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Molecular and heterogenized dinuclear Ir-Cp* water oxidation catalysts bearing EDTA or EDTMP as bridging and anchoring ligands

spectroscopy, and in the solid state, by single crystal X-Ray diffraction. They were supported onto rutile TiO2 nanocrystals obtaining Ir-H4-EDTMP@TiO2 and Ir-EDTA@TiO2 hybrid materials. Both molecular complexes and hybrid materials were found to be efficient catalysts for WO driven by NaIO4, providing almost quantitative yields, and TON values only limited by the amount of NaIO4 used. As for the molecular catalysts, Ir-H4-EDTMP (TOF up to 184 min -1 ) exhibited much higher activity than Ir-EDTA (TOF up to 19 min -1 ), likely owing to the higher propensity of the former to generate a coordination vacancy through the dissociation of a Ir-OP bond (2.123 Å, significantly longer than Ir-OC, 2.0913 Å), which is a necessary step to activate these saturated complexes. Ir-H4-EDTMP@TiO2 (up to 33 min -1 ) and Ir-EDTA@TiO2 (up to 41 min -1 ) hybrid materials showed similar activity that was only marginally reduced in the second and third catalytic runs carried out after having separated the supernatant, which did not show any sign of activity, instead. The observed TOF values for hybrid materials are higher than those reported for analogous systems deriving from heterogenized mononuclear complexes. This suggests that supporting dinuclear molecular precursors could be a successful strategy to obtain efficient heterogenized water oxidation catalysts.

Introduction

The utilization of fuels generated from renewable sources is a target that our society has to achieve in a relatively short period of time, owing to the rapid depletion of fossil fuels reserves and to the dramatic environmental consequences of their massive exploitation. In order to achieve such a target electrons and protons coming from abundant and cheap raw materials are needed. The best candidate (employed also by Nature) has been individuated in H2O, whose oxidation is a multistep process providing electrons, protons and exclusively O2 as a benign by-product (Scheme 1) [START_REF] Thomsen | Iridium-based complexes for water oxidation[END_REF][START_REF] Savini | Mechanistic aspects of water oxidation catalyzed by organometallic iridium complexes[END_REF]. Unfortunately, water oxidation (WO) is highly demanding from the thermodynamic point of view and extremely difficult from the kinetic one. This has caused an explosion of interest for developing efficient water oxidation catalysts (WOCs) [START_REF] Alstrum-Acevedo | Chemical approaches artificial photosynthesis. 2[END_REF][START_REF] Lewis | Powering the planet: chemical challenges in solar energy utilization[END_REF][START_REF] Balzani | Photochemical conversion of solar energy[END_REF][START_REF] Gust | Solar fuels via artificial photosynthesis[END_REF][START_REF] Mcdaniel | Solar fuels: thermodynamics, candidates, tactics, and figures of merit[END_REF][START_REF] Berardi | Molecular artificial photosynthesis[END_REF]. A large variety of homogeneous [START_REF] Duan | A molecular ruthenium catalyst with water-oxidation activity comparable to that of photosystem II[END_REF][START_REF] Llobet | Molecular water oxidation catalysis: a key topic for new sustainable energy conversion schemes[END_REF][START_REF] Creus | A million turnover molecular anode for catalytic water oxidation[END_REF][START_REF] Gerlach | Studies of the pathways open to copper water oxidation catalysts containing proximal hydroxy groups during basic electrocatalysis[END_REF][START_REF] Codolà | Evidence for an oxygen evolving iron-oxo-cerium intermediate in iron-catalysed water oxidation[END_REF][START_REF] Li | Frontiers of water oxidation: the quest for true catalysts[END_REF][START_REF] Okamura | A pentanuclear iron catalyst designed for water oxidation[END_REF][START_REF] Annunziata | Iron(III) complexes with crossbridged cyclams: synthesis and use in alcohol and water oxidation catalysis[END_REF][START_REF] Song | {Co4O4} and {CoxNi4-xO4} cubane water oxidation catalysts as surface cut-outs of cobalt oxides[END_REF], heterogenized [START_REF] Chen | Concerted O atom-proton transfer in the O-O bond forming step in water oxidation[END_REF][START_REF] Savini | Activity and recyclability of an iridium-EDTA water oxidation catalyst immobilized onto rutile TiO2[END_REF][START_REF] Pastori | Heterogenized water oxidation catalysts prepared by immobilizing Kläui-type organometallic precursors[END_REF][START_REF] Materna | Heterogenized Iridium Water-Oxidation Catalyst from a Silatrane Precursor[END_REF][START_REF] Materna | Anchoring groups for photocatalytic water oxidation on metal oxide surfaces[END_REF][START_REF] Sheehan | A molecular catalyst for water oxidation that binds to metal oxide surfaces[END_REF][START_REF] Wan | Activating Kläui-type organometallic precursors at metal oxide surfaces for enhanced solar water oxidation[END_REF], and heterogeneous [START_REF] Ressnig | Photochemical and electrocatalytic water oxidation activity of cobalt carbodiimide[END_REF][START_REF] Wang | Metal-organic frameworks: a comprehensive structural, catalytic, spectroscopic, and kinetic study[END_REF][START_REF] Mccrory | Benchmarking heterogeneous electrocatalysts for the oxygen evolution reaction[END_REF][START_REF] Liu | Promoting photochemical water oxidation with metallic band structures[END_REF][START_REF] Kanan | In situ formation of an water containing phosphate and Co 2+[END_REF][START_REF] Cherevko | Oxygen and hydrogen evolution reactions on Ru, RuO2, Ir, and IrO2 thin film electrodes in acidic and alkaline electrolytes: a comparative study on activity and stability[END_REF][START_REF] Lee | Synthesis and activities of rutile IrO2 and RuO2 nanoparticles for oxygen evolution in acid and alkaline solutions[END_REF][START_REF] Fagiolari | Ir-and Ru-doped layered double hydroxides as affordable heterogeneous catalysts for electrochemical water oxidation[END_REF] WOCs has been proposed but, despite the enormous advances, their performance is not technologically satisfactory, yet [START_REF] Mavrokefalos | Water oxidation catalysts: the quest for new oxidebased materials[END_REF].

