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Introduction

The interplay between the metal-to-ligand charge transfer (MLCT) and metal-centred (MC) excited states of Ru(II) complexes is at the heart of modern inorganic photochemistry. These two states are the key protagonists towards both the photophysical (photoluminescence, photoinduced electron or energy transfer) and photochemical (photoisomerization, photorelease) properties of this family of compounds, the balance of which is crucial in terms of potential applications. Photostability is indeed a critical issue for photophysical applications (e.g. photosensitizing for photodynamic therapy [START_REF] Mari | Combination of Ru(II) complexes and light: new frontiers in cancer therapy[END_REF][2][3] [START_REF] Liu | Harnessing ruthenium(II) as photodynamic agents: Encouraging advances in cancer therapy[END_REF], photocatalysis [START_REF] Prier | Visible Light Photoredox Catalysis with Transition Metal Complexes: Applications in Organic Synthesis[END_REF][6] [7], sensing and imaging [START_REF] Gill | A ruthenium(II) polypyridyl complex for direct imaging of DNA structure in living cells[END_REF], or solar energy conversion [START_REF] Pashaei | Influence of Ancillary Ligands in Dye-Sensitized Solar Cells[END_REF]), while the opposite is sought for photochemical applications [START_REF] Daniel | Chemical bonding alteration upon electronic excitation in transition metal complexes[END_REF] such as synthetic purposes [START_REF] Wallace | A Simple Photochemical Synthesis of Some Bis(bipyridyl)ruthenium(II) Complexes[END_REF] [START_REF] Durham | Synthetic Applications of Photosubstitution Reactions of Poly(pyridyl) Complexes of Ruthenium(II)[END_REF][13] [START_REF] Hecker | Evidence for Dissociative Photosubstitution Reactions of [Ru(trpy)(bpy)(NCCH 3 )] 2+ . Crystal and Molecular Structure of [Ru(trpy)(bpy)(py)](PF 6 ) 2 .(CH 3 ) 2 CO[END_REF], photorelease of biologically active moieties [START_REF] Ford | Metal complex strategies for photo-uncaging the small molecule bioregulators nitric oxide and carbon monoxide[END_REF][16] [START_REF] Li | Ru(II) polypyridyl complexes as photocages for bioactive compounds containing nitriles and aromatic heterocycles[END_REF][18] [START_REF] Bonnet | Why develop photoactivated chemotherapy?[END_REF] or phototriggered molecular machines [START_REF] Colasson | Light-driven molecular machines based on ruthenium(II) polypyridine complexes: Strategies and recent advances[END_REF].

Several experimental and theoretical studies have contributed to providing valuable information in terms of microscopic mechanistic details relevant to ligand photorelease from Ru(II) complexes [21][22][23] [START_REF] Liu | Ultrafast Ligand Exchange: Detection of a Pentacoordinate Ru(II) Intermediate and Product Formation[END_REF][25] [START_REF] Salassa | Photo-Induced Pyridine Substitution in cis-[Ru(bpy) 2 (py) 2 Cl 2 : A Snapshot by Time-Resolved X-ray Solution Scattering[END_REF][27] [START_REF] Ding | Excited-State Proton Transfer Controls Irreversibility of Photoisomerization in Mononuclear Ruthenium(II) Monoaquo Complexes: A DFT Study[END_REF][29] [START_REF] Camilo | Photosolvolysis of cis-[Ru(αdiimine) 2 (4-aminopyridine) 2 ] 2+ Complexes: Photophysical, Spectroscopic, and Density Functional Theory Analysis[END_REF][31] [START_REF] Word | Photoacoustic calorimetry study of ligand photorelease from the Ru(II)bis(2,2′-bipyridine)(6,6′-dimethyl-2,2′-bipyridine) complex in aqueous solution[END_REF][33] [START_REF] Scattergood | Photochemistry of [Ru(pytz)(btz) 2 ] 2+ and Characterization of a κ 1 -btz Ligand-Loss Intermediate[END_REF][35] [START_REF] Nisbett | DFT Investigation of Ligand Photodissociation in [Ru(II)(tpy)(bpy)(py)] 2+ and [Ru(II)(tpy)(Me 2 bpy)(py)] 2+ Complexes[END_REF].

However they also highlight the intrinsic complexity of studying multistep light-induced reactions under experimental conditions that affect the reaction course, particularly solvent [START_REF] Orr-Ewing | Taking the plunge: chemical reaction dynamics in liquids[END_REF]. Major gaps remain in this field, and this review aims at summarizing our recent contributions via joint experimental-theoretical studies. Our knowledge of the topology of the ground potential energy surface ( 1 PES) and of the lowest triplet potential energy surface ( 3 PES) has gradually improved to a point where we can now build up and propose multistep photorelease reaction mechanisms along with the microscopic description of the states involved.

Context and theoretical methods: 3 MC-mediated excited state deactivation in [Ru(bpy) 3 ] 2+ and [Ru(tpy) 2 ] 2+ as an illustration

Thermal ligand exchange is a key contributor to the function of metalloenzymes in Nature [START_REF] Blomberg | Quantum Chemical Studies of Mechanisms for Metalloenzymes[END_REF]. Photochemical ligand release, on the other hand, is specific to thermally stable compounds and can be triggered at will with efficient time, energy and space selectivities.

