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Introduction

The production of clean fuels from renewable energetic supplies, such as solar energy, is one of the most ambitious scientific challenges, which would provide a solution to current energetic and environmental problems.

1, 2 Because of the potential of hydrogen as green fuel, most of the researches have so far been focused on the development of systems for the reduction of protons to generate H 2 . 3 In particular, the formation of molecular hydrogen from light-driven water splitting is an attractive strategy to exploit and store the enormous amount of energy contained in solar light.

4-7

Inspired by the ability of the nature in converting solar energy into chemical fuels (i.e. the photosynthetic process), photoinduced proton reduction systems need at least three components: a light absorber (i.e. photosensitizer), a catalyst and an electron donor. 8 Another promising way to produce H-H bonds is through electrochemical reduction of protons using solar-generated electricity. 9, 10 In both cases, the final goal is obtaining highly efficient systems capable of operating in fully aqueous conditions. Nevertheless, electrochemical studies aimed at getting insights into the performance of the catalysts are generally carried out in organic media, in which the amount of protons can be more precisely controlled. 11 For the development of systems active in both electro-and photochemical hydrogen production, particular attention has been addressed to homogeneous molecular catalysts based on abundant, cheap, and noble-metal-free species, such as di-iron hydrogenase mimics or bioinspired cobalt and nickel complexes. [12][13][14][15][16][17][18][19][20][21] Cobaloxime complexes, in particular, have emerged as active catalysts for electrochemical proton reduction because of the low overpotential and the high catalytic rate. 22 These complexes have been employed also as catalysts in photochemical systems, although the low stability in fully aqueous media due to ligand exchange and to hydrolysis dramatically limits their applicability. 18, 19 Recently, polypyridyl cobalt complexes have been reported as competent catalysts, showing excellent stability and impressive activity even though they display higher overpotentials with respect to cobaloximes. [23][24][25] We have recently reported a polypyridyl cobalt complex having an exotic heptacoordinate structure, which showed outstanding performances in light-driven hydrogen production.

26, 27

Synthetic modifications by ligand substitutions enable the optimization of the catalytic properties of this class of catalysts. Indeed, the introduction of electron withdrawing groups (i.e. EWG) or electron donating groups (i.e. EDG groups) can affect the reduction potentials of the cobalt centre, while their position can modulate the catalytic mechanism, thus allowing the optimization of the performances. 28, 29 In particular, we have recently proved that the position of the substituents plays a more prominent role in the photochemical efficiency towards hydrogen production using [Ru(bpy) 3 ] 2+ (where bpy = 2,2'-bipyridine) as the sensitizer, 30 while electronic effects become relevant in the light-driven performance when using less powerful reducing agents. 31 Several research groups have also performed the functionalization with carboxylic or hydroxyl groups in peripheral positions with respect to the metal centre in order to promote intramolecular proton transfer, thus enhancing the efficiency of the catalysis. 32 In this sense, Zonta, Natali and coworkers 33 introduced different substituents (i.e. -OH, -CH 2 OH, -CHO, -CONH 2 ) on the phenyl ring of an amino polypyridine cobalt complex, in order to modify the solvent-ligand interactions without affecting the electronic properties of the metal centre. The authors observed, however, only small differences in the efficiency among the considered complexes.

In particular, they attributed the slightly higher activity of the complexes bearing -OH and -CH 2 OH to the presence of the hydroxyl group that could promote the formation of a Hbonded water network near the cobalt. Conversely, the low performances of the catalysts bearing -CHO and -CONH 2 were ascribed to a lower stability of the catalysts induced by such substituents. Herein, we present the synthesis and the characterization of three new amino-polypyridyl cobalt complexes bearing different functional groups i.e. -CO 2 -, -CH 2 OH and -OH (yielding C2, C3, C4 respectively) in orthoposition to the N of the pyridine moiety with the aim of studying their effect on the catalytic activity in the electrochemical and photochemical hydrogen production.

26

The presence of such substituents is expected to actively influence the role of the pyridine group in assisting the protonation of the metal centre, thus affecting the overall catalysis. The rate constants of the protonation steps are extrapolated from electrochemical studies in acetonitrile with trifluoroacetic acid (TFA) as proton source. Experiments of photoinduced H 2 evolution in water are performed in the presence of ascorbic acid as electron donor and [Ru(bpy) 3 ] 2+ as sensitizer. Density Functional Theory (DFT) was employed to calculate relative stability and structure of intermediates involved in H 2 production, including those in the final H 2 release, making possible a comparison between different pathways for each proposed compound and allowing a reliable rationalization of the experimental results.

Methodology

Synthesis and characterization

The synthesis of the compounds was performed according to the procedure reported in Section S2 of the Electronic Supporting Information (ESI). Solid state structures were obtained by X-ray diffraction on single crystals prepared by slow diffusion of diethyl ether into methanolic solutions of the complexes.

