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Understanding the reactivity landscape for the activation of water till the formation of the O-O bond and O 2 release in molecular chemistry is a decisive step in guiding the elaboration of costeffective catalysts for the oxygen-evolving reaction (OER). Copper (II) complexes have recently caught the attention of chemists as catalysts for the 4e -/4H + water oxidation process. While a copper (IV) intermediate has been proposed as the reactive intermediate species, yet no spectroscopic signature has been reported so far. Copper (III) ligand radical species have also been formulated and supported by theoretical studies. We found, herein, that the reactivity sequence for the water oxidation with a family of Copper (II) o-phenylene bisoxamidate complexes are a function of the substitution pattern on the periphery of the aromatic ring. In-situ IR, EPR and rR spectroelectrochemical studies helped to sequence the elementary electrochemical and chemical events leading towards the O 2 formation selectively at the copper center. A copper (II) superoxide species is identified as the reactive intermediate, the stability of which governs the selectivity of 4e -oxidation of water to molecular oxygen.

INTRODUCTION

Water oxidation reaction (WOR) is indisputably one of the main hurdles in developing sustainable ways to store solar energy. [START_REF] Lewis | Powering the planet: Chemical challenges in solar energy utilization[END_REF][START_REF] Montoya | Materials for solar fuels and chemicals[END_REF][START_REF] Balzani | Photochemical Conversion of Solar Energy[END_REF][START_REF] Matheu | The development of molecular water oxidation catalysts[END_REF] This half-reaction provides the electrons and protons for further synthesis of H 2 or reduction of CO 2 in energy-rich compounds. [START_REF] Simmons | Mimicking hydrogenases: From biomimetics to artificial enzymes[END_REF][START_REF] Takeda | Electrons, Photons, Protons and Earth-Abundant Metal Complexes for Molecular Catalysis of CO2 Reduction[END_REF][START_REF] Fukuzumi | Kinetics and mechanisms of catalytic water oxidation[END_REF] In nature, a Mn 4 CaO 5 cluster, known as the Oxygen Evolving Complex (OEC), located at the heart of Photosystem II, is the locus where this reaction takes place. [START_REF] Cox | Electronic structure of the oxygen-evolving complex in photosystem II prior to O-O bond formation[END_REF][START_REF] Lubitz | Water oxidation in photosystem II[END_REF][START_REF] Dau | On the structure of the manganese complex of photosystem II: extended-range EXAFS data and specific atomic-resolution models for four S-states[END_REF][START_REF] Mcevoy | Water-Splitting Chemistry of Photosystem II[END_REF][START_REF] Yano | Mn4Ca Cluster in Photosynthesis: Where and How Water is Oxidized to Dioxygen[END_REF][START_REF] Suga | Light-induced structural changes and the site of O=O bond formation in PSII caught by XFEL[END_REF][START_REF] Askerka | The O2-Evolving Complex of Photosystem II: Recent Insights from Quantum Mechanics/Molecular Mechanics (QM/MM), Extended X-ray Absorption Fine Structure (EXAFS), and Femtosecond X-ray Crystallography Data[END_REF][START_REF] Umena | Crystal structure of oxygenevolving photosystem II at a resolution of 1.9 Å[END_REF][START_REF] Zhang | Energy-Related Small Molecule Activation Reactions: Oxygen Reduction and Hydrogen and Oxygen Evolution Reactions Catalyzed by Porphyrin-and Corrole-Based Systems[END_REF] Close structural mimics of the OEC have been achieved however their catalytic reactivities have not met our expectations yet. 17- 18 Both the advancement on the functioning of this enzyme and effort of chemists to develop robust catalysts are bringing this target closer to reality. [START_REF] Suga | Light-induced structural changes and the site of O=O bond formation in PSII caught by XFEL[END_REF][START_REF] Cox | Biological Water Oxidation[END_REF][START_REF] Kärkäs | Artificial Photosynthesis: Molecular Systems for Catalytic Water