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Abstract: Thiocarbohydrazone-based catalysts feature ligands that are potentially electrochemi-11 

cally active. From the synthesis point of view, these ligands can be easily tailored, opening mul-12 

tiple strategies for optimization, such as using different substituent groups or metal substitution. 13 

In this work, we show the possibility of a new strategy, involving nuclearity of the system, 14 

meaning different number of metal centers. We report the synthesis and characterization of a 15 

trinuclear nickel-thiocarbohydrazone complex displaying an improved turnover rate compared 16 

to its mononuclear counterpart. We use DFT calculations to show that the mechanism involved is 17 

metal-centered, unlike the metal-assisted ligand-centered mechanism found in the mononuclear 18 

complex. Finally, we show that two possible mechanisms can be assigned to this catalyst, all in-19 

volving an initial double reduction of the system. 20 

Keywords: Hydrogen evolution; Bio-inspiration; Electrocatalysis; Quantum Chemistry; Reaction 21 

Mechanism 22 

 23 

1. Introduction 24 

Hydrogens has been widely sought out as an alternative energy source [1-3], giv-25 

ing rise to a quest for its cost-effective industrial scale production. The search for ob-26 

taining optimal homogeneous green catalysts to perform hydrogen evolution reaction 27 

(HER) has taken inspiration from understanding how hydrogenases work. The inor-28 

ganic cofactors of these enzymes are able to mediate the reversible conversion of pro-29 

tons and electrons into hydrogen [4-6]. This family of enzymes is very attractive for 30 

HER due to their low overpotential requirement, high turnover rates, and use of 31 

earth-abundant metals [7,8]. Conventional strategies have explored copying the struc-32 

tural and mechanistic features of hydrogenase active sites, attempting to mimic the 33 

same kind of chemistry found in those enzymes. This ended up with the emergence of a 34 

large number of biomimetic and bio-inspired catalysts in the past years [9-11]. The best 35 

performing catalysts able to generate molecular hydrogen in organic and aqueous me-36 

dia are usually cobalt and nickel-based complexes with various ligand skeletons 37 

[12-15]. In the last decades, a new class of complexes was developed, where the once 38 

metal-centered reactivity was shifted toward a ligand-centered one [16,17]. Prominent 39 

examples have been found with complexes based on thiosemicarbazone ligands [18-24]. 40 

Thiosemicarbazone-based complexes are characterized by the redox non-innocent 41 

character of the ligand that displays several N- and S-atoms as potential proton relays, a 42 

key feature to enhance and promote catalytic activity [25,26]. Such complexes were 43 

found to possess rather low overpotential requirement, with the ligand playing an 44 

active role in HER, and being highly customizable [16,27]. Recently, we have charac-45 
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terized and studied a set of mononuclear nickel-thiosemicarbazone (NiL) complexes, 46 

with chemically-tuned para substituents in phenyl groups present in the ligand [24,28]. 47 

To lower the potential of the redox-active ligand, we attempted to increase the delocal-48 

ization of the electronic density. The idea was that delocalization would lead to lower 49 

overpotential requirements. The use of electron-withdrawing phenyl substituents did 50 

not give us the optimal approach we looked for, as some impact was found in the ki-51 

netic rates of H2 formation [29]. Thus other approaches in catalyst design need to be 52 

envisioned. 53 

In this work, we show a new possibility of modifying thiosemicarbazone-based 54 

complexes, playing with nuclearity. Herein we introduce an original trinuclear nick-55 

el-thiocarbohydrazone Ni3L2 complex, being equivalent to the previously reported NiL 56 

complexes [18,24]. Compared to its mononuclear counterpart, this multiple metal centre 57 

complex displays larger turnover frequency (TOF) values, whilst utilizing higher 58 

overpotential requirements for HER. Experimental and theoretical investigations show 59 

that the trinuclear equivalent of the mononuclear NiL complex has a purely 60 

metal-centred reactivity, involving exclusively the central Ni atom, in contrast with the 61 

metal-assisted ligand-centred reactivity identified in its mononuclear form, which uses 62 

the nitrogen atoms close to the metal centre. Such change in reactivity likely explains 63 

the moderate performances of the new catalyst with respect to the key parameters for 64 