To observe possible variations of the electronic absorption of the catalysts in the presence of a source of protons, UV-Vis spectra were measured on 4 mM solution of complexes in CH 3 CN in the presence of increasing amounts of trifluoroacetic acid (TFA) by keeping the final volume (2 mL) unchanged.

Electrochemistry

Cyclic voltammetry experiments were carried out in CH 3 CN under N 2 with 0.1 M of tetrabutylammonium hexafluorophosphate (TBAPF 6 ) as supporting electrolyte and glassy carbon as working electrode. Bulk electrolysis experiments were performed at -1.5 V and -1.63 V vs Fc + /Fc on a mercury-pool electrode in 8 mL CH 3 CN, in the presence of TFA (100 mM), the complexes (1 mM) and tetrabutylammonium hexafluorophosphate, TBAPF 6 (0.1 M). Foot-of-the-wave analysis (FOWA) was performed to gain information concerning the rate constants (k 1, k 2 ) relative to the proton transfer step of the catalytic process. [34][35][36] The rate constants were extrapolated as average at various concentrations of acid (TFA solutions in the range 5-20 mM) and scan rates (0.7 -47 V s -1

). Further details on the calculations are shown in the ESI (Section S4 and S5).

Photochemistry

Photoinduced hydrogen production experiments were performed in fully aqueous solutions with 1 M acetate buffer (pH = 4) in the presence of [Ru(bpy) 3 ]Cl 2 (0.5 mM) as photosensitizer, ascorbic acid (0.1 M) as protons source and catalyst (5 M). The solutions were irradiated with a blue light at 475 nm and 20°C for 6 h. These conditions were selected according to the best conditions previously found for C1. 26, 27 Turnover numbers (TONs), turnover frequencies (TOFs) and quantum yields (QYs) were calculated according to the procedures previously reported by us. 30 Nanosecond transient absorption measurements were performed with a custom laser spectrometer comprised of a Continuum Surelite II Nd:YAG laser (FWHM = 8 ns) with frequency doubled (532 nm, 330 mJ) option, an Applied Please do not adjust margins Please do not adjust margins Photophysics Xe light source including a mod. 720 150 W lamp housing, a mod. 620 power-controlled lamp supply and a mod. 03 -102 arc lamp pulser. Laser excitation was provided at 90° with respect to the white light probe beam. Light transmitted by the sample was focused onto the entrance slit of a 300 mm focal length Acton SpectraPro 2300i triple grating, flat field, double exit monochromator equipped with a photomultiplier detector (Hamamatsu R3896). Signals from the photomultiplier (kinetic traces) were processed by means of a TeledyneLeCroy 604Zi (400 MHz, 20 GS/s) digital oscilloscope. Before all the measurements the solutions were purged with nitrogen for 10 minutes.

Computational setup

Theoretical investigations were performed only for C2 and C3, since the two tautomeric forms of C4 impeded a straightforward comparison between experimental and calculated properties. The general computational strategy used here for the calculation of the oxidation potentials, reaction intermediates and energy barriers, is the same employed in our previously published works on heptacoordinate cobalt complexes (including C1). 26, 27, 30 Redox potentials in acetonitrile were calculated as free energy differences in solution. The Gibbs free energy in solution of a species i (G i solv ) is defined as

G i solv = G i vac + G i solv ,
where G i vac is the Gibbs free energy in gas phase (the gas phase energy with zero-point energy and thermal corrections) and G i solv is the free energy of solvation. G i vac is obtained by performing a single point calculation at the optimized geometry in vacuo, followed by frequency calculations in order to include the vibrational contribution to the total partition function. The solvation free energy, G i solv , was obtained by a single-point calculation in solution and a reference calculation in gas phase at the geometry optimized in solution. The absolute potentials calculated vs. vacuum were converted vs. Fc+/Fc by adding -4.80 V as reported in Ref. 44. Coherently with our previous works and following the procedure reported in Ref. 37 39 and G 0 (H 2 (g)) = -739.5 kcal/mol. A value of -4.44 eV was used for the vacuum level with respect to the Normal Hydrogen Electrode (NHE) in acetonitrile. 37 Preliminary benchmark calculations on the redox potentials of the systems considered here showed, however, that the best agreement with experiments was obtained when using the PBE0 functional (25% of Hartee-Fock exchange), instead of B3LYP, that was adopted in our previous works. 40 Therefore, we performed all the DFT calculations to determine energy minima, transition states and relaxed scans for the different reduction and oxidation steps, by using the PBE0 exchange and correlation functional and the 6-311G* basis set. The solvent (acetonitrile) was taken into account in all cases by the implicit IEF (Integral Equation Formalism) method of the PCM (Polarizable Continuum Model). 41 For C2 and C3 the stability of the high and low spin configurations was preliminary verified by single point electronic structure calculations in implicit acetonitrile solvent, using DFT (PBE0 functional) and MP2 methods with the 6-311G* basis set (Table ES5 in ESI).