The establishment of photoreactivity mechanisms implies that one has a good knowledge of all the different excited states that are (susceptible to be) populated following light irradiation.
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In the case of Ru(II) complexes such as those described here, the available ground and excited states and the interconversions between them are commonly described using a Jablonksi diagram (Figure 1a). For these complexes, the presence of π-accepting ligands such as polypyridines ensures the presence of low-lying 1 MLCT states that will provide lightabsorption capabilities in the visible region of the electromagnetic spectrum. Following fast and quantitative intersystem crossing [START_REF] Marian | Spin-orbit coupling and intersystem crossing in molecules: Spin-orbit coupling[END_REF][40], 3 MLCT states are populated within in a few hundreds of fs [START_REF] Damrauer | Femtosecond Dynamics of Excited-State Evolution in [Ru(bpy) 3 ] 2+[END_REF]. 3 MLCT states are thus the first ones to be scrutinized, the radiative deactivation of which can be modeled using a variety of theoretical methods. Some of them take into account the spin orbit coupling (SOC) between the lowest 3 MLCT state and the ground state, allowing electronic states of different spin multiplicity to couple. For [Ru(bpy) 3 ] 2+ (bpy = 2,2'-bipyridine) we have shown that the emissive MLCT state is predominantly triplet in character, to such an extent that excited state energies with or without SOC are similar within the accuracy of the method [START_REF] Heully | Spin-orbit effects on the photophysical properties of Ru(bpy) 3 2+[END_REF]. Another method takes into account the vibrational coupling between the emitting state and the ground state and is a powerful tool for modeling experimental emission band envelopes. Indeed, theoretical Vibrationally Resolved Electronic Spectroscopy (VRES) [43][44] is in excellent agreement with the experimental emission data for [Ru(bpy) 3 ] 2+ [START_REF] Soupart | DFT rationalization of the roomtemperature luminescence properties of Ru(bpy) 3 2+ and Ru(tpy) 2 2+ : 3 MLCT-3 MC minimum energy path from NEB calculations and emission spectra from VRES calculations[END_REF], and also allows a very subtle analysis of the vibronic fine structure (see ref [START_REF] Farouil | Revisiting the Vibrational and Optical Properties of P3HT: A Combined Experimental and Theoretical Study[END_REF] for an example in absorption spectroscopy), the interpretation of which being particularly challenging in the absence of a theoretical model. 3 MLCT states can also deactivate nonradiatively, either by direct surface crossing with the ground state (e.g. for Ru(II) cyclometallated complexes [START_REF] Kreitner | Excited state decay of cyclometalated polypyridine ruthenium complexes: insight from theory and experiment[END_REF]) or through heat transfer to their environment [37][48]. They may also undergo internal conversion to 3 MC states, the latter being held responsible both for efficient nonradiative deactivation and chemical decomposition. As 3 MC states are associated with the population of an antibonding dσ* orbital, significant Ru-N bond elongations occur [START_REF] Alary | Is the 3 MLCT the Only Photoreactive State of Polypyridyl Complexes?[END_REF]. The simple Jablonski diagram does not take into account such structural deformations and therefore only offers a partial representation of the system. A more global picture is brought by a potential energy surface description, in which the structural deformations that characterise 3 MC states can be regarded as the reaction coordinate (Figure 1b).

As the archetypical [Ru(bpy) 3 ] 2+ (Figure 2) is rather photostable, and [Ru(tpy) 2 ] 2+

(tpy = 2,2':6',2"-terpyridine) is truly [START_REF] Bonnet | Ruthenium-based light-driven molecular machine prototypes: synthesis and properties[END_REF], we will first focus on the nonradiative deactivation of their 3 MC states. To do so, the minimum energy crossing point ( 3/1 MECP, Figure 1b) between the singlet and the triplet PES should be optimized [51][52]. The similarities, both in structure and energy, to the corresponding 3 MC state and the topology of the crossing itself Regarding the internal MLCT-MC conversion process itself, consisting in an electron transfer from a ligand-based π* orbital to a metal-based dσ* orbital, this can be probed theoretically by optimizing the transition state that connects these two minima [START_REF] Göttle | Adiabatic Versus Nonadiabatic Photoisomerization in Photochromic Ruthenium Sulfoxide Complexes: A Mechanistic Picture from Density Functional Theory Calculations[END_REF][56] [START_REF] Breivogel | Excited State Tuning of Bis(tridentate) Ruthenium(II) Polypyridine Chromophores by Push-Pull Effects and Bite Angle Optimization: A Comprehensive Experimental and Theoretical Study[END_REF] or, in a more
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Coord. Chem. Rev. 2020, 408, 213184. https://doi.org/10.1016/j.ccr.2020.213184 approximate fashion, by running a relaxed surface scan along a user-defined reaction coordinate [START_REF] Salassa | Mechanism of Ligand Photodissociation in Photoactivable [Ru(bpy) 2 L 2 ] 2+ Complexes: A Density Functional Theory Study[END_REF][58] [START_REF] Sun | Ultrafast transient IR spectroscopy and DFT calculations of ruthenium(II) polypyridyl complexes[END_REF], in this case Ru-N bond elongation along one N-Ru-N axis.