Scheme 1 (Color online) Sketch of the step-wise extraction of protons and electrons from water, leading to benign O2, "orchestrated" by a suitable transition metal complex ([M]), having several accessible oxidation states (n = oxidation state of the metal). For simplicity, among the well-established water oxidation reaction mechanisms [START_REF] Thomsen | Iridium-based complexes for water oxidation[END_REF][START_REF] Savini | Mechanistic aspects of water oxidation catalyzed by organometallic iridium complexes[END_REF], only Water Nucleophilic Attack (WNA) is shown.

Molecular catalysts typically guarantee a very high percentage of active centers (in principle, nearly 100%) and broad tunability through proper selection of the metal center and ancillary ligands. As far as the former is concerned, WOCs based on noble metals, like Ir and Ru, are among the most active reported so far, largely outperforming the analogous base metal systems, especially in terms of TON [START_REF] Matheu | The development of molecular water oxidation catalysts[END_REF][START_REF] Macchioni | The middle-earth between homogeneous and heterogeneous catalysis in water oxidation with iridium[END_REF][START_REF] Matheu | Intramolecular proton transfer boosts water oxidation catalyzed by a Ru complex[END_REF][START_REF] Corbucci | Iridium complexes in water oxidation catalysis[END_REF][START_REF] Kärkäs | Artificial photosynthesis: molecular systems for catalytic water oxidation[END_REF]. Therefore, many research efforts are currently devoted to the minimization of precious metals utilization (by means of "noble metal atom economy") [START_REF] Macchioni | The middle-earth between homogeneous and heterogeneous catalysis in water oxidation with iridium[END_REF][START_REF] Ledendecker | Towards maximized utilization of iridium for the acidic oxygen evolution reaction[END_REF], in addition to their replacement with earth-abundant elements [START_REF] Kärkäs | Water oxidation using earth-abundant transition metal catalysts: opportunities and challenges[END_REF][START_REF] Liu | Iron-based molecular water oxidation catalysts: abundant, cheap, and promising[END_REF][START_REF] Casadevall | Water oxidation catalysis with welldefined molecular iron complexes[END_REF].

The libraries of ancillary ligands screened are vast and varied [START_REF] Matheu | The development of molecular water oxidation catalysts[END_REF][START_REF] Macchioni | The middle-earth between homogeneous and heterogeneous catalysis in water oxidation with iridium[END_REF][START_REF] Matheu | Intramolecular proton transfer boosts water oxidation catalyzed by a Ru complex[END_REF][START_REF] Corbucci | Iridium complexes in water oxidation catalysis[END_REF][START_REF] Kärkäs | Artificial photosynthesis: molecular systems for catalytic water oxidation[END_REF][START_REF] Hunter | Earth-abundant heterogeneous water oxidation catalysts[END_REF][START_REF] Volpe | Novel iridium complexes with Nheterocyclic dicarbene ligands in light-driven water oxidation catalysis: photon management, ligand effect and catalyst evolution[END_REF].

Nevertheless, the aspiration of establishing clear structure/properties correlations remains largely unaccomplished, as in situ structural modifications of the ligands often occur under the strongly oxidative reaction conditions necessary for WO. A particularly interesting case is that of Ir-Cp* complexes (Cp*= pentamethylcyclopentadienyl), which include some of the known most active molecular WOCs [START_REF] Thomsen | Iridium-based complexes for water oxidation[END_REF][START_REF] Navarro | A mesoionic nitrogen-donor ligand: structure, iridium coordination, and catalytic effects[END_REF][START_REF] Corbucci | Iridium water oxidation catalysts based on pyridinecarbene Alkylsubstituted ligands[END_REF][START_REF] Savini | Iridium(III) molecular catalysts for water oxidation: the simpler the faster[END_REF][START_REF] Sackville | Electrochemical and kinetic insights into molecular water oxidation catalysts derived from Cp*Ir(pyridine-alkoxide) complexes[END_REF][START_REF] Lalrempuia | Water oxidation catalyzed by strong carbene-type donor-ligand complexes of iridium[END_REF][START_REF] Hetterscheid | Me2-NHC based robust Ir catalyst for efficient water oxidation[END_REF][START_REF] Blakemore | Half-sandwich iridium complexes for homogeneous water-oxidation catalysis[END_REF][START_REF] Bucci | A single organoiridium complex generating highly active catalysts for both water oxidation and NAD + /NADH transformations[END_REF][START_REF] Corbucci | Substantial improvement of pyridine-carbene iridium water oxidation catalysts by a simple methyl-to-octyl substitution[END_REF][START_REF] Rodriguez | Benchmarking water oxidation catalysts based on iridium complexes: clues and doubts on the nature of active species[END_REF][START_REF] Rodriguez | Extremely active, tunable, and pH-responsive iridium water oxidation catalysts[END_REF][START_REF] Navarro | Optimization of synthetically versatile pyridylidene amide ligands for efficient iridium-catalyzed water oxidation[END_REF][START_REF] Venturini | Catalytic water splitting with an iridium carbene complex: A theoretical study[END_REF][START_REF] Mahanti | Homogeneous water oxidation by half-sandwich iridium(III) N-heterocyclic carbene complexes with pendant hydroxy and amino groups[END_REF][START_REF] Hull | Highly active and robust Cp* iridium complexes for catalytic water oxidation[END_REF]. The Cp* fragment undergoes major oxidative transformations under catalytic conditions; these modifications are likely necessary, in some cases, for precatalyst activation, but complicate the identification of the true active species and, consequently, the rationalization of ancillary ligand effects on activity [START_REF] Pastori | Heterogenized water oxidation catalysts prepared by immobilizing Kläui-type organometallic precursors[END_REF][START_REF] Grotjahn | Evolution of iridium-based molecular catalysts during water oxidation with ceric ammonium nitrate[END_REF][START_REF] Savini | Activity and degradation pathways of pentamethyl-cyclopentadienyl-iridium catalysts for water oxidation[END_REF][START_REF] Zuccaccia | An NMR study of the oxidative degradation of Cp*Ir catalysts for water oxidation: evidence for a preliminary attack on the quaternary carbon atom of the -C-CH3 moiety[END_REF][START_REF] Hintermair | Particle formation during oxidation catalysis with Cp* iridium complexes[END_REF][START_REF] Hintermair | Precursor transformation during molecular oxidation catalysis with organometallic iridium complexes[END_REF][START_REF] Van Dijk | The influence of the ligand in the iridium mediated electrocatalyic water oxidation[END_REF][START_REF] Zuccaccia | Transformation of a Cp*iridium(III) precatalyst for water oxidation when exposed to oxidative stress[END_REF].