Oxidation[END_REF][START_REF] Codolá | Catalytic Water Oxidation: Water Oxidation to O2 Mediated by 3d Transition Metal Complexes[END_REF] Although much success has been achieved with ruthenium and iridium complexes in this quest, there is still an urgent need to elaborate cost-efficient catalysts based on more abundant metal. [START_REF] Gersten | Catalytic oxidation of water by an oxobridged ruthenium dimer[END_REF][START_REF] Chronister | Mechanism of Water Oxidation Catalyzed by the μ-Oxo Dimer [(bpy)2(OH2)RuIIIORuIII(OH2)(bpy)2]4+[END_REF][START_REF] Hull | Highly Active and Robust Cp* Iridium Complexes for Catalytic Water Oxidation[END_REF][START_REF] Joya | Surface-Immobilized Single-Site Iridium Complexes for Electrocatalytic Water Splitting[END_REF][START_REF] Matheu | Seven Coordinated Molecular Ruthenium-Water Oxidation Catalysts: A Coordination Chemistry Journey[END_REF][START_REF] Vereshchuk | Second Coordination Sphere Effects in an Evolved Ru Complex Based on Highly Adaptable Ligand Results in Rapid Water Oxidation Catalysis[END_REF] On the contrary, significant progress in catalytic water oxidation has been made with iron, cobalt, and manganese complexes in the homogeneous medium either by the addition of chemical oxidants such as cerium (IV) or ruthenium (III) salts or under electrochemical conditions. [START_REF] Panda | Homogeneous Photochemical Water Oxidation by Biuret-Modified Fe-TAML: Evidence of FeV(O) Intermediate[END_REF][START_REF] Karlsson | Photosensitized Water Oxidation by Use of a Bioinspired Manganese Catalyst[END_REF][START_REF] Wang | Water Oxidation Catalyzed by a Dinuclear Cobalt-Polypyridine Complex[END_REF][START_REF] Schöfberger | A Bifunctional Electrocatalyst for Oxygen Evolution and Oxygen Reduction Reactions in Water[END_REF][START_REF] Brudvig | Catalysing water oxidation using nature's metal[END_REF][START_REF] Hong | Water Oxidation Catalysis with Nonheme Iron Complexes under Acidic and Basic Conditions: Homogeneous or Heterogeneous?[END_REF][START_REF] Liu | Iron-Based Molecular Water Oxidation Catalysts: Abundant, Cheap, and Promising[END_REF] Recently, copper complexes have joined the short list of molecular catalysts for the WOR. [START_REF] Barnett | A soluble copper-bipyridine wateroxidation electrocatalyst[END_REF][START_REF] Zhang | Electrocatalytic Water Oxidation with a Copper(II) Polypeptide Complex[END_REF][START_REF] Zhang | A Dinuclear Copper Complex Featuring a Flexible Linker as Water Oxidation Catalyst with an Activity Far Superior to Its Mononuclear Counterpart[END_REF][START_REF] Shen | Electrochemical Water Oxidation Catalyzed by N4-Coordinate Copper Complexes with Different Backbones: Insight into the Structure-Activity Relationship of Copper Catalysts[END_REF][START_REF] Su | Bimetallic cooperative effect on O-O bond formation: copper polypyridyl complexes as water oxidation catalyst[END_REF][START_REF] Kafentzi | Electrochemical Water Oxidation and Stereoselective Oxygen Atom Transfer Mediated by a Copper Complex[END_REF][START_REF] Nestke | Electrochemical water oxidation using a copper complex[END_REF][START_REF] Stott | Lowering water oxidation overpotentials using the ionisable imidazole of copper(2-(2′-pyridyl)imidazole)[END_REF][START_REF] Gerlach | Studies of the Pathways Open to Copper Water Oxidation Catalysts Containing Proximal Hydroxy Groups During Basic Electrocatalysis[END_REF] Reasons behind this stem from the copper oxygenase functions where O 2 activation leads to the cleavage of the O-O bond leading to highly oxidized copper species. [START_REF] Serrano-Plana | Structural and Reactivity Models for Copper Oxygenases: Cooperative Effects and Novel Reactivities[END_REF] Hence reversing the activation steps from H 2 O to form O-O bond is an attractive perspective. Mayer and co-workers, first exemplified such strategy in the electrocatalytic OER with a dinuclear bipyridine Cu II -di-μ-hydroxo complex. [START_REF] Barnett | A soluble copper-bipyridine wateroxidation electrocatalyst[END_REF] While Meyer and