Alternatively, the minimum energy path (MEP) can be computed using a method such as the Nudged Elastic Band (NEB) [START_REF] Jonsson | Nudged Elastic Band Method for Finding Minimum Energy Paths of Transitions[END_REF] [START_REF] Henkelman | Methods for Finding Saddle Points and Minimum Energy Paths[END_REF], which is the one we have been using for several years.

The NEB method starts from an initial path connecting two geometries. Relaxation of this initial path leads to the MEP through path gradient and tangent information. This method displays the great advantage over a relaxed surface scan that the reaction coordinate is userindependent, being initially mathematically defined (IDPP method in our case [START_REF] Smidstrup | Improved initial guess for minimum energy path calculations[END_REF]) and, along the converged path, being the actual physical reaction coordinate. The highest energy point along the MEP also provides an excellent guess for transition state optimization. Until now the NEB method has scarcely been used in molecular chemistry but it has proved very powerful in our hands. Its implementation within more and more quantum chemistry codes certainly promises a bright future to it.

To illustrate and validate the use of these methods in the context of inorganic photochemistry, we have confronted the available experimental data with our computed data for the archetype complexes [Ru(bpy) 3 ] 2+ and [Ru(tpy) 2 ] 2+ (Figure 2). [Ru(bpy) 3 ] 2+ (as well as 2,2'-bipyrazine and 1,4,5,8-tetraazaphenanthrene complexes) were initially studied in vacuum under symmetry constraints for obvious matters of computational resources [START_REF] Alary | Is the 3 MLCT the Only Photoreactive State of Polypyridyl Complexes?[END_REF][63] [START_REF] Heully | Spin-orbit effects on the photophysical properties of Ru(bpy) 3 2+[END_REF]. Nowadays these technical restrictions no longer apply on such molecular systems, which is why the states discussed in this review were optimized in implicit solvent without symmetry. In line with the occupation of a dσ* orbital in the 3 MC state, major bond elongations are observed in such structures: two elongations in the case of the tris(bidentate) complex, four elongations in the case of the bis(terdentate) one (Figure 3).
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Figure 3. 3 MC state of [Ru(bpy) 3 ] 2+ and [Ru(tpy) 2 ] 2+ with their SOMO+1 and the corresponding key Ru-N elongations (distances in Å).

The optimization of the 3 MLCT and 3 MC minima provides us with Jablonski diagrams for the two complexes that display similar 3 MLCT energies (46-47 kcal/mol with respect to the ground state) and similar 3 MLCT-3 MC energy gaps (3-4 kcal/mol) [START_REF] Soupart | DFT rationalization of the roomtemperature luminescence properties of Ru(bpy) 3 2+ and Ru(tpy) 2 2+ : 3 MLCT-3 MC minimum energy path from NEB calculations and emission spectra from VRES calculations[END_REF]. Rationalization of the room temperature luminescence of [Ru(bpy) 3 ] 2+ versus the nonluminescence of [Ru(tpy) 2 ] 2+ thus requires us to go beyond this Jablonski diagram. Computation of the minimum energy path for the 3 MLCT-3 MC conversion gives an activation energy of 9 kcal/mol for bpy but only 4 kcal/mol for tpy, in line with a more efficient population of the 3 MC state in the tpy case. In addition, these activation energies compare remarkably well with those obtained from variable temperature luminescence lifetimes measurements (11 kcal/mol for [Ru(bpy) 3 ] 2+ [START_REF] Caspar | Photochemistry of Ru(bpy) 3 2+ . Solvent Effects[END_REF] and 5 kcal/mol for [Ru(tpy) 2 ] 2+ [START_REF] Amini | The triplet excited state of ruthenium(II) bis(2,2′:6′,2″-terpyridine): Comparison between experiment and theory[END_REF]). Finally, optimization of the 3/1 MECPs shows that the 3 MC-3/1 MECP energy gap is 6 kcal/mol for bpy but only 1 kcal/mol for tpy, in line with the much smaller geometrical distortions observed between the 3 MC state and the 3/1 MECP for tpy. Nonradiative deactivation is thus expected to be much more favourable and efficient for [Ru(tpy) 2 ] 2+ than for [Ru(bpy) 3 ] 2+ . Combining minima and MECP optimization with the computation of the minimum energy path for internal conversion on the 3 PES (Scheme 1) has overall provided us with the rationalization of the photophysical properties of the two major archetypes of Ru(II) photochemistry [START_REF] Soupart | DFT rationalization of the roomtemperature luminescence properties of Ru(bpy) 3 2+ and Ru(tpy) 2 2+ : 3 MLCT-3 MC minimum energy path from NEB calculations and emission spectra from VRES calculations[END_REF].
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Scheme 1: Potential energy curves computed for [Ru(bpy) 3 ] 2+ (left) and [Ru(tpy) 2 ] 2+ (right) [45].

Having validated the methods and having gained a significant experience of their use on coordination compounds in their ground and excited states, we have embarked on applying them to more challenging projects involving photoinduced ligand release. This has enabled us to develop strategies for their systematic use to map the topology of both the singlet and triplet PES as a highly convenient alternative to relaxed surface scan approaches.