Along with maximizing activity, ancillary ligand design is often oriented to the introduction of suitable functional groups for anchoring the metal complex on a support, resulting in heterogenized WOCs that combine the advantages of molecular (well-defined precursors, high percentage of active sites) and heterogeneous (robustness, recoverability) systems [START_REF] Materna | Anchoring groups for photocatalytic water oxidation on metal oxide surfaces[END_REF][START_REF] Macchioni | The middle-earth between homogeneous and heterogeneous catalysis in water oxidation with iridium[END_REF]. Typical supports include metal oxide semiconductors like titanium oxide (TiO2) [START_REF] Savini | Activity and recyclability of an iridium-EDTA water oxidation catalyst immobilized onto rutile TiO2[END_REF][START_REF] Pastori | Heterogenized water oxidation catalysts prepared by immobilizing Kläui-type organometallic precursors[END_REF][START_REF] Moore | A visible light water-splitting cell with a photoanode formed by codeposition of a high-potential porphyrin and an iridium water-oxidation catalyst[END_REF], hematite (Fe2O3) [START_REF] Li | Hematite-based solar water Splitting in acidic solutions: functionalization by mono-and multilayers of iridium oxygenevolution catalysts[END_REF], indium tin oxide (ITO) [START_REF] Sheehan | A molecular catalyst for water oxidation that binds to metal oxide surfaces[END_REF][START_REF] Joya | Surface-immobilized single-site iridium complexes for electrocatalytic water splitting[END_REF] or bismuth vanadate (BiVO4) [START_REF] Wan | Activating Kläui-type organometallic precursors at metal oxide surfaces for enhanced solar water oxidation[END_REF][START_REF] Liu | Molecular cobalt salophen catalyst-integrated BiVO4 as stable and robust photoanodes for photoelectrochemical water splitting[END_REF][START_REF] Liu | Improved photoelectrocatalytic performance for water oxidation by earth-abundant cobalt molecular porphyrin complexintegrated BiVO4 photoanode[END_REF], as well as porous materials like metal-organic frameworks (MOFs) [START_REF] Zhao | Engineering iridium-based metal organic frameworks towards electrocatalytic water oxidation[END_REF][START_REF] Wang | Doping metal-organic frameworks for water oxidation, carbon dioxide reduction, and organic photocatalysis[END_REF][START_REF] Gatto | Post synthetic defect engineering of UiO-66 metal-organic framework with An iridium(III)-HEDTA complex and application in water oxidation catalysis[END_REF][START_REF] Shao | The design of water oxidation electrocatalysts from nanoscale metal-organic frameworks[END_REF]. The anchoring groups are often oxidation resistant carboxylic (-COOH) [START_REF] Moore | A visible light water-splitting cell with a photoanode formed by codeposition of a high-potential porphyrin and an iridium water-oxidation catalyst[END_REF][START_REF] Joya | Surface-immobilized single-site iridium complexes for electrocatalytic water splitting[END_REF][START_REF] Liu | Improved photoelectrocatalytic performance for water oxidation by earth-abundant cobalt molecular porphyrin complexintegrated BiVO4 photoanode[END_REF][START_REF] Wang | Doping metal-organic frameworks for water oxidation, carbon dioxide reduction, and organic photocatalysis[END_REF] or phosphonic (-PO3H2) [START_REF] Chen | Concerted O atom-proton transfer in the O-O bond forming step in water oxidation[END_REF][START_REF] Pastori | Heterogenized water oxidation catalysts prepared by immobilizing Kläui-type organometallic precursors[END_REF][START_REF] Wan | Activating Kläui-type organometallic precursors at metal oxide surfaces for enhanced solar water oxidation[END_REF][START_REF] Joya | Surface-immobilized single-site iridium complexes for electrocatalytic water splitting[END_REF][START_REF] Klepser | Anchoring a molecular iron catalyst to solarresponsive WO3 improves the rate and selectivity of photoelectrochemical water oxidation[END_REF][START_REF] Odrobina | Chasing the Achilles' heel in hybrid systems of diruthenium water oxidation catalysts anchored on indium tin oxide: the stability of the anchor[END_REF] acids that, upon deprotonation, can bind the solid surface in a mono-, bi-or, only in the latter case, tri-dentate mode (Fig. 1a). In the case of phosphonated ligands, the connection between the catalyst and oxide support typically consists of a [START_REF] Brodard-Severac | High-field 17 O MAS NMR investigation of phosphonic acid monolayers on titania[END_REF][START_REF] Guerre | Anchoring of phosphonate and phosphinate coupling molecules on titania particles[END_REF]; only the latter two binding modes are possible with carboxylate ligands, instead [START_REF] Materna | Anchoring groups for photocatalytic water oxidation on metal oxide surfaces[END_REF]. Hydroxamic acids [START_REF] Brennan | Surface-induced deprotection of THP-protected hydroxamic acids on titanium dioxide[END_REF][START_REF] Mcnamara | Hydroxamate anchors for water-stable attachment to TiO2 nanoparticles[END_REF] and silatranes [START_REF] Materna | Heterogenized Iridium Water-Oxidation Catalyst from a Silatrane Precursor[END_REF][START_REF] Materna | Silatrane anchors for metal oxide surfaces: optimization for potential photocatalytic and electrocatalytic applications[END_REF] (Fig. 1a) have also shown promising properties, along with a variety of other functionalities [START_REF] Niu | Hybrid photoelectrochemical water splitting systems: from interface design to system assembly[END_REF][START_REF] Bae | Tailored assembly of molecular water oxidation catalysts on photoelectrodes for artificial photosynthesis[END_REF]. Recently, our group became interested in the possibility of exploiting EDTA-type ancillary ligand for developing heterogenized Ir-WOCs (EDTA = ethylenediamine-N,N,N'N'-tetraacetate). For instance, the dandling -COOH group of the simple [Ir(H-EDTA)Cl]Na complex (H-EDTA = monoprotonated EDTA; Fig. 1b) [START_REF] Savini | Iridium-EDTA as an efficient and readily available catalyst for water oxidation[END_REF] was identified as a suitable functionality to anchor this molecular species on several supports. First, [Ir(H-EDTA)Cl]Na was heterogenized on rutile TiO2, resulting in a roughly two-fold improvement of TOF (up to 17 min -1 ) with respect to the molecular precursor, in WO driven by cerium ammonium nitrate (CAN) as sacrificial oxidant (SO) [START_REF] Savini | Activity and recyclability of an iridium-EDTA water oxidation catalyst immobilized onto rutile TiO2[END_REF]. Despite some small leaching of Ir centers only in the first catalytic run, this heterogenized WOC exhibited very good recyclability, remaining active for more than ten catalytic runs [START_REF] Savini | Activity and recyclability of an iridium-EDTA water oxidation catalyst immobilized onto rutile TiO2[END_REF]. More lately, the same molecular precursor has been successfully immobilized on a Zr-based MOF with UiO-66 structure [START_REF] Gatto | Post synthetic defect engineering of UiO-66 metal-organic framework with An iridium(III)-HEDTA complex and application in water oxidation catalysis[END_REF]. In this case, quite satisfying performance has been obtained in the first catalytic run, although this system exhibits a limited durability [START_REF] Gatto | Post synthetic defect engineering of UiO-66 metal-organic framework with An iridium(III)-HEDTA complex and application in water oxidation catalysis[END_REF].