catalyst evaluation: the overpotential ( ) and the rate of catalysis (TOF). 65 

2. Results and Discussions 66 

2.1. Synthesis and single-crystal X-ray diffraction analysis 67 

The ligand was prepared using a one-step procedure (Figure S1). The reaction in-68 

volves the addition of two equivalents of 1-isothiocyanato-4-methoxy-benzene to one 69 

equivalent of thiocarbohydrazide. The reaction was performed in ethanol at reflux for 70 

two hours. The products precipitate from ethanolic solution with a 95% yield for the 71 

ligand, corresponding to 1,5-Bis(p-methoxyphenylthiocarbamoyl)thiocarbonohydrazi- 72 

de (H6L) and did not require any additional purification. The nickel complex was ob-73 

tained in a 70% yield by reacting three equivalents of Ni(NO3)2 with two equivalents of 74 

H6L ligand in a DMSO/MeOH mixture in the presence of two equivalents of NaSH. The 75 

crude compound precipitated as a brown microcrystalline powder and did not require 76 

any purification, except washing with methanol (Figures 1 and S2). Both ligand and 77 

complex were characterized by elemental analysis, ESI-MS, and NMR spectroscopy 78 

(Figures S3-S6). These data are consistent with the indicated trinuclear structure that is 79 

the only one found in solution. They also show that the complex is diamagnetic having 80 

a singlet S=0 ground spin state (see Materials and Methods section). DOSY NMR ex-81 

periments provided a unique diffusion coefficient of 1.10 10-10 m2.s-1 which supports the 82 

presence of a single species in solution (Figure S7).  83 

 84 

      85 

Figure 1. Structure of the trinuclear nickel thiocarbohydrazone complex, [Ni3(SH3L)2(DMSO)2], 86 

(Ni3L2) presented in this work. 87 
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Crystals suitable for X-ray diffraction analysis were obtained from DMSO solution 88 

by slow evaporation of the solvent. Details of data collection and structure refinement 89 

parameters for the nickel complex are shown in Supplementary Material (Tables S1 and 90 

S2). The single-crystal X-ray diffraction study revealed the compound to be crystallized 91 

in C2/c space group of monoclinic system. The asymmetric part of the unit cell com-92 

prises one and half [Ni3(SH3L)2(DMSO)2] (Ni3L2) molecular complexes and one and 2.5 93 

of co-crystallized H2O and DMSO molecules, respectively. Two trinuclear complexes 94 

are crystallographically independent, but chemically identical, while in one of them the 95 

central metal atom Ni5 occupies a special position on a 2-fold rotational axis. Thus, ac-96 

cording to X-ray crystallography, the chemical composition of the compound is in ac-97 

cordance with the following formula: [Ni3(SH3L)2(DMSO)2] 1.67DMSO 0.67H2O, 98 

where each SL3- anion acts as a bridging hexadentate ligand. The symmetry equivalent 99 

Ni4 and Ni4i atoms are tetracoordinated in N2S2 square-planar geometry, while the 100 

central Ni5 metal atom exhibits a slightly distorted N2O2S2 coordination environment. It 101 

is worth noting the presence of intramolecular hydrogen bonds that are formed be-102 

tween the N13-H group (donor) and the O9 atom from the coordinated DMSO molecule 103 

(acceptor) which consolidate the trinuclear structure (Figure 2). 104 

 105 

      106 

Figure 2. X-ray molecular structure of Ni3L2 with selected atom labelling and thermal ellipsoids at 107 

40% level. Non-relevant H-atoms are omitted for clarity. Symmetry code: I) 1)2  x, y, 1.5  z. Se-108 

lected bonds (Å) and angles (): Ni4-S13 2.133(3), Ni4-S14 2.145(3), Ni4-N15 1.843(8), Ni4-N17 109 

1.786(9), Ni5-S11 2.392(3), Ni5-O9 2.131(6), Ni5-N14 2.137(9); N15-Ni4-S13 85.7(3), N17-Ni4-S14 110 

92.8(3), N15-Ni4-S14 176.5(4), N17-Ni4-S13 1···69.7(3), N14-Ni5-S11 85.2(3), N14-Ni5-O9 90.4(3), 111 