Photorelease of a monodentate ligand

Photoactivated chemotherapy involves the light-induced breaking of a chemical bond that releases at least one biologically active fragment. The goal of realising effective and applicable photoactivated chemotherapeutic complexes has therefore driven significant experimental efforts for the investigation of ligand release photochemistry. In the course of their studies on the photorelease of thioether ligands from Ru(II) complexes, Bonnet et al.

obtained strikingly different photosubstitution yields (φ(photosub.)) depending on the bidentate ligand that was bound to the metal, ranging from 2% to an impressive 30% (Scheme 2) [START_REF] Bahreman | Spontaneous Formation in the Dark, and Visible Light-Induced Cleavage, of a Ru-S Bond in Water: A Thermodynamic and Kinetic Study[END_REF]. The method by which the photosubstitution yields were estimated is reported in the original publication [START_REF] Bahreman | Spontaneous Formation in the Dark, and Visible Light-Induced Cleavage, of a Ru-S Bond in Water: A Thermodynamic and Kinetic Study[END_REF]. Theoretical studies were subsequently undertaken to rationalize this behaviour.

Scheme 2: Monodentate thioether photosubstitution yields φ(photosub.) [66].
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An intuitive approximation of the reaction coordinate involved in the release of a monodentate ligand is the distance between the metal and the initally bound/eventually unbound atom. From the practical point of view of a theoretician, this distance is a natural parameter to be scanned in a relaxed surface scan [START_REF] Salassa | Mechanism of Ligand Photodissociation in Photoactivable [Ru(bpy) 2 L 2 ] 2+ Complexes: A Density Functional Theory Study[END_REF] [START_REF] Camilo | Photosolvolysis of cis-[Ru(αdiimine) 2 (4-aminopyridine) 2 ] 2+ Complexes: Photophysical, Spectroscopic, and Density Functional Theory Analysis[END_REF][33] [START_REF] Nisbett | DFT Investigation of Ligand Photodissociation in [Ru(II)(tpy)(bpy)(py)] 2+ and [Ru(II)(tpy)(Me 2 bpy)(py)] 2+ Complexes[END_REF]. We have performed geometry optimizations followed by NEB minimum energy path calculations and transition state optimizations on the four complexes shown in Scheme 2. These calculations point to the fact that two local minima could be located in the 3 MC region, both displaying major elongations towards the thioether ligand but to various degrees. Indeed, for dcbpy and biq, which display intermediate photosubstitution yields, a 3 MC state with a closely associated thioether ligand (Ru-S≈3 Å) was obtained, called 3 MC hexa , as well as a 3 MC state with a significantly extended Ru-S distance of ~4 Å, called 3 MC penta . The 3 MC hexa -3 MC penta internal conversion process is slightly downhill and its activation energy is minimal, less than 3 kcal/mol. For bpy, which displays the lowest ϕ(photosub.), only 3 MC hexa was obtained. On the contrary, for dmbpy, which displays the highest ϕ(photosub.), only 3 MC penta could be located. This combination of factors has led us to propose the following mechanistic hypothesis: 3 MC hexa with a shorter Ru-S distance would be prone to geminate recombination through the associated 3/1 MECP that leads the system back to the reactant ground state; on the other hand, 3 MC penta with a far longer Ru-S distance would be prone to ligand dissociation, following diffusion of its weakly bound thioether ligand, which in turn would lead towards the photoproduct through solvent trapping (Scheme 3) [START_REF] Göttle | Pivotal Role of a Pentacoordinate 3 MC State on the Photocleavage Efficiency of a Thioether Ligand in Ruthenium(II) Complexes: A Theoretical Mechanistic Study[END_REF]. This therefore explains the highly differing photochemical ligand ejection efficiencies displayed by the bpy and dmbpy complexes. Further, the intermediate efficiencies of the dcbpy and biq complexes can then be rationalised by the population of 3 MC penta necessitating transient population of 3 MC hexa , with its associated potential leak towards reactant.
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Scheme 3: Triplet free energy profiles for the bpy (red), dcbpy (green), biq (blue) and dmbpy (black) complexes in water at 298 K ( 3 MLCT states aligned for comparison purposes). The preferential roles assigned to 3 MC hexa (geminate recombination towards starting material, orange arrow) and 3 MC penta (evolution towards photoproduct, purple arrow) are schematized through crossings with the relevant singlet PES. Illustration with the biq ligand showing the chemical structure and Ru-S distance in the 3 MC states proposed to play two

distinct roles [START_REF] Göttle | Pivotal Role of a Pentacoordinate 3 MC State on the Photocleavage Efficiency of a Thioether Ligand in Ruthenium(II) Complexes: A Theoretical Mechanistic Study[END_REF].