combination of P-O-H•••O-M hydrogen bonding and coordinative P=O•••M and P-O-M bonds
Herein, we report the synthesis and extensive characterization of two novel dinuclear iridium complexes (Ir-H4-EDTMP and Ir-EDTA) in which EDTA and its phosphonic analogue ethylenediamine-N,N,N',N'-tetra(methylene phosphonate) (EDTMP, Fig. 2) act as bridging κ 3 -O,N,O-ligands for two Cp*Ir moieties. At the same time, we show how it is possible to take advantage of the anchoring potentialities of their carboxylate and phosphonate functionalities for heterogenizing them onto TiO2. The resulting hybrid materials (Ir-H4-EDTMP@TiO2 and Ir-EDTA@TiO2) represent rare examples of dinuclear heterogenized WOCs [START_REF] Sheehan | A molecular catalyst for water oxidation that binds to metal oxide surfaces[END_REF][START_REF] Zhao | Stable iridium dinuclear heterogeneous catalysts supported on metal-oxide substrate for solar water oxidation[END_REF][START_REF] Zhao | End-on bound iridium dinuclear heterogeneous catalysts on WO3 for solar water oxidation[END_REF][START_REF] Alibabaei | Solar water splitting in a molecular photoelectrochemical cell[END_REF], despite the well-known potential beneficial effect of using two instead of one metal center [START_REF] Li | Dinuclear metal complexes: multifunctional properties and applications[END_REF]. Molecular and heterogenized catalysts were tested in WO driven by NaIO4, exhibiting high efficiency and activity. In particular, the hybrid materials exhibit significantly better performances, in term of efficiency, TOF and recyclability, than analogous materials derived from similar mononuclear complexes. 

Experimental

All the reactions were carried out in air, unless otherwise stated. All organic solvents and rutile TiO2 (nanopowder, <100 nm particle size, spec. surface area 50 m 2 /g) were purchased from Sigma-Aldrich and used as received. Distilled water was further purified using a Milli-Q Ultrapure water purification system.

