extent M06, levels, the added electron in the optimized geometry of I •+ and II •+ is delocalized over both ligands, whereas, for all other methods, the added electron is fully located on the ligand 3. Closer examination of the spin density distribution on I •+ and II •+ delivers interesting trends (Table 2). Both after vertical and adiabatic reduction, the added electron is entirely located on ligand 3 only with the CAM-B3LYP, LC-BLYP, M06-HF, wB97X-D, wB97X, and wB97 functionals. M06-2X shows almost the same behavior, except for the vertical reduction of I 2+ for which a small electron delocalization on ligand 1 is also obtained. This very low electronic delocalization obtained for the optimized structure of the dicationic complex does, however, have only a trifling impact on the geometrical and electronic structure after optimization of the reduced complex geometry. BLYP, B3LYP, M06-L, and M06 show spin density on both ligands in all cases. However, delocalization is less marked for M06, which explains the intermediate structural results obtained with this functional. It is noticeable that the amount of spin density on 1 (in I •+ ) and in 2b (in II •+ ) is directly related to EXX ratio included in the functional. Indeed, B3LYP and M06 show lower spin density on 1 and 2b compared respectively to BLYP and M06-L. We also note that the delocalization over the two ligands slightly decreases upon geometry optimization.

The data of Table 2 also indicate that ligand 3 systematically takes the majority or the totality of the spin density. This agrees with its higher electron affinity compared to 1 and 2b that stems from the strong conjugation between the CO moiety and the bipyridine frameworks.

These differences in the spin density distribution explain the differences in bond length variations. The [Zn 2+ (1 0 )(3 •-)] electronic structure of I •+ computed with the long-range corrected functionals explains that: (i) the intramolecular bond lengths in 1 remain almost unchanged upon reduction; (ii) the Zn-N bond lengths between Zn and 3 decrease due to Coulombic effects, inducing lower Lewis acidity of the metal center and thus a longer Zn-N bond length between Zn and 1. In contrast, the [Zn 2+ (1 -1/2 )(3 -1/2 )] electronic structure given by conventional DFT, e.g., B3LYP, leads to molecular geometry in which both ligands are more tightly bound to the metal center.

Conclusions

It is now well established that oxidation and reduction processes induce characteristic intramolecular bond length variations in bipyridine-type non-innocent ligands coordinated to a metal center. Consequently, these geometrical changes have become markers of the electronic charge carried by the ligands, and consequently of the electronic structure of the related metal complexes. In this work, we have explored the ability of a large panel of DFT functionals, ranging from GGA to RSHs, to determine these bond length variations in four N-donor bidentate ligands as well as in two of their tetracoordinated zinc complexes. Depending on the functional selected for the calculations, negligible to significant errors in bond length variations have been obtained upon reduction. The differences stem from the different electronic structures provided by the various calculation methods, showing either a localized or a delocalized behavior of the added electron. These results can be explained by the amount of exact exchange included in the selected DFT functionals.

For the free ligands, the structural changes due to the spin density distribution in the p system follow a gradual change that is related to the amount of exact exchange. Comparison with experiment and CCSD values indicates that the most accurate results are obtained for a significant but not excessive correction of the self-interaction error, as given by the CAM-B3LYP, M06-2X, and wB97X-D functionals. For [Zn(L)(L')] •+ -type structures, a delocalized [Zn 2+ (L -1/2 )(L' -1/2 )] electronic structure is computed with BLYP, B3LYP, M06-L, and M06 functionals whereas a single-ligand localized [Zn 2+ (L •- )(L' 0 )] electronic structure is obtained with CAM-B3LYP, LC-BLYP, M06-2X, M06-HF, wB97X-D, wB97X, and wB97. Results for the free ligands are in agreement with previous studies and strongly hint that the [Zn 2+ (L •-)(L' 0 )] description is the correct structure, although this will need further confirmation. Nevertheless, this work clearly demonstrates the importance of carefully selecting the level of computation to study the geometrical and electronic structures of this popular series of compounds and, by extension, all reduction processes for complexes including non-innocent ligands. In particular, the functionals with low amount of exact exchange ratio, as well as quite surprisingly, the CC2 method, should to be used with caution, even for optimizing geometries. The use of a method that does not provide correct geometry can have important consequences for the prediction of the molecular properties of these molecules in their reduced state. Further work is still needed to examine the role played by static correlation within these compounds in more detail, even for the closed-shell state.

Figure 1 .

 1 Figure 1. Fractional orbital density r FOD isosurfaces (in yellow) at 0.005 e.Bohr -3 as calculated at the TPSS/def2-TZVP (T = 5000 K) for neutral and radical ligands 1-3 and dicationic and monocationic complexes I-II. N FOD values in parentheses correspond to the N FOD for a/b spin density. see Figure S14 for isosurfaces at 0.002 e.Bohr -3 .