Photorelease of a bidentate ligand

Although the most common photolabilized ligands are monodentate ( [START_REF] Li | Ru(II) polypyridyl complexes as photocages for bioactive compounds containing nitriles and aromatic heterocycles[END_REF][18] and references therein), there are a few examples where bidentate ligands such as diimines [START_REF] Howerton | Strained Ruthenium Complexes Are Potent Light-Activated Anticancer Agents[END_REF][69][70] [START_REF] Li | Visible Light Driven Bromide Oxidation and Ligand Substitution Photochemistry of a Ru Diimine Complex[END_REF] or aminoacids [START_REF] Cuello-Garibo | Influence of the Steric Bulk and Solvent on the Photoreactivity of Ruthenium Polypyridyl Coord[END_REF] have been photoreleased, or 'photouncaged' in the jargon, from Ru(II) complexes, to reveal their biological activity. Alternatively the photoejection of bidentate ligands has been used as an efficient trigger for molecular machines [START_REF] Baranoff | A photochromic system based on photochemical or thermal chelate exchange on Ru(phen)2L2+ (L = diimine or dinitrile ligand)[END_REF] [START_REF] Laemmel | Macrocyclic Complexes of [Ru(N-N) 2 ] 2+ Units [N-N= 1, 10 Phenanthroline or 4-(p-Anisyl)-1, 10-Phenanthroline]: Synthesis and Photochemical Expulsion Studies[END_REF][75] [START_REF] Collin | Light-Driven Expulsion of the Sterically Hindering Ligand L in Tris-diimine Ruthenium(II) Complexes of the Ru(phen) 2 (L) 2+ Family: A Pronounced Ring Effect[END_REF] [START_REF] Bonnet | Ruthenium-based light-driven molecular machine prototypes: synthesis and properties[END_REF].

Experimental work in the Elliott group has largely focussed on the photophysical properties of complexes of 1,2,3-triazole-based ligands as analogues for more conventional polypyridyl ligand systems [START_REF] Scattergood | An unexpected journey from highly tunable phosphorescence to novel photochemistry of 1,2,3-triazole-based complexes[END_REF]. Whilst these ligand systems have proved enormously versatile the preparation of complexes for luminescent applications [START_REF] Scattergood | Photophysics and photochemistry of 1,2,3-triazole-based complexes[END_REF], they have also offered significant and unique insights into photoreactive excited state processes. During the course of our investigations in this field, we designed a series of complexes containing various proportions of bpy and btz ligands (btz = 1,1'-dibenzyl-4,4'-bi-1,2,3-triazolyl) [START_REF] Welby | Synthesis, characterisation and theoretical study of ruthenium 4,4′-bi-1,2,3-triazolyl complexes: fundamental switching of the nature of S 1 and T 1 states from MLCT to MC[END_REF] with the aim of gradually narrowing the energy gap from the bpy-localised 3 MLCT state to the potentially dissociative 3 MC states in order to favour ligand photorelease with increasing btz content [START_REF] Scattergood | An unexpected journey from highly tunable phosphorescence to novel photochemistry of 1,2,3-triazole-based complexes[END_REF].

Coord. Chem. Rev. 2020, 408, 213184. https://doi.org/10.1016/j.ccr.2020.213184 Indeed, both the heteroleptic complexes [Ru(bpy) 2 (btz)] 2+ and [Ru(bpy)(btz) 2 ] 2+ prove to be photochemically reactive with release of a btz ligand in donor solvents [START_REF] Welby | Unambiguous Characterization of a Photoreactive Ligand-Loss Intermediate[END_REF] [START_REF] Welby | Photochemical ligand ejection from non-sterically promoted Ru(II)bis(diimine) 4,4′-bi-1,2,3triazolyl complexes[END_REF]. Whilst [Ru(bpy) 2 (btz)] 2+ releases btz in acetonitrile to form cis-[Ru(bpy) 2 (NCMe) 2 ] 2+ in a similar manner to that observed for other Ru(II) complexes (e.g. [Ru(bpy) 2 (dmbpy)] 2+ [START_REF] Howerton | Strained Ruthenium Complexes Are Potent Light-Activated Anticancer Agents[END_REF]), the alternative heteroleptic complex [Ru(bpy)(btz) 2 ] 2+ displays highly novel photochemical behaviour; during the process of release of one of the btz ligands the retained bidentate ligands undergo rearrangement such that they become coplanar in the photoproduct trans-[Ru(bpy)(btz)(NCMe) 2 ] 2+ (Scheme 4). Significantly, this proceeds with observation of an intermediate photoproduct in which one btz ligand is coordinated in the monodentate fashion and which shows a high degree of stability. Remarkably, this allowed us to crystallize and structurally characterise the intermediate photoproduct (Figure 4) [START_REF] Welby | Unambiguous Characterization of a Photoreactive Ligand-Loss Intermediate[END_REF]. [START_REF] Welby | Unambiguous Characterization of a Photoreactive Ligand-Loss Intermediate[END_REF] From a mechanistic point of view, the isolation and structural characterization of a complex bearing a monodentate btz ligand trans to the incoming MeCN ligand unambiguously demonstrated the existence of κ 1 half-bound bidentate ligand complexes that had long been postulated in solution for this and other systems leading to cis photoproducts [START_REF] Van Houten | Photochemistry of Tris(2,2'-bipyridyl)ruthenium(II) in Aqueous Solution[END_REF][83] [START_REF] Tachiyashiki | Identification of an Intermediate of the Photosubstitution of a Ruthenium(II) Diimine Complex With a Monodentate Chelating Ligand: 1 H NMR and HPLC Evidence[END_REF][85].