coworkers discovered that single site copper complexes with the particularity of having deprotonated amido functions in the coordination sphere were effective electrocatalysts for O 2 release. Mechanistically, a Cu(III) intermediate was predicted. However, no clear spectroscopic signature has yet been unraveled for the formal Cu(IV) active catalytic species. [START_REF] Zhang | Electrocatalytic Water Oxidation with a Copper(II) Polypeptide Complex[END_REF] An alternate electronic structure proposed for this intermediate is a Cu(III)-ligand radical species. [START_REF] Cox | Biological Water Oxidation[END_REF][START_REF] Kuilya | Ligand assisted electrocatalytic water oxidation by a copper(ii) complex in neutral phosphate buffer[END_REF] More recently, Llobet and co-workers have reported on the electrocatalytic water oxidation with a copper (II) bis-oxamidate complex. [START_REF] Garrido-Barros | Redox Non-innocent Ligand Controls Water Oxidation Overpotential in a New Family of Mononuclear Cu-Based Efficient Catalysts[END_REF][START_REF] Garrido-Barros | Electronic π-Delocalization Boosts Catalytic Water Oxidation by Cu(II) Molecular Catalysts Heterogenized on Graphene Sheets[END_REF] Here too, a Cu(III)-ligand radical species has been invoked in the O-O bond formation. The authors put forward an original mechanism for the O-O bond formation tagged as SET-WNA (Single Electron Transfer -Water Nucleophilic Attack), where no direct Cu-O intermediate pertains during the catalytic cycle. [START_REF] Garrido-Barros | Redox Non-innocent Ligand Controls Water Oxidation Overpotential in a New Family of Mononuclear Cu-Based Efficient Catalysts[END_REF] Such a proposal has caught our attention as we have been interested to use electrochemical techniques coupled to IR, EPR and rR spectroscopy to gain insights into the mechanistic routes for the O 2 formation. Polyanionic chelating ligands were found to stabilize the unusual copper(III) oxidation state as evidenced with o-phenylene-bis amidate ligands. [START_REF] Ruiz | Stabilization of copper(III) complexes by disubstituted oxamides and related ligands[END_REF][START_REF] Anson | Highly stabilized copper(III) complexes[END_REF] Further studies also evidenced that these families of ligands could be the siege for competitive ligand vs. metal-centered redox behavior depending on the substitution pattern on the aromatic ring. [START_REF] Ottenwaelder | From metal to ligand electroactivity in nickel(ii) oxamato complexes[END_REF][START_REF] Gordon-Wylie | New Magnetically Coupled Bimetallic Complexes as Potential Building Blocks for Magnetic Materials[END_REF] The recent findings that in the basic medium the single site copper(II) bisoxamidate (OPBI) complexes were potential candidates for the WOR have prompted us to interrogate the electronic properties of the activated forms. In this report, the electrocatalytic behavior of three substituted N,N'-orthophenylenebis(N-methyloxamidate) copper(II) complexes (Fig. 1) towards water oxidation under both homogeneous and heterogeneous conditions was studied along with their spectroelectrochemical investigations. It was found that the overpotential for the WOR is a function of the electron donating and withdrawing ability of the substituents present on the phenylene ring as observed previously by Llobet and coworkers. In-situ IR and EPR spectroscopy evidenced that both oxidation processes from the starting Cu (II) derivative are ligand centered under the operating conditions providing an alternate formulation of the active species responsible for the OER in the catalytic cycle. The binding of the OH -to the metal center occurs either after the first or second oxidation process depending on the nature of the substituents on the central aromatic fragment. A ligand based monoradical bound Cu II -O 2 -is identified as the reactive intermediate species under catalytic conditions using rR spectroelectrochemical technique and the stability of which is responsible for the 4e -/4H + oxidation of H 2 O to O 2 . 