[Cp*IrCl2]2 [START_REF] White | η 5pentamethylcyclopentadienyl)rhodium and -iridium compounds[END_REF] and [Cp*Ir(H2O)3](NO3)2 [START_REF] Cayemittes | Mechanistic investigation on the water substitution in the η 5 -organometallic complexes Cp*Ir(H2O)3 2+ and Cp*Rh(H2O)3 2+[END_REF] were prepared according to literature procedures. NMR spectra were recorded at 298 K on a Bruker Avance 

Anchoring molecular WOCs onto TiO2

The immobilization of complexes Ir-H4-EDTMP (4.6 mg), Ir-EDTA (2.1 mg) onto TiO2 was achieved by simply contacting rutile TiO2 nanoparticles (1 g) with a water solution of each complex (5 mL). The suspension was stirred for 24 h. The solid was then recovered by centrifugation, washed several times with water, followed by acetonitrile and dichloromethane, and finally dried under vacuum.

The iridium content was determined by ICP-OES analysis. A weighed amount of catalyst (ca. 200 mg) was dissolved in 4 mL of HF (40%). After the complete dissolution of the solid, the solution was diluted with fuming HNO3 to a final volume of 25 mL and then analyzed.

Catalytic tests

Manometric measurements were performed using two homemade jacketed glass reactors coupled to a Testo 521-1 manometer, following previously optimized procedures [START_REF] Rodriguez | Benchmarking water oxidation catalysts based on iridium complexes: clues and doubts on the nature of active species[END_REF]. In a typical run with molecular catalysts, the NaIO4 solution in 5 mL of buffered water (pH 7 by 0.2 mol/L phosphate buffer) were loaded into the first reaction vessel (working cell), while an equal amount of neat water was loaded into the second one (reference cell). Both reactors were sealed with a rubber septum, connected to the manometer, kept at a constant temperature of 25 °C and placed under stirring for 20 min. Acquisition was started. When a steady baseline was achieved, a volume of a solution of catalyst in buffered water was injected into the working cell. The concentration of the stock solution of catalyst was adjusted, depending on the final concentration desired, in order to have a maximum injection volume of 250 µL. The total gas evolved was estimated by measuring the differential pressure between the working and reference cell. The resulting p vs. t profiles were processed as reported in Ref. [START_REF] Rodriguez | Benchmarking water oxidation catalysts based on iridium complexes: clues and doubts on the nature of active species[END_REF].

In a typical heterogeneous-phase water oxidation experiment, the immobilized catalysts were suspended in 4.5 mL of buffered water, and the catalysis was started by injecting 0.5 mL of a stock solution of sacrificial oxidant. After each run, the mixture was centrifuged. The solid was separated from the supernatant solutions, and re-used for the subsequent experiment under the same conditions used for the previous run. The mass of the solid catalysts remains nearly constant before and after the catalytic runs, although minor loss of material cannot be excluded, due to the absorption of some phosphate groups on the TiO2 support during the catalysis (vide infra) slightly altering the composition of the samples. The supernatant solution was filtered and then tested for catalytic activity.

Results and Discussion

Synthesis and characterization

Molecular catalysts

The reactivity of the Ir-Cp* precursors with EDTA and EDTMP, which can potentially bind at iridium in κ 1 to κ 6 A further addition of Ir-H2O to the mixture, besides increasing the amount of Ir-H6-EDTMP, led to the formation of a new species exhibiting a single 31 P NMR resonance at δP = 35.1 ppm. The formation of the latter compound was nearly complete when about two equivalents of Ir-H2O had been added (Fig. 3). Such species appears to have a symmetric EDTMP backbone; integration of 1 H NMR signals (Fig. 3) shows a 2:1 molar ratio between Cp* and EDTMP moieties. These results indicate the formation of a dinuclear complex in which H4-EDTMP binds two Ir-Cp* fragments, using its two PNP halves as dianionic tridentate ligands (Ir-H4-EDTMP in Scheme 2). It should be noted here that aged solutions of Ir-H4-EDTMP in unbuffered water always contains a small fraction of Ir-H6-EDTMP, indicating that this complex undergoes relatively facile hydrolysis (Fig. 3; see below for further discussion).

Ir-H4-EDTMP was successfully synthesized on a larger scale using a slight excess of Ir-H2O with respect to H8-EDTMP (see Experimental Section), while attempts to isolate the mononuclear Ir-H6-EDTMP were unsuccessful (see the Supplementary materials). Ir-H4-EDTMP single crystals of good quality for X-Ray diffractometric studies were obtained from its saturated aqueous solutions.

Crystallographic analysis provided the structure reported in Fig. 4a Blue and red labels refer to Ir-H4-EDTMP and Ir-H6-EDTMP, respectively (see

Scheme 2).

Ir-H4-EDTMP exhibits a highly symmetric structure with an inversion point lying in the middle of the ethylene bridge (Fig. 4a). The Ir-N (2.26 Å) and Ir-O (2.11-2.12 Å) distances are comparable to those found in other Ir(III)-Cp* amine [START_REF] Wwn | Bifunctional mechanism with unconventional intermediates for the hydrogenation of ketones catalyzed by an iridium(III) complex containing an N-heterocyclic carbene with a primary amine donor[END_REF] and phosphonate [START_REF] Labed | Iridium-catalyzed sustainable access to functionalized julolidines through hydrogen autotransfer[END_REF] complexes. The Ir-Cp* centroid distance (1.758 Å) is slightly lower than that found in similar compounds (1.77-1.82 Å) [START_REF] Corbucci | Iridium water oxidation catalysts based on pyridinecarbene Alkylsubstituted ligands[END_REF][START_REF] Bucci | A single organoiridium complex generating highly active catalysts for both water oxidation and NAD + /NADH transformations[END_REF][START_REF] Rodriguez | Extremely active, tunable, and pH-responsive iridium water oxidation catalysts[END_REF][START_REF] Wwn | Bifunctional mechanism with unconventional intermediates for the hydrogenation of ketones catalyzed by an iridium(III) complex containing an N-heterocyclic carbene with a primary amine donor[END_REF][START_REF] Labed | Iridium-catalyzed sustainable access to functionalized julolidines through hydrogen autotransfer[END_REF], indicating a relatively high electrophilicity of the metal center.