All calculations were performed with the Gaussian16 package, 42 including the thermochemical characterization of each stationary point on the potential energy surface (minima and transition states) through frequencies calculations, thus obtaining enthalpy and Gibbs free energy. Please do not adjust margins Please do not adjust margins

Results and discussion

Synthesis and characterization

The ligands L2, L3 and L4 (Figure 1) were synthesised from the reaction of N,N-Bis-(6-(2,2'-bipyridyl)methyl)amine with the pyridine bearing various substituent groups in the presence of the base N,N-diisopropylethylamine. The synthesis of L1 was previously described. 26 The reaction of the ligands L2, L3 and ). The structural study conducted on single crystals with X-rays diffraction (Figure 2) reveals that complexes C2 and C3'' possess a heptacoordinate geometry which can be described as a faced capped octahedron, similarly to the archetypical complex C1. 26 The metal centre in C2 and C3'' respectively, corresponding to high spin configurations with three unpaired electrons (Figure ES1). 26, 43 Indeed, electronic structure calculations also predict the high spin configuration to be the most stable one for both C2 and C3 (Table ES5 in Supporting Information), thus corroborating the reliability of the DFT protocol. Ultraviolet-Visible (UV-Vis) absorption spectra were recorded in CH 3 CN in the presence and in the absence of trifluoroacetic acid (TFA), to evaluate the possibility of protonating the complexes (Figure 3). The final volume of the solutions (2 mL) was kept constant to minimize the dilution effect on the absorption spectra. C2 shows a broad signal around 486 nm and a less intense peak at 634 nm. In the presence of 1 to 20 equivalents of TFA, the high energy band assumes a more defined shape and it is slightly red-shifted (489 nm), while the peak at 634 nm disappears. Only a slight hypsochromic shift is observed in presence of acid in the UV-Vis spectra of C3, characterized by a shoulder at 490 nm. C4 displays a broad absorption at 460 nm, a slightly less intense peak at 511 nm and a weak peak at 676 nm. Upon addition of the acid, the first peak is shifted at 456 nm, the second peak remains at the same position but with a slightly higher intensity with respect to the first peak and the peak at 676 nm disappears. As expected, the absorption spectrum of complex C1 (Figure 3a) does not show any modification upon addition of acid. Please do not adjust margins

L4 with Co(BF 4 ) 2 .
results

Electrochemical studies

Please do not adjust margins

The cyclic voltammograms (CV) of each complex (Figure 4) display two reversible and diffusion-controlled waves (Figure ES2, ES3, ES4). The first electrochemical waves at -1.88 V for C2, -1.64 V for C3 and -1.70 V for C4, as well as the second redox The second reduction of C2 and C4 results also at potentials more negative than those of C1 (i.e., the second reduction at -2.06 V vs Fc + /Fc), whilst C3 displays the second reduction at potentials close to those of C1. However, the smaller difference (< 0.1 V) between the redox potentials of the second wave with respect to those of the first wave (> 0.2 V) supports a minor effect of the substituted pyridine on the ligand-based redox event, as expected on the basis of the preferential involvement of the bipyridyl moieties in the second reduction. As a final remark, while two neat redox processes can be observed for complexes C2 and C3, additional minor features can be discerned in the case of C4 (Figure 4c) which can be associated to the coming into play of ligand tautomerism, possibly induced by trace amounts of water in the acetonitrile solvent. As a matter of fact, although the 2-pyridone tautomer is expected to be the most stable species in solution for the free ligand, 45 coordination to the cobalt centre should favour the hydroxypyridine form thus leading to a hexacoordinated species in solution. The similar redox potentials and CV shape observed for C4 and the remaining complexes C1-3 strongly support this latter hypothesis, with any changes in the tautomeric equilibrium possibly imparted by the occurrence of hydrogen bonding interactions in the presence of water (or trace amounts thereof) or acid sources (see below). For all the complexes, the addition of increasing amounts of TFA as proton source triggers the appearance of catalytic waves at potentials more positive than those of the Co II/I standard reduction potentials (Figure 5 and ES5, ES6, ES7 of the ESI). The half-wave potentials of the catalytic waves (i.e., E cat ) are shifted towards more positive potentials with respect to Co II/I . In particular, a big shift of ca. 300 mV is observed with C2 and C4 and a less pronounced shift of 70 mV is observed with C3 (Table 1). E cat is independent of scan rates and acid concentrations as shown in Figure ES12. The considerable shifts of E cat for C2 and C4 (300 and 240 mV, respectively) together with the appreciable variation of the UV-Vis spectra in the presence of TFA (Figure 3) suggest that a protonation of Please do not adjust margins

Please do not adjust margins the catalyst takes place prior to the first electron transfer of the catalytic cycle (Scheme 1a). For C2 protonation is expected to involve the carboxylate group of the ligand, while in the case of C4 the acid source most likely shifts the tautomeric equilibrium of the hydroxipyridine towards the 2-pyridone form leading to decoordination and protonation. Conversely, in the case of C3, the absence of major spectral changes in the UV-Vis spectra in the presence of TFA together with the small shift in potential strongly support a catalytic mechanism similar to the one established for the prototype complex C1 (Scheme 1b).