RESULTS AND DISCUSSION

Cyclic voltammetry (CV) of the compounds was done in acetonitrile having 1 mM of the catalysts in the presence of 100 mM tetra butyl ammonium perchlorate (TBAP) as supporting electrolyte (Fig. 2). All of the three compounds exhibit three redox processes which are a function of the electron-donating and withdrawing nature of the -X substituents. In the case of compound 1, two reversible redox processes are observed at 0.13 V, 0.65 V along with a quasireversible process at 1.28 V. In the case of 2, all of these redox processes are shifted to more anodic potentials as the presence of strong withdrawing group, -NO 2 , makes the complex harder to oxidize. [START_REF] De Bellefeuille | Redox Noninnocence of the Bridge in Copper(II) Salophen and Bis(oxamato) Complexes[END_REF] While a cathodic shift was observed with electron-donating methyl (-Me)

substituent in complex 3. The cyclic voltammogram of 3 shows the same faradaic response as observed previously by Llobet and coworkers. 

(I)EPR spectroelectrochemistry under non-catalytic conditions:

EPR spectroelectrochemistry was performed to describe the locus of the oxidation processes under our experimental conditions. Upon holding the potential (at 0.9V) above the first oxidation process, the EPR spectra of 1, 2 and 3 show (Fig. 3 A,C, and E, red line, Fig. S15) the presence of both Cu(II) and a ligand-based radical, such that one electron oxidized form can be best formulated as a [Cu 2+ L 3-] state (Cu(II)-ligand monoradical). The observation of both Cu(II) and ligand radical signals is indicative of lack of coupling between the spin on the d x 2 -y 2 orbital on Cu on the equatorial plane and the spin on the  orbitals of the ligand which is perpendicular to the equatorial plane as is observed for several square planar Cu complexes with non-innocent ligands. [START_REF] De Bellefeuille | Redox Noninnocence of the Bridge in Copper(II) Salophen and Bis(oxamato) Complexes[END_REF][START_REF] Kanso | Effect of Distortions on the Geometric and Electronic Structures of One-Electron Oxidized Vanadium(IV), Copper(II), and Cobalt(II)/(III) Salen Complexes[END_REF][START_REF] Pratt | Intramolecular Charge Transfer and Biomimetic Reaction Kinetics in Galactose Oxidase Model Complexes[END_REF][START_REF] Pratt | Electrochemical and Spectroscopic Effects of Mixed Substituents in Bis(phenolate)-Copper(II) Galactose Oxidase Model Complexes[END_REF][START_REF] Asami | New Insights into the Electronic Structure and Reactivity of One-Electron Oxidized Copper(II)-(Disalicylidene)diamine Complexes[END_REF] Previously, on a related system, density functional theory calculations suggests that the Cu(II)-ligand monoradical is ~ 20 kcal/mol more stabilized relative to the corresponding Cu(III) species when the parent complex undergoes single electron oxidation. [START_REF] De Bellefeuille | Redox Noninnocence of the Bridge in Copper(II) Salophen and Bis(oxamato) Complexes[END_REF] Interestingly, the intensity of the radical signal decreases upon electrolysis after the second oxidation wave at 1.2 V while the signals of Cu 2+ are maintained intact (Fig. 3 A,C, E green, Fig. S15). The loss of intensity of the radical signal reflects the formation of a ligand-based diradical species [Cu 2+ L 2-] from the Cu (II)-ligand monoradical species, where the two radicals are anti-ferromagnetically coupled to each other. [START_REF] De Bellefeuille | Redox Noninnocence of the Bridge in Copper(II) Salophen and Bis(oxamato) Complexes[END_REF] The coupling between two ligand radicals in the  plane is mediated by the filled d zx/yz orbitals of the Cu 2+ center. [START_REF] Chaudhuri | Electronic Structure of Bis(o-iminobenzosemiquinonato)metal Complexes (Cu, Ni, Pd). The Art of Establishing Physical Oxidation States in Transition-Metal Complexes Containing Radical Ligands[END_REF][START_REF] Verma | Sulfanyl stabilization of copper-bonded phenoxyls in model complexes and galactose oxidase[END_REF] Further fine analysis of the EPR hyperfine constant yields the ligand field parameters and covalency of the Cu 2+ center (β 2 in eq. 1) [START_REF] Zink | Interpretation of electron spin resonance parameters for transition metal complexes[END_REF] 
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Where A P , g P and g P are experimentally determined (Table S3, Fig. S15), Pd and κ are constants, the value of which are: Pd[Cu 2+ ] =400×10 -4 cm -1 and κ[Cu 2+ ] =0.43.

The β 2 values report the changes in the chemical environment around the Cu 2+ ion (Table S3) in the monoradical and diradical states. The increase in β 2 values of the Cu (II) center (Table S3) in 1 and 3 upon successive oxidations (0.9 V and 1.2 V) is a clear indication of the fact that the tetradentate ligand undergoes oxidation making it a weaker donor. However, the environment around the metal center is unaltered upon the second oxidation which is better represented in the difference spectra between the EPR data obtained after the first and the second oxidation (Fig. 3 B, D, F blue and red lines) where the signal from the Cu(II) center cancels off for both 1 and 3

indicating that the Cu(II) center is not sufficiently perturbed during the second oxidation (Fig. 3(A,B, and E, F) and Table S3). In contrast, 2 shows a shift of β 2 (Cu 2+ ) value from 0.67 in the resting Cu (II) state to 0.64 in the ligand monoradical state (Table S3) indicating that it likely forms solvent bound monoradical upon electrochemical oxidation at 0.9V (Fig. 3 C and D). 

(C) (D) (A) (B) (E) (F) (II) FTIR Spectroelectrochemistry under non-catalytic conditions:

FTIR spectroelectrochemistry is employed to characterize the successive oxidation products by utilizing the advantage of the intense IR amide chromophores in the ligand backbone. Oxidation of complex 1 at 0.9 V results in a shift of the amide vibrations from 1597 and 1618 cm -1 to 1667 and 1713 cm -1 respectively (Fig. 4A, green and 4B, orange) confirming oxidation of the ligand during the process. Further oxidation at 1.2 V shifts the amide vibration further higher to 1667 and 1738 cm -1 (Fig. 4B, sky) consistent with another sequential oxidation of the ligand. The same trend is observed for complex 2 and 3 upon successive oxidations. In the case of 2, the amide vibrations were observed at slightly higher wavenumbers than 1 (probably due to the presence of electron withdrawing nature of the -NO 2 substituents), 1599 and 1626 cm -1 (Fig. 4A, red) which increases to 1673 and 1713 cm -1 in the monoradical (4C, orange) and to 1713 and 1773 cm -1 in the diradical species. (Fig. 4C, sky) In the case of 3, the amide vibration was detected at 1588 and 1611 cm -1 (Fig. 4A, blue) and after the successive oxidations, the corresponding vibration was observed at 1663 and 1713 cm -1 in the monoradical species (Fig. 4D, orange) and 1663 and 1736 cm -1 in the diradical species. (Fig. 4D, sky) Overall, these data indicate that under non-catalytic conditions, sequential oxidations of the resting Cu (II) species leads to a Cu 2+ -ligand monoradical (at 0.9 V) and a Cu 2+ -ligand diradical species (at 1.2 V), consistent with conclusions we obtained from the EPR data. 