Figure 2 .

 2 Figure 2. Lowest unoccupied molecular orbital (LUMO) of 1-3 (A), and the singly occupied molecular orbital (SOMO) in their respective monoanionic reduced form (B) computed at the BLYP level. Results for 2a are similar to those obtained for 2b. Isosurface value: 0.03 a.u.

Figure 3 .

 3 Figure 3. Variation of D = g -a (DD, in Å) for ligand 1-3 upon single-reduction estimated at various level of calculations. DFT calculations with the def2-SVP basis set; Experimental values from refs 35 (K 4 (2,2'-bpy) 4 (ethylenediamine)) and 34 (2,2'-bpy).

Figure 4 .

 4 Figure 4. Spin density (isosurface value: 0.0025 a.u.) and NBO atomic spin density population (a-b) for 1 •-and 2b •-computed with the BLYP and LC-BLYP functionals.

Figure 5 .

 5 Figure 5. D parameter and Zn-N bond length variations between dicationic and singly-reduced radical monocationic states for complexes I and II. See Scheme 1 for the definition of the bonds.

Figure 6 .Table 2 .

 62 Figure 6. SOMO of I •+ computed at the B3LYP (left) and LC-BLYP (right) level. Isosurface value: 0.03 a.u Table 2. NBO spin density population of the ligands of I •+ and II •+ after vertical and adiabatic reduction of I 2+ and II 2+ . Calculations at the DFT/def2-TZVPP//DFT/def2-SVP level. a I II

Table 1 .

 1 Root Mean Squared Deviation (RMSD, in 10 -2 Å) of the bond length variations relative to

	experimental or CCSD values. a		
	Method	Basis set	RMSD 1/Exp c RMSD 1/CCSD d RMSD 1-3/CCSD e
	BLYP	def2-SVP	0.747	0.703	1.078
	B3LYP	def2-SVP	0.623	0.496	0.768
	CAM-B3LYP	def2-SVP	0.563	0.243	0.296
	LC-BLYP	def2-SVP	0.648	0.246	0.390
	M06-L	def2-SVP	0.797	0.800	1.030
	M06	def2-SVP	0.657	0.547	0.689
	M06-2X	def2-SVP	0.577	0.312	0.328
	M06-HF	def2-SVP	0.708	0.315	0.517
	wB97X-D	def2-SVP	0.550	0.239	0.294
	wB97X	def2-SVP	0.578	0.188	0.303
	wB97	def2-SVP	0.607	0.205	0.361
	CCSD(FC)	6-311G(d,p)	0.469	0	0
	CCSD(Full)	6-311G(d,p)	0.465	0.023	0.058 f
	CCSD(Full)	def2-SVP	0.528	0.166	0.175
	CC2	def2-SVP	1.045	1.048	1.426 g
	CC2	def2-TZVPP	1.020	1.095	1.735 g
	Exp b		0	0.469	-
	a See Scheme 1 for the considered bond lengths noted a-i. b Experimental values from refs 35 (K 4 (2,2'-
	bpy) 4 (ethylenediamine)) and 34 (2,2'-bpy).		

  Spin density at the zinc metal center is in all cases smaller than 0.01 electron.

							a		
			I				II		
		Vertical	Adiabatic	Vertical	Adiabatic
		reduction	reduction	reduction	reduction
		1	3	1	3	2b	3	2b	3
	BLYP	0.44	0.56	0.42	0.58	0.39	0.60	0.36	0.64
	B3LYP	0.41	0.58	0.32	0.68	0.36	0.64	0.22	0.78
	CAM-B3LYP	0.00	1.00	0.00	1.00	0.00	1.00	0.00	1.00
	LC-BLYP	0.00	1.00	0.00	1.00	0.00	1.00	0.00	1.00
	M06-L	0.43	0.57	0.40	0.60	0.39	0.60	0.35	0.65
	M06	0.40	0.59	0.18	0.81	0.35	0.65	0.02	0.97
	M06-2X	0.05	0.94	0.00	1.00	0.00	1.00	0.00	1.00
	M06-HF	0.00	1.00	0.00	0.98	0.00	1.00	0.00	0.98
	wB97	0.00	1.00	0.00	1.00	0.00	1.00	0.00	1.00
	wB97X	0.00	1.00	0.00	1.00	0.00	1.00	0.00	1.00
	wB97X-D	0.00	1.00	0.00	1.00	0.00	1.00	0.00	1.00

a 
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Bidentate N-heterocyclic ligands and their complexes are known to change their geometry upon electronic reduction, as a function of the localization of the added electron. The influence of the HFlike exchange on the accuracy of these parameters is evaluated by comparison with X-ray structures and coupled-cluster calculations.