O91-Ni5-O9 85.0(4), O9-Ni5-S11 172.1(2). H bond parameters: N13-H···O9 [N13-H 0.86 Å, H···O9 112 

2.02 Å, N13···O9 2.73(1) Å, N13HO9 138.7. 113 

2.2. Magnetic studies 114 

Figure 3 shows the temperature dependence of the product between the suscepti-115 

bility with the temperature, T, at 0.1, 1 and 4 T. At room temperature, T is 1.254 116 

emu.K.mol-1 and does not show any significant temperature dependence while cooling 117 

down to about 10 K. Then, it decreases at high fields due to the thermal saturation of the 118 

ground state. The dashed line is the best fit for a paramagnetic centre of spin S=1 and 119 

giso=2, in agreement with only one magnetic NiII ion (S=1) being present in the complex. 120 

This is expected, as the latter displays an octahedral coordination sphere while the 121 

two-other external NiII ions are square planar compatible with a low-spin configuration 122 

(S=0). Therefore, the magnetic behaviour of Ni3L2 is ascribed to the central high-spin NiII 123 

ion in an octahedral environment. The possible inter-trimer interactions are weak and 124 

mostly hidden by the static field effect.  125 

 126 

 127 
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 128 

Figure 3. Temperature dependence of the magnetic susceptibility for Ni3L2. The inset is the 129 

temperature dependence of the susceptibility in log scale showing the expected Curie behaviour 130 

for any field at T > 10K.  131 

 132 

2.3. UV-vis spectroscopy 133 

 The optical properties of the ligand and the nickel complex were followed by 134 

UV/Vis spectroscopy in DMF (Figure 4). The evolution of the spectra upon ligand 135 

metalation allowed us to confirm the nickel binding to the ligand and the stability of the 136 

complex in solution. The H6L ligand displays two main absorption bands centered at 137 

270 and 325 nm while the Ni3L2 complex display two main electronic transitions found 138 

at 268 and 363 nm and two weaker broad bands around 518 and 895 nm (Table S3). The 139 

absorption bands present at high energy have been previously attributed to (met-140 

al-ligand) to (metal-ligand) transitions [18,24], while the low-energy features are com-141 

patible with d-d transitions.  142 

 143 

Figure 4. Electronic absorption spectra for the H6L ligand and the Ni3L2 complex, concentration of 144 

0.05 mM in DMF. 145 

 146 

These results were further supported by TD-DFT calculations performed on a neutral, 147 

closed-shell singlet Ni3L2 considering no bound DMSO molecules. Indeed, the 148 

predicted spectroscopic data provide a calculated spectrum that compares reasonably 149 

well with the experimental observations (Figure S10). The low intensity features around 150 

575 nm are due to excitations from the outer Ni ions and ligands to the central Ni ion. At 151 
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higher energies, excitations on the outer Ni ions are additionally found (Table S4 and 152 

Figure S11). The computed UV-vis spectrum thus support dissociation of the solvent 153 

molecules from the complex once solubilized, with preference for a singlet state in 154 

solution (see details in the electronic structure section). 155 

 156 

2.4. Electrochemistry  157 

We investigated the redox behaviour of H6L and Ni3L2 by cyclic voltammetry (CV) 158 

at room temperature using a glassy carbon electrode in anhydrous DMF with 0.1 M 159 

TBAPF6 as the supporting electrolyte. The electrochemical responses were investigated 160 

in the potential range between 0 and -2.5 V vs. Fc+/0 (Figure 5). The cyclic voltammogram 161 

of H6L was recorded in the absence and in the presence of 100 mM of trifluoroacetic acid 162 

(TFA, Figure S12). Scan in the negative direction without TFA reveals one irreversible 163 

wave while in its presence, no catalytic wave was detected. These data confirm that the 164 

ligand itself cannot mediate catalytic proton reduction which is consistent with our 165 

previous observations on related thiosemicarbazone ligands [18,24].  166 

In the cathodic region, the cyclic voltammogram of Ni3L2 displays two redox systems: a 167 

quasi-reversible at -1.35 V         
     

              and another irreversible at 168 

-2.10 V     
    vs. Fc+/0 (Figure S13). The plot of the peak currents versus the square root 169 

of the scan rates for the quasi-reversible cathodic wave was found to be linear, 170 