(III) Electrocatalytic oxygen evolution under homogeneous conditions:

The catalytic oxygen evolution by compound 1 was investigated in acetonitrile by adding different amounts of an organic base (tetra butyl ammonium hydroxide, TBAH). A sharp increase in the current was observed replacing the irreversible response at 1.2 V (Fig 5A). This electrocatalytic process is pseudo 1 st order with respect to both catalyst and the substrate (here, TBAH) (Fig. S3). The linear variation of catalytic peak current with the concentration of catalyst also pertains a single site mechanism of molecular catalysis during oxygen evolution reaction.

The k cat was calculated as 3.49 s -1 at 50 mVps scan rate at 7 mM TBAH concentration with the help of equation 2. [START_REF] Schöfberger | A Bifunctional Electrocatalyst for Oxygen Evolution and Oxygen Reduction Reactions in Water[END_REF][START_REF] Barnett | A soluble copper-bipyridine wateroxidation electrocatalyst[END_REF] The diffusion coefficient of the catalysts was determined as reported in the SI (Fig. S2).
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Where, i c , and n c are the maximum catalytic current and number of electron transfer in the catalytic event respectively. The rest terms were discussed in SI. Rinse test was performed to discard the probability of retaining the catalyst at the GC electrode. (Fig. S4). The evolution of O 2 was detected in-situ by reverse cathodic scans where the O 2 produced by the catalyst during anodic scans in an anaerobic solution is reduced (Fig. S5). The Faradaic yield is determined to be 84% by collecting the O 2 gas evolved in an inverted burette set up during bulk electrolysis at 1.2V in 1mM solution of compound 1 in acetonitrile containing 7 mM of TBAH. Bubble formation due to evolution of O 2 is observed on the working electrode during the control potential electrolysis (Fig. S6) The evolution of O 2 has been further confirmed by gas chromatography (GC-TCD) (Fig. S7).

A similar electrochemical reactivity pattern was evidenced with 2 (Table 1, Fig. S8, Fig. S9 and Fig. 4 (B)) albeit at higher anodic potential because of the electron withdrawing nature of -NO 2 .

The potential at which the catalytic OER observed for 3 is around 0.98 V which is ~0.2 V lower than that of 1 with a calculated k cat of. 21.4 s -1 (Table 1, Fig. 4 (C), Fig. S10 andS11). These noticeable differences in the electrocatalytic activities of 1, 2 and 3 were provide strong motivations to enquire about the mechanistic facets for this family of complexes. The first interrogation was whether oxygen formation would borrow an intermediate two-electron oxidation pathway i.e. through H 2 O 2 formation. Using the Xylenol orange assay we found that the amount of H 2 O 2 formed during oxygen evolution reaction was negligible (<1% H 2 O 2 ) thereby favoring the selective 4e -oxidation of water to molecular oxygen (Fig. S12). 

(IV) Electrocatalytic water oxidation under heterogeneous conditions:

Compounds 1 and 3 being insoluble in water (due to the presence of PPh 4 + counter cations) allowed us to perform the oxygen evolution catalysis in an aqueous medium under heterogeneous conditions. This was achieved by drop-casting the catalysts on an EPG electrode.

In the linear sweep voltammograms (LSV) in a pH 7 phosphate buffer solution, 3 presented a remarkable OER catalysis at a very low overpotential of 0.17 V. In contrast, 1 showed only a feeble electrocatalytic current at 0.63 V overpotential under the same conditions (Fig. 6A).

Rotating ring disc electrochemistry (RRDE) was performed to verify the production of H 2 O 2 (2e - oxidation) during the oxidation of water to O 2 (Fig. S13). Here too, only 1% of H 2 O 2 was detected consistent with the results obtained in homogeneous electrochemical experiments (organic solvents). The LSV of 1 in pH 11 phosphate buffer shows electrocatalytic wave at an overpotential of 0.48 V which drops down to 0.23 V for 3 (Fig. 5 B). 