27

Bulk electrolysis experiments confirmed the production of molecular hydrogen in proximity of the catalytic wave (Table ES1 and Figure ES8). In particular, at -1.50 V vs Fc + /Fc C2, C3

and C4 gave Faradaic yields of 51%, 73% and 53% respectively, while at -1.63 V vs Fc + /Fc Faradaic yields of 92% for C2 and 85% for C3 and C4 were achieved.

The general mechanism proposed for C3 belongs to the ECEC category (E being the electron transfer and C the chemical, i.e. protonation step, Scheme 1b) with the second electron transfer easier than the first and the second protonation slower than the first. 46 Foot-of-the-wave analysis (FOWA) was thus used to determine the rate constant of the first protonation step leading to a value of k 1 = 3.1 (± 0.8)x10 7 M -1 s -1

. Then, following the same procedure used for C1 in our previous work, 27 from the potential shift of catalytic wave with respect to the Co(II)/Co(I) redox couple the rate constant of the second protonation step was attained, k 2 = 1.6 (± 0.5)x10 5 M -1 s -1 . In the case of C2 and C4 this approach cannot be applied because of the significant shift of the catalytic wave with respect to the Co(II)/Co(I) reduction. This observation, together with the changes of the absorption spectra in the presence of acid, is consistent with a protonation of the catalyst taking place before the catalysis (Scheme 1a). This process produces a Co(II)LH species which is the starting point of the catalytic hydrogen evolution reaction, most likely following a (C)ECEC mechanism. 47 However, the reduction potential of the Co(II)LH species is unknown, thus FOWA cannot be applied to extract kinetic information. A recently published method shows that catalytic potential measured at high scan rates (at which the catalysis is likely outrun) can actually provide the redox potential of the Co(II)LH/Co(I)LH species. 47 Unfortunately, in the case of C2 substantial catalysis can be still observed up to 47 V s -1 in the presence of 15 eq. of acid (Figure ES5). Therefore, in the case of C2 and C4 the plateau currents extracted under scan rate independent conditions (Figure ES11) were used, giving catalytic rate constants as high as 1.1 (±0.2)x10 5 M -1 s -1 and 3.4 (± 0.6)x10 4 M -1 s -1 for C2 and C4, respectively. Assuming that even for these complexes the second protonation is the ratedetermining step of the catalysis, as observed for C1 and C3, these rate constants thus correspond to k 2 values. Further discussion on the kinetic analysis (including relevant equations and plots) are provided in the ESI (Section S5). Interestingly, in the case of C2 and C4, the use of acetic acid as the proton donor triggers the appearance of catalytic waves with E cat near the Co II/I couple (Figure ES13). These results suggest that protonation of the pristine form of the catalyst does not occur with a weaker proton source and hence the HER catalysis follows a typical ECEC mechanism (Scheme 1b). The failure to achieve protonation of the complexes under weakly acidic conditions, however, translates in the HER by C2 and C4 being promoted at more negative potentials than with TFA. This evidence is particularly relevant towards the application of C2 under photochemical conditions (see below) since a highly negative reduction potential is associated with the Co(II)/Co(I) step.

Finally, from the values of k 1 , k 2 attained for complexes C2-4 in acetonitrile using TFA as proton source, a TOF max (turnover frequency maximum) of 1.1x10 5 s -1

, 1.6x10 5 s -1 and 0.34x10 5 s -1

for C2, C3 and C4 respectively can be extrapolated for a 1 M acid solution, i.e., the standard conditions proposed for a rational benchmark of the performances of H 2 evolution, to obtain the catalytic Tafel plot (Figure 6). Such a plot can be traced for each catalyst knowing TOF max , E cat and the apparent equilibrium potential of the H + /H 2 couple (0.61 V vs Fc +/ Fc). 19, 35, 48 As shown in Figure 6, the catalytic Tafel plots of the catalysts are comparable. In particular, a significant catalytic activity (i.e., log (TOF) > 1) is reached at overpotentials larger than 500 mV in the case of C1. On the other hand, the other catalysts of the series require higher overpotentials to reach a catalytic activity: 600 mV in the case of C4 and 700 mV in the case of C2 and C3.