Scheme 4. Two-step photochemical reactivity of [Ru(bpy)(btz) 2 ] 2+ in acetonitrile, involving two successive onephoton absorptions .

Figure 4: ORTEP diagrams of the intermediate photoproduct trans-[Ru(bpy)(κ 2 -btz)(κ 1 -btz)(NCMe)] 2+ (left) and of the final photoproduct trans-[Ru(bpy)(btz)(NCMe) 2 ] 2+ (right) (phenyl groups of the benzyl substituents of the triazole rings have been removed for clarity; H atoms and counterions not shown)

We then had in hand the experimental evidence of a stepwise process requiring two separate one-photon absorptions, taking place under continuous irradiation in acetonitrile, the second step requiring much longer irradiation times than the first one [START_REF] Welby | Photochemistry of Ru(II) 4,4′-Bi-1,2,3-triazolyl (btz) Complexes: Crystallographic Characterization of the Photoreactive Ligand-Loss Intermediate trans-[Ru(bpy)(κ 2 -btz)(κ 1 -btz)(NCMe)] 2+[END_REF]. Theoretical mechanistic investigations initially involved the determination of 3 MLCT and axially elongated 3 MC minima (inspired by the geometric parameters for the 3 MC state described earlier for [Ru(bpy) 3 ] 2+ ) and relaxed surface scans between these states (although the definition of the reaction coordinate is not as trivial as with a monodentate ligand). These scans allowed us to identify a previously unreported 3 MC local minimum repelling a single bidentate ligand through the elongation of two cis Ru-N bonds, which thus seemed a much better candidate for btz release than classical MC states displaying two trans elongations towards two different ligands (Figure 5). In addition this new type of 3 MC state displays a flattened geometry in relation to the widening of the angle between the two unrepelled ligands and thus approaching the coplanar arrangement observed in the photoproducts [START_REF] Dixon | Theoretical illumination of highly original photoreactive 3 MC states and the mechanism of the photochemistry of Ru(II) tris(bidentate) complexes[END_REF].
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Figure 5: Examples of classical (trans-elongated, A/B) and flattened (cis-elongated, F) 3 MC minima with remarkable distances along the most elongated bonds (a+d, b+c or a+b) and angles. Electronic energies with respect to that of the ground state [87].

Once flattened cis-elongated 3 MC(F) states are populated, and given the fact that we know, from the crystal structure of the intermediate photoproduct, that the two unrepelled ligands will eventually become coplanar, we were able to build a guess geometry and subsequently optimize another local 3 MC minimum bearing this approximate coplanarity, shown as 3 MC(P) on Figure 6. Here the 'P' stands for pentacoordinate as one of the Ru-N distances has significantly increased to 3.2 Å and the ligand can therefore be considered to have formally undergone dechelation.

Minimum energy crossing points were located for the hexacoordinate 3 MC(A/B/F) states which were found to connect to the 1 PES of the reactant complex in a similar manner to the 3 MC state of [Ru(bpy) 3 ] 2+ and the 3 MC hexa states of the [Ru(tpy)(diimine)(thioether)] 2+ series (vide supra). However, in the neighbourhood of 3 MC(P) state lies a crucial minimum energy crossing point, very clearly mentioned in theoretical works by Vanquickenborne and Ceulemans [START_REF] Vanquickenborne | Ligand-Field Models and the Photochemistry of Coordination Compounds[END_REF], that leads the system to the ground state PES of a pentacoordinate, Coord. Chem. Rev. 2020, 408, 213184. https://doi.org/10.1016/j.ccr.2020.213184 electrophilic, 16-electron coordinatively unsaturated species. Singlet geometry optimization from 3/1 MECP(P) results in a shortening of the Ru-N bond to the κ 1 -btz ligand and full relaxation to a square pyramid GS(P) displaying a bare face with a vacancy available for nucleophilic attack by the entering ligand on the face opposite to the κ 1 -btz ligand, thus leading to the trans intermediate photoproduct shown on Scheme 4. Note that pentacoordinate intermediates have also been described in the framework of photoreactivity studies on iron [89][90] or chromium [START_REF] Żurek | Photostereochemistry and Photoaquation Reactions of [Cr(tn) 3 ] 3+ : Theoretical Studies Show the Importance of Reduced Coordination Conical Intersection Geometries[END_REF] complexes. In this project, a combination of geometry optimizations, relaxed surface scans and NEB calculations to connect all triplet states has enabled us to propose a full reaction mechanism for the formation of the trans intermediate photoproduct.