Phosphonate groups establish H-bonds with water, as well as with other Ir-H4-EDTMP molecules in their proximity (see the Supplementary materials). The reaction of Ir-H2O with H4-EDTA proceeded analogously to that with H8-EDTMP. Nevertheless, the addition of a base, like NaHCO3, was necessary to deprotonate the carboxylate groups of the ligand; higher yields were obtained using [Cp*IrCl2]2 (Ir-Cl) rather than Ir-H2O precursor (Scheme 3 and Experimental Section). The 1 H NMR spectrum of Ir-EDTA in DMSO-d6 (Fig. 5)

is consistent with a dinuclear structure analogous to that proposed for Ir-H4-EDTMP. Also in this case, X-ray studies of single crystals, obtained by slowly cooling down a hot saturated aqueous solution, confirmed the dimeric structure deduced by NMR spectroscopy (Fig. 4b). EDTA complexes are known, although no crystal structure is available, whereas the one described here is the first example of the Ir-based analogue, to the best of our knowledge.

Scheme 3 Reaction pathway for the synthesis of Ir-EDTA

Figure 5 1 H NMR spectrum (DMSO-d6, 298 K) of Ir-EDTA.

Immobilization of molecular catalysts onto TiO2

Ir-H4-EDTMP and Ir-EDTA were supported by dispersing TiO2 in the aqueous solutions of these complexes, and then carefully recovering and washing the solid particles (see Experimental Section). The iridium content in heterogenized catalysts, Ir-H4-EDTMP@TiO2 and Ir-EDTA@TiO2, was determined by ICP-OES analysis to be 0.823 and 0.463 μmol/g, respectively. The higher iridium loading in Ir-H4-EDTMP@TiO2 might be due to the slightly higher amount of molecular catalysts used in the synthesis of this system, as well as to the known higher effectiveness of the phosphonate group to serve as anchor on TiO2 [START_REF] Materna | Anchoring groups for photocatalytic water oxidation on metal oxide surfaces[END_REF].

SEM images of the two catalysts are reported in Fig. S1 (online), showing homogeneously shaped nanometric particles in both cases. A homogenous distribution of iridium and, in the case of Ir-H4-EDTMP@TiO2, phosphorous centers is observed (Fig. 6), meaning that the complex is very likely well distributed over the TiO2 particles surface, without formation of aggregates.

However, the small amounts present hamper accurate quantification by EDX analysis.

Figure 6 (Color online)

EDX maps of (a) Ir-H4-EDTMP@TiO2 and (b) Ir-EDTA@TiO2 before catalytic runs.

Catalytic tests in homogeneous phase with Ir-H4-EDTMP and Ir-EDTA

Ir-H4-EDTMP and Ir-EDTA were tested as homogenous WOCs using sodium periodate (NaIO4) as SO at pH 7 by phosphate buffer (0.2 mol/L); the course of reaction was monitored measuring the evolved O2 by differential manometry.

Iridium and SO concentrations were varied in the 2.5-20 µmol/L and 2.5-20 mmol/L range, respectively. As the two metal centers in the dinuclear complexes can potentially act as independent active sites, iridium rather than catalyst nominal concentrations are considered. The results are summarized in Table 1, while additional selected experiments, using the Clark electrode to probe oxygen evolution, are reported in the Supplementary materials. Both species appear to be suitable precatalysts for WO, with yields of O2 (based on utilized NaIO4 concentration) above 90% in most cases; minor fluctuations in yield have been observed also in previous studies, and are attributed mainly to experimental uncertainty [START_REF] Rodriguez | Benchmarking water oxidation catalysts based on iridium complexes: clues and doubts on the nature of active species[END_REF]. The performance of Ir-H4-EDTMP is comparable to that of the fastest Ir-Cp* based WOCs [START_REF] Matheu | The development of molecular water oxidation catalysts[END_REF][START_REF] Macchioni | The middle-earth between homogeneous and heterogeneous catalysis in water oxidation with iridium[END_REF][START_REF] Matheu | Intramolecular proton transfer boosts water oxidation catalyzed by a Ru complex[END_REF][START_REF] Corbucci | Iridium complexes in water oxidation catalysis[END_REF][START_REF] Kärkäs | Artificial photosynthesis: molecular systems for catalytic water oxidation[END_REF], with TOFs up to ~184 min -1 (Table 1; entries 1-7). Two sets of experiments, carried out by selectively varying

[Ir] (entries 1, 5-7 and Fig. 7a) or [NaIO4] (entries 2-5 and Fig. 7b), allowed to derive the reaction orders in active metal centers and SO, respectively (Fig. S2 online). The former order is found to be lower than one and of about 0.6, possibly indicating the in situ formation of aggregated multinuclear active species. The order in [NaIO4] is ~0.7, which is a typical value for molecular Ir-WOCs under analogous reaction conditions [START_REF] Rodriguez | Benchmarking water oxidation catalysts based on iridium complexes: clues and doubts on the nature of active species[END_REF]. Importantly, catalytic tests reported here were performed using freshly prepared catalysts solutions in water, to prevent significant hydrolysis of Ir-H4-EDTMP prior to injection in the reactor (vide supra). Indeed, boosts of activity are observed in duplicate experiments when catalysts solutions aged over several hours were used, likely due to the formation of sizable amounts of the highly active Ir-H2O [START_REF] Savini | Iridium(III) molecular catalysts for water oxidation: the simpler the faster[END_REF][START_REF] Rodriguez | Benchmarking water oxidation catalysts based on iridium complexes: clues and doubts on the nature of active species[END_REF].