(V) EPR spectroelectrochemistry under catalytic conditions:

With the central goal to capture the electronic signatures of the reactive intermediates formed under our homogeneous experimental conditions and furthermore to decrypt the catalytic species responsible in the rate-determining steps, we monitored the EPR spectra of 1,2 and 3 under catalytic conditions after performing control potential electrolysis at two different oxidizing 
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potentials (0.9 V and 1.2 V vs. Ag/AgCl). Note that, unlike non-catalytic conditions, where the oxidized species accumulate at anodic potential, the species in the catalytic cycle which are slow to react should accumulate under catalytic conditions. Indeed, as we have seen above, EPR provides a clear picture of the electronic states of the oxidized copper species together with the coordination scheme at the copper center. Persistent observation of a copper (II) signal was observed upon sequential oxidized samples under catalytic conditions (Fig. 7, Fig. S15).

No change in the β 2 (Cu 2+ ) value was observed for 1 (Table S3) in presence and absence of the substrate (TBAH), which suggests that base does not bind to the resting Cu(II) state which is further confirmed by the unaltered UV-VIS characteristics upon TBAH addition(Fig. S14A). A decrease in β 2 (Cu 2+ ) was observed along with a change in A II (Cu 2+ ) value (Table S3) upon oxidation at 0.9V in presence of TBAH with respect to the same in absence of TBAH which is an indication of the formation of a hydroxide bound Cu(II)-ligand monoradical species. The reduction in covalent charge donation due to the ligand oxidation is compensated by the hydroxide binding to the Cu leading to only a small decrease in β 2 (Cu 2+ ) value. There is no marked variation between the EPR signals observed after oxidation at 0.9 V (non-catalytic) and 1.2 V (catalytic) providing support that a Cu 2+ (OH -) ligand monoradical species is accumulated under catalytic steady-state and further oxidation of the hydroxide bound Cu 2+ -ligand monoradical is the rate-determining step of the reaction. The total integrated spin calculated (Table S4, normalized with respect to the resting species in presence of TBAH) from the EPR signals (at 0.9V and 1.2V) was found to be unchanged and greater than 1 (Table S4) which further supports the accumulation of Cu 2+ -ligand monoradical species which is a spin triplet as indicated by the spectroelectrochemical data under non-catalytic conditions. Note that, the presence of substantial amount of EPR silent diradical or Cu 3+ species would have led to lower spin integrations. Hence, these electronic snapshots, suggest that for 1, after the first oxidation hydroxide binds to the Cu 2+ -ligand monoradical, further oxidation of the monoradical species leads to the formation of the O-O bond via another attack of an OH -. Note that the k cat is 1 st order with respect to base (Fig. S3A) suggesting that the rate-determining oxidation of the Cu 2+ -ligand monoradical is concerted with a base attached. This could either be deprotonation of the bound hydroxide to generate an oxyl radical or O-O bond formation via a nucleophilic attack of the hydroxide.

In the case of 2, OH -binds at the resting Cu (II) state as detected by the shift of β 2 (Cu 2+ ) value from 0.67 (in absence of TBAH) to 0.64 (in presence of TBAH) (Table S3). Hydroxide binding leads to an increase in the covalency of the resting Cu 2+ species which reflects in the decrease in the β 2 (Cu 2+ ) value. The UV-VIS absorption data upon addition of TBAH shows a shift in the λ max value from 427 nm to 454 nm (Fig. S14B) consistent with a change in the Cu 2+ environment. The first oxidation at 0.9V forms a Cu 2+ -ligand monoradical species (as indicated by an increase in β 2 (Cu 2+ ) value and an integrated total spin greater than 1) (Table S4).

However, upon second oxidation at 1.2V, quenching of the radical signal was observed having an integrated spin less than 1 (normalized with respect to the hydroxide bound Cu 2+ resting state) which indicate a) the accumulation of an EPR silent species under catalytic conditions and b) further oxidation of this species becomes the rate-determining step of the catalytic cycle. The diradical species is unlikely to be accumulated under catalytic condition (i.e. it is very reactive) as it would have not caused a reduction of total spin as the Cu 2+ -diradical species is S=1/2 like the starting complex. Thus, for 2, initially hydroxide binds to the resting Cu 2+ state followed by two consecutive oxidations forming hydroxide bound Cu 2+ -ligand diradical species and then an EPR silent species is formed whose forward reaction is the rate determining step of OER by 2.

Upon addition of TBAH to 3, no change in β 2 value (Table S3) was seen along with unaltered UV-VIS characteristics (Fig. S14C) which tells us that base does not bind to the resting Cu 2+ state. A Cu 2+ -ligand monoradical (integrated spin greater than 1, Table S4) was seen in the EPR after the oxidation at 0.9V which bears the same EPR features (increase in β 2 value from the initial) as observed in the absence of substrate which indicates that hydroxide does not bind at the monoradical stage as well. Further oxidation at 1.2V accompanies with a slight decrease in integrated spin from 1 (Table S4), which indicates minor accumulation of an EPR silent species under catalytic steady-state similar to 2. Thus, two successive electrochemical oxidations proceed for 3 forming Cu 2+ -ligand diradical species whereupon hydroxide ion binds. The formation of O-O bond then completes after binding another hydroxide to the hydroxide bound Cu 2+ -ligand diradical species since k cat is 1 st order with respect to base (Fig. S11A).