Generalization: a return to Ru(bpy) 3 2+

From the early 1970s [Ru(bpy) 3 ] 2+ has been intensively studied for the luminescent and electron and energy transfer properties of its long-lived 3 MLCT excited state [START_REF] Juris | Ru(II) polypyridine complexes: photophysics, photochemistry, eletrochemistry, and chemiluminescence[END_REF]. Meanwhile, its photostability was challenged in the presence of coordinating anions such as SCN - [START_REF] Hoggard | Photoanation of the Tris(2,2'-bipyridine)ruthenium(II) Cation by Thiocyanate[END_REF] and Cl - [START_REF] Van Houten | Photochemistry of Tris(2,2'-bipyridyl)ruthenium(II) in Aqueous Solution[END_REF] to form Ru(bpy) 2 X 2 photoproducts following the loss of one bpy ligand, thus involving some dissociative excited state that is presumably of metal-centred character. The population of 3 MC states could be enhanced under high laser power excitation in water [85],

although the dominant excited state decay route remained reformation of starting material [Ru(bpy) 3 ]Cl 2 . Under more classical excitation conditions, Hauser and coworkers did not observe population of the 3 MC state of [Ru(bpy) 3 ](PF 6 ) 2 , whether by ultrafast transient absorption spectroscopy following excitation in CH 3 CN at 400 nm [START_REF] Sun | Experimental Evidence of Ultrafast Quenching of the 3 MLCT Luminescence in Ruthenium(II) Tris-bipyridyl Complexes via a 3 dd State[END_REF] or by TR-IR in Coord. Chem. Rev. 2020, 408, 213184. https://doi.org/10.1016/j.ccr.2020.213184 CD 3 CN or KBr pellets [START_REF] Sun | Ultrafast transient IR spectroscopy and DFT calculations of ruthenium(II) polypyridyl complexes[END_REF]. On the other hand, using excitation at the same wavelength but in dichloromethane solution, Onda et al. reported the observation of the transient 3 MC state of [Ru(bpy) 3 ]Cl 2 and based their reasoning on the 1600 cm -1 region of the TR-IR spectrum [START_REF] Onda | Observation of the dark state in ruthenium complexes using femtosecond infrared vibrational spectroscopy[END_REF] [START_REF] Mukuta | Direct Observation of the Coord[END_REF]. All in all, the observation of relatively inefficient photoreactivity of [Ru(bpy) 3 ] 2+ , but only under certain conditions, and the glimpsed spectroscopic characterization of its 3 MC state (or lack of characterization) illustrate the complexity of this case and requirement for further investigations.

Having identified new 3 MC states displaying peculiar flattened geometries with one single bidentate btz ligand repelled for [Ru(bpy)(btz) 2 ] 2+ [START_REF] Dixon | Theoretical illumination of highly original photoreactive 3 MC states and the mechanism of the photochemistry of Ru(II) tris(bidentate) complexes[END_REF], we embarked on a search for similar structures on the 3 PES for [Ru(bpy) 3 ] 2+ itself. With a suitable guess geometry based on the identified key structural parameters we indeed found that a similar flattened 3 MC state is also a local minimum for this archetypal complex. In this novel state, which we call 3 MC cis (due to the elongation of two mutually cis Ru-N bonds), the highest singly occupied molecular orbital is d x 2y 2 -like, whereas it is d z 2 -like in the now 'classical' 3 MC state identified earlier in Section 2, which we now call here 3 MC trans (as it displays two elongated trans Ru-N bonds, Figure 7).

In this new nomenclature the Ru(II) btz states shown on Figure 5 3 MC(A/B) are of the 3 MC trans type, while the flattened 3 MC(F) state is of the 3 MC cis type. Both states are only 2 kcal/mol apart, and the conversion from one to the other is essentially barrierless (Scheme 5) [97]. In addition, the activation energy to populate them from the lowest 3 MLCT state is similar (9 kcal/mol for 3 MC trans vs 10 kcal/mol for 3 MC cis ), which means that both 3 MC states are likely to be populated. At this stage it might be tempting to assign a preferential role of phosphorescence quencher to the classical 3 MC trans , while the novel 3 MC cis would be more prone to photoreactivity and particularly bpy loss. However, what one can also note with confidence at this stage is the observation that the 3/1 MECP for the newly identified 3 MC cis state lies 3 kcal/mol lower in energy than that for the established 3 MC trans state and thus this previously unknown 3 MC state will inevitably play a prominent role in the photophysics of this most famous of chemical compound. We are currently actively working on exploring the photochemical fate of these two distinct 3 MC states and will report these results elsewhere in due course. 

Conclusions and Outlook

Over recent years our joint projects and the combination of our synthetic, spectroscopic and theoretical skills have led us to discover most exciting and intriguing features regarding triplet [START_REF] Scattergood | Labilizing the Photoinert: Extraordinarily Facile Photochemical Ligand Ejection in an [Os(N^N) 3 ] 2+ Complex[END_REF]. Clearly, the trans photoproduct formation pathway for this Os(II) complex should also involve flattened 3 MC cis -and 3 MC(P)-like states.