Photochemical studies

Light-driven hydrogen production was studied upon irradiation of 5 M solutions of each catalyst in 1.0 M acetate buffer (pH = 4) in the presence of 0.1 M ascorbic acid and 0.5 mM [Ru(bpy) 3 ] 2+ (bpy = 2,2'-bipyridyne) used as sacrificial electron donor and photosensitizer, respectively. In these threecomponent system hydrogen evolution is expected to occur via a reductive route involving excitation of the [Ru(bpy) 3 ] 2+ , reductive quenching by the ascorbate donor, and subsequent electron transfer from the reduced sensitizer to the catalyst (HEC) either in its pristine or one-electron reduced form (eqs 1-3). Figure 7a shows the evolution of H 2 during the catalysis for C3, C4 and C1 (herein used as reference), while Figure 7b reports the maximum turnover numbers with respect to the mole of catalysts used (TONs) and turnover frequencies (TOFs, i.e., mole of H 2 (mole of cat) -1 min -1 ). The catalytic trace of C2 is not reported since negligible hydrogen evolution was observed under the present experimental conditions. Inspection of the kinetic data shows that complex C4 reached a TON of 626 with a maximum TOF of 12.5 min -1

, whilst C3 reached a TON of 1333 with a maximum TOF of 11.0 min -1 , which is slightly higher than that of C1 under the same conditions (TON of 1166 and TOF of 7.5 min -1

). The estimated quantum yields were 4.9%, 7.2%, and 8.2% for C1, C3 and C4, respectively. The formation of nanoparticles as decomposition products of C3 and C4 was ruled out by mercury poisoning experiments, i.e., by running the photochemical experiments in the presence of 1 mL of mercury and in the same catalytic conditions reported above. Under these conditions no appreciable variation of the photocatalytic behaviour was indeed observed, as shown in Figure ES14.

Transient absorption spectroscopy was then employed to attain a kinetic characterization of the photoinduced events. acetate buffer, a transient spectrum develops within a s that features an absorption at 510 nm (prompt spectrum in Figure 8a). This spectrum can be assigned to the reduced sensitizer [Ru(bpy) 3 ] + formed via reductive quenching of the triplet excited state of the [Ru(bpy) 3 ] 2+ chromophore by the ascorbate sacrificial donor (eqs 1, 2). 49, 50 The subsequent spectral evolution (Figure 8a) is characterized by the decrease of the 510 nm absorption and the concomitant formation of a new band at > 600 nm. This spectral evolution is accompanied by a nice isosbestic point at 595 nm and can be associated to the reduction of the cobalt complex C3 by photogenerated [Ru(bpy) 3 ] + (eq 3). The broad absorptions in the visible spectrum are indeed characteristic spectral features of Co(I) species of polypyridine complexes, 27, 50-54 as further confirmed by spectroelectrochemical analysis (Figure ES15). Similar spectral changes are monitored using complex C4 under identical experimental conditions (Figure ES16). Interestingly, the kinetics of the decay at 510 nm is observed to be dependent on the concentration of cobalt complex (see Figure 8b for C3, Figure ES16 for C4), as expected based upon the bimolecular nature of the electron transfer reaction in eq 3. Under pseudo-first order kinetic conditions, fitting of the ii) the product of such an electron transfer event is a Co(I) catalyst species as monitored from the peculiar spectral fingerprints, iii) the failure to observe additional spectral features upon Co(I) decay, beside those associated to charge recombination with the ascorbate radical, suggests that protonation of the one-electron reduced catalyst, likely involving a detached pyridine as supported by DFT calculations (see below), does not occur in a concerted fashion and is thus slower than experimentally detectable; iv) the similar electron transfer kinetics observed for C1, C3, and C4 possibly indicate that any differences in terms of catalysis rates and efficiencies within the series are mainly ascribable to the kinetics of either protonation or hydrogen release. In this respect, the improved activity of complex C3 with respect to the remaining complexes of the series well complies with the highest catalytic rate measured in electrocatalytic experiments. On the other hand, the performance of C4 apparently contrasts with the slowest catalytic rate measured under electrochemical conditions. This can be in part attributed to possible effects exerted by the different solvent environment (acetonitrile in the electrochemical experiments vs water in the photochemical ones) which might impact to some extent on the speciation of the catalyst, according to the observed ligand tautomerism. As to the failure to observe any activity by complex C2, this can be associated to inefficient protonation of the pristine complex in the aqueous buffer under weakly acidic conditions. Under this assumption, one-electron reduction of complex C2 (1.88 V vs Fc + /Fc, Table 1) by the photogenerated [Ru(bpy) 3 ] + (E = 1.28 V vs NHE in water, 55 corresponding to 1.81 V vs Fc + /Fc 56 ) is indeed expected to be endergonic.

We would like to stress, however, that direct comparison between performance-related parameters in electrochemical and light-driven catalysis is usually too speculative and should be taken with caution since different kinetic limiting steps may actually determine the overall activity of the catalysts in either experiments. Interestingly, different rate-determining steps were recently observed by Llobet and co-workers in electrochemical and photochemical experiments when investigating the hydrogen evolution reaction of cobalt tetrazamacrocycles. 57

Computational analysis

Quantum mechanical calculations were performed on complexes C2 and C3 to corroborate the hypothesis of the different proposed mechanisms. In fact, the presence of two tautomeric forms in C4 impeded a straightforward comparison between experimental and calculated properties.