(VI) FTIR spectroelectrochemistry under catalytic conditions:

When FTIR spectroelectrochemistry was done with 1 in the presence of 7 mM TBAH, the accumulation of the monoradical species with the amide vibrations at 1635 and 1714 cm -1 was observed under both non-catalytic (at 0.9 V) and catalytic conditions (at 1.2 V). (Fig. 8A, green and 8B) having the amide vibrations at 1635 and 1713 cm -1 . This is in accordance with the observation obtained from EPR that under catalytic steady state the monoradical species accumulates.

In the case of 3 in the presence of substrate, the accumulation of the monoradical species with the amide vibrations at 1661 and 1711 cm -1 was observed under non-catalytic conditions (at 0.9 V) which shift to 1661 and 1736 cm -1 (Fig. 8A, blue and 8D) when the bulk electrolysis was performed at 1.2 V (catalytic conditions). These values (at 1.2 V) are identical to those obtained in the absence of base and at 1.2 V (1663, and 1736 cm -1 ) confirming it to be a Cu 2+ bound ligand based diradical species of 3. Then in the next step, OH -attack on this species, is likely to be the rate determining step of the OER by 3. Thus, in the case of 2, FTIR data indicates formation of a Cu 2+ -monoradical species. However, the Cu 2+ -monoradical species generated under non-catalytic conditions is EPR active and spin integration suggests that the spin on Cu 2+ and ligand are either weakly ferromagnetically coupled or uncoupled. The spin integration of the EPR spectra under catalytic conditions indicates that the total spin is 0.86 when the starting complex spin integrates to 1.0. Thus, the EPR data obtained for the species accumulated under catalytic conditions suggest that this major monoradical species is an S=1/2 species and in addition to this there is a minor EPR silent diradical (FTIR) species. This EPR silent diradical species, may represent a diradical bound Cu 3+ -OOH or a diradical bound Cu 2+ -O 2 -species, or a mixture of both. A diradical bound Cu 3+ species will require a potential much higher than that required to form the catalytically active Cu 2+ -diradical state and can be eliminated. Similarly, a S=1/2 monoradical major species could be a monoradical bound to a Cu 3+ -OOH or Cu 2+ -O 2 -. To distinguish between these two species, we took the help of rR spectroscopy as the λ max of the intermediate species is 450 nm.

(VII) rR spectroelectrochemistry of 2 under catalytic conditions:

The -species (end-on). [START_REF] Elwell | Copper-Oxygen Complexes Revisited: Structures, Spectroscopy, and Reactivity[END_REF] The band near 1180 cm -1 shifts to 1127 cm -1 (Fig. 7, Fig. 16B,C) upon [START_REF] Zhang | A synthetic Mn<sub>4</sub>Ca-cluster mimicking the oxygen-evolving center of photosynthesis[END_REF] O labelling by using a solution of TBAH in H 2 O 18 which confirms the formation of a Cu 2+ -O 2 -species during the course of the reaction. [START_REF] Donoghue | An Anionic, Tetragonal Copper(II) Superoxide Complex[END_REF][START_REF] Woertink | Spectroscopic and Computational Studies of an End-on Bound Superoxo-Cu(II) Complex: Geometric and Electronic Factors That Determine the Ground State[END_REF] Note that, the TBAH solution contains some unlabeled H 2 O which is why there is residual intensity at 1180 cm -1 and minor intensity around 1165 cm -1 originating from [START_REF] Zhang | Energy-Related Small Molecule Activation Reactions: Oxygen Reduction and Hydrogen and Oxygen Evolution Reactions Catalyzed by Porphyrin-and Corrole-Based Systems[END_REF] 

CONCLUSION

In conclusion, we have observed the electrocatalytic water oxidation with a family of copper (II) bis-oxamidate complex having a different electron-donating and withdrawing substituents in both organic and aqueous medium and the efficiency of the complexes towards electrocatalytic water oxidation reaction is dependent on the electron donating and withdrawing ability of the substituent present at the periphery. Heterogeneous electrochemistry revealed that compound 3 which have two electron-donating methyl substituent performs OER at 170 mV overpotential at pH 7. These catalysts are very selective towards water oxidation producing less than 1% H 2 O 2 in both organic and aqueous medium. The mechanism of water oxidation in organic medium is 
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 123 Figure 1: Chemical structure of the compounds used in the present study where compounds 1, 2
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Figure 2 :