What our results reveal is the importance of not only identifying all possible 3 MC states on the 3 PES of a given complex as well as their relative accessibility from the 3 MLCT state, but also the minimum energy paths that connect them to each other and the relative accessibility of minimum energy crossing points to singlet ground state surfaces of both the reactant and photoproducts (Scheme 6). A further step would be to investigate the preferential relaxation paths of the systems by excited state dynamics, as only certain specific 3 MC states are productive towards ligand loss. This additional knowledge and understanding enables a far deeper rationalisation of experimental observations and microscopic mechanisms, but will also provide predictive tools which will give the synthetic chemist the ability to confidently control and fine tune photochemical behaviour with the aim of influencing selective 3 MC population to achieve efficient photorelease. No doubt the refined view that we currently have of the 3 PES topology will soon have to be updated. The photochemical transformations observed in Ru(II) bis(bitriazolyl) complexes, for example, has led to enlightening insights on possible processes operating on the lowest 3 PES. Beyond these immediate systems this has led to further fundamental insights of much broader significance in other very well-known systems. Whilst mechanistic details for the formation of the trans intermediate κ 1 -GS photoproduct from tris-chelate complexes have been elucidated [START_REF] Dixon | Theoretical illumination of highly original photoreactive 3 MC states and the mechanism of the photochemistry of Ru(II) tris(bidentate) complexes[END_REF], the equivalent details regarding the far more common formation of cis photoproducts from chelate ligand release have yet to fully determined and are the subject of ongoing research in our laboratories. In this regard we can expect great insights from the improved theoretical methods described here combined with ultrafast spectroscopies, particularly the most recent developments of ultrafast time-resolved X-ray spectroscopies [START_REF] Chen | Recent advances on ultrafast X-ray spectroscopy in the chemical sciences[END_REF][105] [START_REF] Kjaer | Finding intersections between electronic excited state potential energy surfaces with simultaneous ultrafast X-ray scattering and spectroscopy[END_REF] enabled by free electron lasers. 
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 1 Figure 1. (a) Jablonski diagram depicting the ground and excited states of a [Ru(bpy) 3 ] 2+ -like complex (key processes: a photoexcitation, b intersystem crossing, c radiative deactivation, d internal conversion, e non

(

  from almost parallel to almost perpendicular surfaces) are important to the efficiency of nonradiative deactivation[START_REF] Harvey | Computational Studies of Reactivity in Transition Metal Chemistry[END_REF][START_REF] Malhado | Non-adiabatic transition probability dependence on conical intersection topography[END_REF].

Figure 2 .

 2 Figure 2. Structures of [Ru(bpy) 3 ] 2+ and [Ru(tpy) 2 ] 2+ .
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Figure 6 :

 6 Figure 6: Examples of pentacoordinate 3 MC state, 3/1 MECP and singlet ground state with key Ru-N distances and smallest trans N-Ru-N angles of the approximate square-plane [87].

Figure 7 .

 7 Figure 7. Classical trans-elongated 3 MC trans state and novel cis-elongated 3 MC cis state of [Ru(bpy) 3 ] 2+ with most significant Ru-N elongations and their SOMO+1 [97].

Scheme 5 :

 5 Scheme 5: Minimum energy paths, energy barriers and energy gaps for the 3 MLCT-3 MC trans , 3 MLCT-3 MC cis and 3 MC trans -3 MC cis internal conversions of [Ru(bpy) 3 ] 2+ [97].

Scheme 6 :

 6 Scheme 6: Our current schematic view of the elementary steps and intermediate states populated along the photoinduced release of a bidentate ligand towards the formation of a given final photoproduct. The purple arrows represent solvent capture (S = solvent). In the case of multiple photoproducts (eg cis and trans isomers), additional states and bifurcations should be involved. For the sake of clarity, only selected interconversions are shown.

  

  

  

  

  

  Coord. Chem. Rev. 2020, 408, 213184. https://doi.org/10.1016/j.ccr.2020.213184 excited states of Ru(II) complexes. 'The 3 MC state', a denomination that pervades the literature, actually covers an expansive region of the 3 PES displaying several local minima to which we tentatively assign preferential roles as photophysics and photochemistry quenchers and/or promoters.Our recent work has identifed highly novel flattened3 MC states as being intimately involved in trans photoproduct formation. In fact, looking back on one of our previous studies on photoisomerization mechanisms, flattened3 MC states had made an appearance but we did not appreciate their full significance at the time[START_REF] Göttle | Adiabatic Versus Nonadiabatic Photoisomerization in Photochromic Ruthenium Sulfoxide Complexes: A Mechanistic Picture from Density Functional Theory Calculations[END_REF]. Having then found some in [Ru(bpy) 3 ] 2+ itself, such distorted states seem to be a common feature in Ru(II) coordination compounds, and possibly in coordination chemistry in general since flattened MC states have been recently described for other metals (Fe[START_REF] Feng | Triplet Ground-State-Bridged Photochemical Process: Understanding the Photoinduced Chiral Inversion at the Metal Center of [Ru(phen) 2 (L-ser)] + and Its Bipy Analogues[END_REF], Ir[START_REF] Jacquemin | The short device lifetimes of blue PhOLEDs: insights into the photostability of blue Ir(III) complexes[END_REF][100][START_REF] Escudero | Mer-Ir(ppy) 3 to Fac-Ir(ppy) 3 Photoisomerization[END_REF]) as well as for the cis-trans isomerization of [Ru(bpy) 2 (PMe 3 )(OH 2 )] 2+[START_REF] Rojas Pérez | Cis-Trans Interconversion in Ruthenium(II) Bipyridine Complexes[END_REF]. We have recently reported the remarkable and unprecedented photochemical reactivity of the Os(II) complex [Os(btz) 3 ]

2+ 

, which in acetonitrile yields both cis and trans isomers of the photoproduct [Os(btz) 2 (NCMe) 2 ] 2+ with observation of both cis and trans ligand-loss intermediates [Os(κ 2 -btz) 2 (κ 1 -btz)(NCMe)] 2+
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