Our previous mechanistic studies on C1 and on other related derivatives clearly pointed to a ECEC catalytic mechanism.

27, 30

More in detail, based on DFT/TDDFT results and transient absorption spectroscopy measurements, we proposed that, after a first reduction of the metal centre giving a Co(I) intermediate, a protonation of the bipyridyl and/or pyridyl moieties takes place. In fact, in this family of compounds the direct protonation of the metal centre to give Co(III)-H is thermodynamically unfavourable. These first two steps are then followed by a second reduction and protonation event to form H 2 (Scheme 1b). Here, experimental evidence suggests that complexes C2 and C3 both follow an ECEC mechanism, Please do not adjust margins Please do not adjust margins analogously to C1, although C2 requires to be initially protonated, thus formally resulting in a (C)ECEC mechanism.

More in detail, for complex C2, both UV-Vis absorption spectroscopy (Figure 3) and the electrochemical potential shift (Figures 4 and5) suggest the steady formation of a protonated complex. Consistently, computational investigation confirms that a Co(II)-OfH (i.e. the complex protonated on the noncoordinated oxygen of the carboxylic group, the adopted nomenclature is shown in Figure ES22) species is formed spontaneously by proton transfer from the surrounding media. Interestingly, this species preserves the stable 7-fold coordination geometry of the metal centre. ). This mechanistic scenario is further confirmed by theoretical analysis of the possible, alternative CEEC mechanism (Figure ES21). As a matter of fact, for this latter, high endergonic pathways (by +3.18 eV and +3.34 eV) are envisioned after the first protonation towards the formation of Co(I)-Of ). This latter is stabilized by an intramolecular N-H•••OH bond between the protonated BPY1H moiety and the OH group of the pyridyl moiety. On the other hand, protonation of the other available bipyridyl to generate Co(I)-BPY2H as first protonation step, is predicted to be more than 1.08 eV (25 kcal mol ) is predicted, whose value is similar to that estimated in the case of C1 (10 kcal mol -1

). On a thermodynamic basis, the final H 2 release is negligibly endergonic for C3 (+0.01 eV, +0.23 kcal mol -1

), while a larger G was calculated for C1 (ca. +0.13 eV, Fig. 10. Calculated free energy profiles (∆G) starting from the second protonation step until formation of H2, for C2 (left) and C3 (right). At this step, once formed, H2 is still in interaction with the complex (see structures in Figure ES26). The structures corresponding to stationary points (minima and transition states, TS) are given in Figure ES26 ). 27 We should note that C3 could also follow a different pathway implying the formation of H 2 through reaction of the pyridyl OH group with cobalt-hydride species ( Co(II)H-BPY1H in FigureES26, H•••H distance of 1.56Å). Nevertheless, although closer in distance, such reaction would lead to an unstable deprotonated OH group and is thus not feasible (Figure ES24). Akin to what observed for the parent complex C1 and the other substituted analogues, mechanistic analysis of catalytic hydrogen evolution by complexes C2 and C3 still suggest the important role of the hexadentate polypyridine ligand wherein pendant pyridine moieties in the reduced state(s) of the catalyst act as proton relays favouring hydrogen elimination via intramolecular routes. We believe that this ability represents a peculiar figure-ofmerit of this class of molecular catalysts, resulting in enhanced catalytic rates over molecular analogues. 

Conclusions

In conclusion, we have reported here a series of new polypyridyl cobalt complexes introducing -CO 2 -, -CH 2 OH and -OH in ortho-to the nitrogen of the pyridine group. Surprisingly, C2 and C3 display a heptacoordinate structure with the seventh coordination site directly occupied by the ligand. Electrochemical studies in acetonitrile using TFA as the proton donor confirm the ability of all complexes to act as molecular catalysts for the hydrogen evolution reaction with complex C3 displaying the highest catalytic rate. Photochemical studies under homogeneous conditions in aqueous solution confirmed improved performances for catalyst C3. The experimental electrochemical data, supported by DFT calculations, point for all complexes towards an ECEC catalytic mechanism which, in the case of both C2 and C4, requires an initial ligand protonation to trigger catalysis according to a (C)ECEC mechanism. DFT computations further support the important role of the chelating ligand in providing an internal proton relay to assist the hydrogen elimination via intramolecular proton transfer processes, thus showcasing a fundamental requisite to achieve sustained catalytic rates using polypyridine cobalt complexes.

  to calculate the relative free energies for the considered reaction steps, we used values of G*(H + (s) ) = -266.5 kcal/mol38 

  For a proper comparison of C2 with the experimental values, two different mechanisms were considered: (i) initial protonation by the medium, before starting the H 2 evolution process by accepting 2 electrons and 2 protons (i.e., 2E2H) or (ii) final protonation by an explicit acidic medium after reaching the second protonation step. In the latter case, a CH 3 COOH molecule (weak acid), a CF 3 COOH molecule (TFA, strong acid), and a protonated water cluster of 3 water molecules (i.e., 2H 2 O•••H 3 O + ) were explicitly included in the calculations (see Figure ES25 in Supporting Information).