 2 Figure 2: Cyclic voltammograms of the compounds (1 mM) in acetonitrile containing 100 mM

Figure 3 :

 3 Figure 3: EPR spectra of compounds 1 (A), 2(C) and 3 (E) (1 mM) in acetonitrile having

Figure 4 :

 4 Figure 4: (A) FTIR spectra of the compounds (4 mM in acetonitrile having 100 mM TBAP

Figure 5 :

 5 Figure 5: Cyclic voltammograms of (A) 1, (B) 2, and (C) 3 (1 mM in acetonitrile containing 100

Figure 6 :

 6 Figure 6: Linear sweep voltammograms of 1 and 3 in (A) pH 7 and (B) pH 11 phosphate buffers

Figure 8 :

 8 Figure 8: (A) FTIR spectra of the compounds (4 mM in acetonitrile having 100 mM TBAP

  EPR data do not provide direct evidence for O-O bond formation. The O-O bond formation would lead to the formation of peroxide and superoxide species on its way to release O 2 . While the Cu 2+ -OOH species will have different ligand field than that of the Cu 2+ -OH and would have resulted in a shift of the β 2 values and total spin would have been the same. Alternatively, a monoradical bound Cu 2+ -O 2 -species or a Cu 3+ -OOH could be EPR silent and may be observed in resonance Raman (rR). Compound 2 has Charge-transfer (CT) band near 450 nm and corresponding rR experiments were done using λ ex = 415 nm on frozen bulk electrolysis solutions at 77K. Complexes 1 and 3 have absorption between 350-380 nm which is not amenable to rR investigations without access to UV excitation wavelengths. Resonance Raman spectra of 2 in presence of TBAH after initial oxidation at 0.9 V reproducibly shows a vibration at 1180 cm -1 (additional independent data set in SI)(not present in rR of 2 after oxidation at 1.2V in the absence of TBAH, Fig. Sx) the intensity of which increases upon further oxidation at 1.2 V (Fig. S16B,C) and the value suggests that this could be the O-O vibration of a monoradical bound Cu 2+ -O 2

O 2 -

 2 and[START_REF] Zhang | Energy-Related Small Molecule Activation Reactions: Oxygen Reduction and Hydrogen and Oxygen Evolution Reactions Catalyzed by Porphyrin-and Corrole-Based Systems[END_REF] O-[START_REF] Zhang | A synthetic Mn<sub>4</sub>Ca-cluster mimicking the oxygen-evolving center of photosynthesis[END_REF] -O mixed superoxide species produced. A monoradical bound Cu 2+ -O 2 -species is likely to be EPR silent as the filled Cu 2+ orbitals can mediate super exchange interaction (similar to the diradical anti-ferromagnetic coupling) between the O 2 -and ligand radical and could represent the EPR silent species formed under catalytic conditions in 2. The bound O 2 -ligand is responsible for differences in both A || of the Cu 2+ EPR and slight shifts in the diradical amide stretches relative to the diradical isolated under no-catalytic conditions. The high O-O vibration of this superoxide species (generally between 1100-1150 cm -1 for mononuclear Cu 2+ complexes) indicates a strong Cu(II)-O bond. In an endon Cu 2+ -O 2 -species, superoxide donates electron to the Cu 2+ from its π* anti-bonding orbital which increases the Cu-O and O-O bond strength simultaneously. The presence of the oxidized ligand (ligand monoradical) makes Cu 2+ more electron deficient as a result of which more electron donation takes place from the superoxide's π* anti-bonding orbital to the Cu 2+ shifting the O-O bond vibration towards higher wavenumber. A strong Cu-O bond in the Cu 2+ -O 2 species would resist its hydrolysis deterring the formation of H 2 O 2 (via disproportionation of O 2 -) which aligns well with minor H 2 O 2 production and predominantly 4e -/4H + water oxidation selectively by 2 (as well as 1 and 3).

Figure 9 :Scheme 1 :

 91 Figure 9: rR spectra at 77K of 2 having 100 mM TBAP in presence of 7 mM TBAH after

2 - 2 - 2 -,

 222 investigated using spectroelectrochemistry which suggests that both oxidation processes from the starting Cu 2+ derivative are ligand centered under the operating conditions providing an alternate formulation of the active species responsible for the OER in the catalytic cycle. A Cu2+ -O species was identified as a reactive intermediate, further oxidation of which acts as the rds of the catalytic cycle. Strong Cu-O and O-O bonds in Cu 2+ -O minimizes the hydrolysis and thus avoids the formation of H 2 O 2 . Thus, it behaves as a key intermediate which is responsible for the selective oxidation of H 2 O yielding 100% O 2 . Details of the experimental procedure, materials, additional electrochemical and spectroscopic data and crystallographic characterization are included in the ESI. †
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