The catalytic performance of Ir-EDTA (Table 1, entries 8-14) is appreciably lower than that of Ir-H4-EDTMP. For instance, under the representative conditions [Ir] = 5 µmol/L and [NaIO4] = 20 mmol/L, the TOF of Ir-EDTA (14 min -1 ; Table 1, entry 12) is approximately one order of magnitude lower than that of the phosphonate analogue (122 min -1 ; Table 1, entry 5). Also in the case of Ir-EDTA, reaction orders in iridium and SO were determined, and found to be about 0.7 and 0.4, respectively (Figs. S1 and S3 online).

It is important to outline that both Ir-H4-EDTMP and Ir-EDTA are 18 electrons, coordinately saturated, organometallic complexes, which have to open up one coordination site in order to act as WOCs. This can occur via the detachment of a phosphonate/carboxylate group by protonolysis of the Ir-O bond (Scheme 4a), likely followed by the aforementioned degradation of the Cp* ligand that ultimately leads to the active species. Alternatively, but less likely, a η 5 -η 3 oxidative slippage of Cp* might initially occur; this should result in several η 3 (or even η 2 ) oxidized ligands [START_REF] Savini | Activity and degradation pathways of pentamethyl-cyclopentadienyl-iridium catalysts for water oxidation[END_REF][START_REF] Zuccaccia | Transformation of a Cp*iridium(III) precatalyst for water oxidation when exposed to oxidative stress[END_REF], therefore liberating a coordination site at the iridium center, while still preserving a fully O,N,O-coordinated EDTMP/EDTA ligand (Scheme 4b). However, previous studies demonstrated that the latter route is difficultly viable when saturated Ir complexes, like the aforementioned Kläuitype compounds [START_REF] Pastori | Heterogenized water oxidation catalysts prepared by immobilizing Kläui-type organometallic precursors[END_REF][START_REF] Wan | Activating Kläui-type organometallic precursors at metal oxide surfaces for enhanced solar water oxidation[END_REF], are reacted with a SO; this is likely due to the fact that Cp* degradation is initiated by an Ir-(di)oxo species, which can be formed only if the SO can approach the metal center [START_REF] Savini | Activity and degradation pathways of pentamethyl-cyclopentadienyl-iridium catalysts for water oxidation[END_REF]. It appears therefore plausible that activation of the dinuclear Ir-WOCs studied here occurs via the route depicted in Scheme 4a. The higher tendency of the phosphonate rather than carboxylate group to detach from iridium, highlighted in the above discussed NMR studies, might result in an easier activation of Ir-H4-EDTMP, likely explaining its higher Finally, it is worth mentioning that opposite activity trends have been observed, for instance, for molecular WOCs based on Ru complexes with bipyridyl diphosphonate vs. dicarboxylate ligands [115,116]. In that case, however, the effects on activity appear to be directly linked to the specificities of those complexes, as the replacement of the parental -COO -with -PO(OH)O -groups resulted in a change in the mechanism of O-O bond formation from bimolecular coupling of two Ru-oxyl species to monomolecular water nucleophilic attack to a Ru-oxo intermediate. These profound changes were evidenced also by a significant variation of the bite angle of the substituted bipyridyl ligands, with a less strained configuration obtained with the phosphonate groups that, consequently, bind the Ru center more strongly than the carboxylate analogues [115,116]. The above described close similarity of the Ir-H4-EDTMP and Ir-EDTA structures, and the pieces of evidence for a more labile phosphonate ligand coordination to Ir, indicate that no straightforward comparison can therefore be made with those ruthenium WOCs.

Catalytic tests in heterogeneous phase with supported catalysts

Having proved that Ir-H4-EDTMP and Ir-EDTA competently catalyze WO, the performance of their heterogenized analogues Ir-H4-EDTMP@TiO2 and Ir-EDTA@TiO2 was explored, as well. Reactions were carried out under analogous experimental conditions to those described in the previous section. Results are summarized in Table 2. Experiments were performed at [Ir] = 10 µmol/L and [NaIO4] = 20 mmol/L. Three successive runs were carried out for each system, to preliminary evaluate their recyclability. After each run, the hybrid material was recovered and separated from the supernatant, and both fractions were further tested at [NaIO4] = 20 mmol/L (Table 2). Interestingly, all supernatants did not show any activity (Fig. 8), whereas high yield was observed for both Ir-H4-EDTMP@TiO2 and Ir-EDTA@TiO2 in all runs (> 85 %), with high TOF values that exhibited just a little decrease from one run to the other (Table 2; see below for further discussion on this point). A blank test, performed with commercial TiO2, resulted in no catalytic activity, in line with previous reports [START_REF] Savini | Activity and recyclability of an iridium-EDTA water oxidation catalyst immobilized onto rutile TiO2[END_REF].

TOF values observed for Ir-H4-EDTMP@TiO2 (up to 33 min -1 ) are similar to those of Ir-EDTA@TiO2 (up to 41 min -1 ), and among the highest ever reported for heterogenized catalysts. For example, the aforementioned [Cp*Ir{P(O)(OH)2}3]@TiO2 showed a maximum TOF value of 23.7 min -1 , under similar experimental conditions, which rapidly drop to 11.1 and 7.5 min -1 in the second and third catalytic run, respectively [START_REF] Pastori | Heterogenized water oxidation catalysts prepared by immobilizing Kläui-type organometallic precursors[END_REF]. This indicates that Ir-H4-EDTMP@TiO2 and Ir-EDTA@TiO2 are promising catalytic systems for WO not only because of their remarkable activity but also for their increased stability and recyclability.