Fig. 2

 2 Fig. 2 Crystal structures of complexes C2, C3'' and of the two tautomers C4 (enol form) and C4' (keto form). Colour code: Co (turquoise), N (blue), O (red), C (black), S (yellow), H (white). Non coordinating counterions (i.e., BF4 -, PF6 -and SO4 2-), solvents, and other hydrogen atoms have been omitted for clarity.

Fig. 1

 1 Fig. 1 Structures of the ligands L1-L4 (left) and of the corresponding Co complexes (C1-C4). For sake of clarity, the description of the different counterions of complexes is provided in the text.

  6H 2 O or CoSO 4 . 7H 2 O in methanol led to the formation of the complexes (i.e. C2 : [Co(II)L2](BF 4 ), C3 : [Co(II)L3](BF 4 ) 2 , C4: [Co(II)L4](BF 4 ) 2 with BF 4 -and C3' : [Co(II)L3]SO 4 and C4' : [Co(II)L4]SO 4 with SO 4 2-as counterions, respectively) which were precipitated and washed with diethyl ether. C3'' : [Co(II)L3](PF 6 ) 2 (counterion = PF 6 -) was synthesized by adding NH 4 PF 6 to a solution of C3' (counterion = SO 4 2-) in water. Further details on the synthesis and the characterization of the compounds are shown in the ESI (Section S2

  coordinated to six N and to the O of the substituents on the pyridine. The coordination bonds lengths are in the range of 2.11-2.41 Å, i.e. very close to the bond lengths range observed in C1 (2.09-2.41 Å). The longest bond in both the complexes is Co-N1 (with a length of 2.4101(13) Å and 2.3080(17) Å for C2 and C3'', respectively). The angles closest to linearity are N2-Co-N5 for C2 (ca. 158°) and N4-Co-N3 (ca. 161°) for C3". In the case of complexes derived from L4, two different tautomeric structures at the pyridine level were observed, namely C4 (enol form) and C4' (keto form). In both structures the metal centre shows a hexacoordinate geometry: in C4' it coordinates the oxygen of the sulphate counterion (Co-O bond distance = 2.0102(14) Å), whilst in C4 it coordinates all the six N of the ligand. However, in spite of the different geometry, C4 and C4' have structural parameters and geometries similar to C2 and C3'' with bond distances in the range of 2.01-2.34 Å and the angle close to linearity N2-Co-N5 (ca. 156° and ca. 160° for C4 and C4', respectively). The 1 H-NMR spectra of the complexes in D 2 O confirmed the paramagnetic nature of Co(II). Values of magnetic efficiency ( eff ) = 3.9, 4.1 and 3.8 BM were calculated for C2, C3 and C4

Fig. 4 .

 4 Fig. 4. Cyclic voltammograms (CVs) of 1 mM solution of complex (a: C2, b: C3, c: C4) recorded at 0.1 V s -1 in CH3CN, 0.1 M TBAPF6 with glassy carbon as working electrode.

Fig. 3

 3 Fig. 3 UV-Vis spectra of 4 mM solutions of complex C1 (a), C2 (b), C3 (c), C4 (d) in CH3CN at increasing amounts of TFA keeping the final volume (2 mL) unchanged.

  and C3, respectively, in overall good agreement with the experimental values. The first signals of C2, C3 and C4 show a peak-to-peak separation around 66 mV in accordance with the theoretical value of 59 mV for a monoelectronic Nernstian process, while the second waves have a peak-to-peak separation of 110 mV for C3 and C4 and 50 mV for C2 (FigureES2, ES3, ES4). Expectedly, the functionalization of the ligand influences the electronic properties of the complex. In fact, the first redox signal of C2, C3 and C4 appears at potentials more negative than the unsubstituted complex C1 (with the first reduction at -1.50 V vs Fc + /Fc).

Fig. 5 .

 5 Fig. 5. Cyclic voltammograms of 1 mM of catalyst C2 (a), C3 (b) and C4 (c) recorded in CH3CN 0.1 M of TBAPF6 at 30 V s -1 with glassy carbon as working electrode and increasing amounts of TFA (0 red, 1 blue, 5 green, 10 brown, 15 orange and 20 blue navy mM).
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Fig. 6 .

 6 Fig. 6. Catalytic Tafel plots relating TOFs and applied overpotentials (η) for C1 (blue), C2 (orange), C3 (green), C4 (red).

  Upon excitation at 532 nm of a solution containing 70 M [Ru(bpy) 3 ] 2+ , 0.1 M ascorbic acid, and 0.1 mM C3 in 1 M

Fig. 7 .