It is somewhat surprising that, once anchored to TiO2, Ir-EDTA catalytic precursor leads to comparable and even slightly higher performances than Ir-H4-EDTMP, while markedly higher TOFs are observed for the latter catalyst in homogeneous phase. Nevertheless, it has to be recalled that Ir-H4-EDTMP easily undergoes decoordination of the phosphonate arm(s) in solution, whereas decoordination of a carboxylic group is more difficult in Ir-EDTA, likely making the activation of the latter molecular catalyst rather slow (vide supra). However, it can be speculated that the anchoring of Ir-EDTA on the TiO2 surface occurs through a dangling carboxylic arm that, in difference to [Ir(H-EDTA)Cl]Na (Fig. 1b) [START_REF] Savini | Activity and recyclability of an iridium-EDTA water oxidation catalyst immobilized onto rutile TiO2[END_REF], has to be formed by detachment from the iridium center. The same could occur for Ir-H4-EDTMP, although this complex might also exploit the additional -OH functionality as anchoring group. That necessary opening up of Ir-EDTA therefore facilitates the generation of the active species, likely explaining the leveling off of Ir-H4-EDTMP@TiO2 and Ir-EDTA@TiO2 activities and also the unusual boost of activity on passing from molecular Ir-EDTA (up to 19 min -1 ) to heterogenized Ir-EDTA@TiO2 (TOF up to 41 min -1 ).

Post-catalysis SEM characterization shows that no evident changes in the morphology of the particles occurred with both heterogenized catalysts (Fig. S5 online). Some non-crystalline phosphate groups are observed, which likely derive from adsorption of the phosphate used as buffer on titanium oxide; no accurate quantification is possible due to the small amounts present. It should be noted here that the mass of solid catalysts recovered after WO experiments is nearly identical to the initial one. However, due to the small variation of catalyst composition, it cannot be excluded that a minor loss of material occurred during the filtration procedure, and that the absorbed phosphate on TiO2 apparently compensated this loss. In line with the latter hypothesis, a small decrease of the nominal iridium content was detected by ICP-OES for the two materials after catalytic tests (from 0.823 to 0.712 µmol/g for Ir-H4-EDTMP@TiO2 and from 0.463 to 0.396 µmol/g for Ir-EDTA@TiO2). This might contribute to explain the small decrease of nominal TOF observed in the second and third catalytic runs (Table 2).

Conclusions

The dinuclear complexes Ir-H4-EDTMP and Ir-EDTA are found to be versatile complexes exhibiting rather similar structural features, but markedly different stability and catalytic performance in water oxidation driven by NaIO4.

Particularly, the weakness of the Ir-phosphonate bond, compared to the Ircarbonate one, facilitates the generation of coordination vacancy and, Cristiano Zuccaccia obtained his Ph.D. degree from the University of Perugia, where he holds the position of associate professor since 2015. His research interests include development and application of NMR methodologies for (i) the investigation of ion pairing and other non-covalent interactions in solution, (ii) mechanistic studies to rationalize structure-reactivity relationships of early and late transition metal organometallics relevant to catalytic transformations such as olefin polymerization and production of renewable fuels.
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  , confirming the conclusions reached by NMR investigation. To the best of our knowledge, this is the first dinuclear EDTMP complex thoroughly characterized by NMR and single crystal X-ray diffraction; rare examples of analogous compounds were reported for some first row transition metals like Fe, Ni and Cu several decades ago[92- 94].
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  Experimental conditions: [NaIO4] = 20 mmol/L, 25 °C, 5 mL H2O, pH 7 by phosphate buffer, [Ir] = 10 µmol/L.
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Table 1

 1 Summary of catalytic experiments with Ir-H4-EDTMP and Ir-EDTA in homogeneous phase a) .

	Entry	Cat	[Ir] (μmol/L)	[NaIO4] (mmol/L)	TON	Yield (%)	TOFmax (min -1 )
	1	Ir-H4-EDTMP	2.5	20	3786 ± 38	95	184 ± 18

Table 2

 2 Summary of catalytic experiments with Ir

-H4-EDTMP@TiO2 and Ir- EDTA@TiO2 in

  heterogeneous phase a) .

	Entry	Cat	Run	TON	Yield (%)	TOFmax (min -1 )
	1	Ir-H4-EDTMP@TiO2	I	927 ± 93	93	33 ± 3
	2	Ir-H4-EDTMP@TiO2	II	850 ± 85	85	31 ± 3
	3	Ir-H4-EDTMP@TiO2	III	886 ± 86	89	22 ± 2
	4	Ir-EDTA@TiO2	I	863 ± 86	86	41 ± 4
	5	Ir-EDTA@TiO2	II	922 ± 92	92	39 ± 4
	6	Ir-EDTA@TiO2	III	896 ± 90	90	32 ± 3

Table 2 )

 2 . TON vs. t plots for the first supernatant solutions are shown for comparison (see main text).
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consequently, of the active species, thus leading to increased WO activity (TOF up to 184 min -1 ). Nevertheless, once supported on TiO2, hybrid materials Ir-H4-EDTMP@TiO2 and Ir-EDTA@TiO2 are obtained, which behave similarly as heterogenized WOCs; this might be explained considering that anchoring the complexes on TiO2 necessarily requires the detachment of a binding group from the iridium center, therefore annihilating the difference between phosphonate and carboxylate ligands for what concerns the generation of the coordination vacancy.

Remarkable performance was observed for Ir-H4-EDTMP@TiO2 and Ir-EDTA@TiO2, both in terms of TOF (up to 41 min -1 ) and recyclability, which are significantly higher than those of similar materials derived from mononuclear complexes. This suggests that anchoring dinuclear complexes might be a successful strategy for developing highly active WOCs, which deserves to be further investigated.
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