 7 Fig. 7. a) H2 evolution in mL over time for solutions of 5 M catalysts C1 (blue) C3 (green), C4 (red) and without catalysts (black). The experiments were performed in 1.0 M acetate buffer at pH 4.0 with 0.1 M of ascorbic acid and 0.5 mM [Ru(bpy)3]Cl2 at 20 °C and the solutions were irradiated with LED light at 475 nm. b) Maximum TONs and TOFs for C1, C3 and C4. Fig. 8. a) Transient absorption spectra between 0.7-35 s obtained by laser flash photolysis (excitation at 532 nm) of a solution containing 70 M [Ru(bpy)3] 2+ , 0.1 M ascorbic acid, and 0.1 mM C3 in 1 M acetate buffer; b) kinetic traces at 510 nm at 0.1-0.3 mM C3 (fitting was performed using a biexponential function in which the first component is associated to the reaction in eq. 3, the second component to the charge recombination between Co(I) and the ascorbate radical).

Fig. 9 .

 9 Fig. 9. Calculated free energies profiles in acetonitrile for the possible reaction steps involved in the proposed mechanism for C2 (left) and C3 (right). Values and profiles of the relative free energy changes (G) are given in TableES6. The zero is defined as the free energy of the Co(II) compound (Co(II)-OfH for C2; Co(II) for C3) plus that of two protons with an activity of 1 (apparent pH = 0 in acetonitrile) and two electrons at the potential of NHE in acetonitrile. For C2 L'=BPY1, BPY2, PY. The corresponding structures can be found in Fig.ES26.

1 )

 1 The first step is expected to involve a Co(II)-OfH + e - Co(I)-OfH reduction (see left panel of Figure 9. Energy shift values are given in Table ES6. Subsequent protonation and reduction of the Co(I)-OfH species then leads to the generation of three near-inenergy intermediates involving a doubly protonated ligand, namely CoFor the last protonation triggering hydrogen elimination, two different pathways were considered: (i) intermolecular proton transfer from the pyridyl/bipyridyl moiety to the cobalt centre, prior to re-protonation of the ligand and (ii) bimolecular protonation of the cobalt centre followed by hydrogen formation. The former mechanism is not feasible for both the intermediates involving the protonated pyridyl moiety (Co(I)-PY (-) H-OfH, activation energy barrier of 22.09 kcal mol -1 and free energy difference of 13.08 kcal mol and those involving the bipyridyl moieties (Co(I)-BPY1 (OfH). Conversely, bimolecular protonation of the cobalt centre according to mechanism (ii) results in the face-to-face arrangement of two hydrogen atoms, favouring the generation of molecular hydrogen (see especially Co(II)H-PYH-OfH structure in Figure ES26, as well as its energy profile, together with Co(II)H-BPY1H-OfH and Co(II)H-BPY2H-OfH, in Figure10, left). Interestingly, this process is particularly feasible for Co(II)H-PYH-OfH (Figure 10, left), being almost barrierless (+0.05 eV, +1.11 kcal mol -1 ) and slightly exergonic (-0.16 eV, -3.61 kcal mol -1

- 1 )

 1 higher in energy, due to the impossibility to form any hydrogen bond. The second reduction step then involves the formation of a Co(I)-BPY1 (-) H intermediate. Finally, to complete the ECEC mechanism the last chemical step implies protonation of the cobalt centre, thus forming a Co(II)H-BPY1H intermediate that further evolves to produce H 2 similarly to what observed for the parent C1. 27 As depicted in Figure 10 (right) and Figure E26 hydrogen elimination from the Co(II)H-BPY1H species occurs thanks to the close interaction between the H atom of the protonated bipyridine moiety (H a ) and the H atom (H b ) of the protonated Co centre (NH a -BPY•••H b -Co distance of 1.80 Å). For this reaction a transition state of ca. 0.48 eV (11.0 kcal mol -1

  Fig.10. Calculated free energy profiles (∆G) starting from the second protonation step until formation of H2, for C2 (left) and C3 (right). At this step, once formed, H2 is still in interaction with the complex (see structures in FigureES26). The structures corresponding to stationary points (minima and transition states, TS) are given in FigureES26, including the imaginary frequency of the most relevant TSs.
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Table 1 .

 1 Reduction potentials (E1/2) in acetonitrile, half-wave potentials of the catalytic waves (Ecat) and difference between Ecat and Co II/I for C1, C2, C3, C4 with TFA.

	systems at -2.13 V for C2, -2.03 V for C3 and -2.14 V for C4 (all
	values vs Fc

+ /Fc, Table

1

) can be preferentially attributed, by DFT calculations, to bipyridine ligand-centred reduction, with substantial involvement of the metal Co II/I reduction for the first wave (Figure

ES20

). The calculated absolute potentials for the first/second reduction obtained vs vacuum and converted vs Fc + /Fc 44 (Table

ES6

) are -2.03/-2.18 and -1.80/-2.09 V for C2
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