indicating that this is a diffusion-controlled processes (Figure S14). The redox behaviour 171 

of Ni3L2 in the cathodic region is reminiscent of the one obtained with another trinuclear 172 

nickel complex previously reported by our group [30] for which the reduction events 173 

were ascribed as successive metal-based processes. Such a rationale has been further 174 

investigated using both chronoamperometry and EPR spectroscopy. 175 

 176 

Figure 5. Cyclic voltammogram of a 1 mM solution of H6L and Ni3L2 in DMF at stationary glassy 177 

carbon electrode in DMF at 500 mV s-1. Potential are referenced to the Fc+/0 electrode. 178 

 179 

To determine the numbers of electrons involved in each electrochemical event, 180 

chronoamperometric experiments on Ni3L2 were performed at -1.50 and -2.25 V vs. Fc+/0 181 

(Figures S15 and S16). The first chronoamperogram can be fitted considering one 182 

electron being passed in the system while at the most negative applied potential, the 183 

current response is compatible with a two-electron transfer. EPR spectroscopy was used 184 

to further characterize the one-electron reduced species of Ni3L2. Using the sample 185 

generated upon chronoamperometry at -1.50 V vs. Fc+/0, we recorded the EPR spectrum 186 
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on a continuous wave (cw) spectrometer which resulted in an axial signal (Figure S17). 187 

Simulation of the spectrum provided a set of of g-values of 2.012, 2.010 and 2.114 which 188 

was found to be compatible with the presence of a single paramagnetic center that was 189 

tentatively ascribed to a NiI center. These data were then confronted with DFT 190 

calculations performed on the one-electron reduced form of Ni3L2 considering a doublet 191 

state (S=1/2) and no bound DMSO molecules. The predicted g-values of 2.052, 2.055 and 192 

2.113 were found to be in fair agreement with the experimental ones. The electronic 193 

structure of the computed one-electron reduced species shows that the Singly Occupied 194 

Molecular Orbital (SOMO) is centered on the central nickel with the spin density being 195 

mainly distributed on the same site (see details in the electronic structure section and 196 

Figure 8). These data thus support the first reduction of the complex being a 197 

metal-based process with the central nickel center going from NiII to NiI, possibly due to 198 

stereochemical reasons. 199 

 200 

2.5. Electrocatalytic production of H2 201 

To explore the activity of Ni3L2 for catalytic proton reduction, we investigated its 202 

electrochemical response recorded at a glassy carbon electrode in DMF under argon in 203 

the presence of TFA as the proton source (pKa = 6.00 ± 0.3 in DMF) [31,32]. The addition 204 

of increasing amounts of acid triggers the appearance of two peak-shaped waves with 205 

potentials starting at about -1.10 V vs. Fc+/0, suggesting potential-dependent 206 

mechanisms. The current response of the two waves is proportional to the concentration 207 

of protons in the electrolyte solution (Figure S18). While the peak potential of the more 208 

negative process is shifted from −1.99 V to −2.47 V vs. Fc+/0, the potential of the first 209 

process remains unaffected (Figure 6). We only investigated the process occurring at the 210 

more positive potential with a midwave potential     
    of -1.52 V versus Fc+/0. In this 211 

case, the peak current increases with the acid concentration, and plateaus for 212 

concentration and scan rates higher than 100 mM and 2 V.s-1, respectively (Figure S19). 213 

Control experiments were performed in the absence of the complex and the 214 

resulting CV clearly indicates the role played by the nickel complex in the observed 215 

current enhancement (Figure 6 and S18). We verified that the observed catalytic 216 

response can be attributed to the complex in solution and not due to adsorbed species on 217 

the surface electrode. To do so, dip and rinse tests were performed. After each 218 

electrocatalytic measurement, the glassy carbon electrode was removed from the 219 

solution and immersed into a fresh DMF solution followed by the addition of 100 mM 220 

TFA. The electrochemical response recorded upon sweeping the potential in the 221 

cathodic region only showed a residual background current and upon addition of TFA, 222 

only the acid blank was observed (Figure S20). These results thus confirm that no active 223 

adsorbed species is formed during electrocatalysis and indicate that the catalytic activity 224 

is due to the dissolved complex Ni3L2.  225 

To confirm that the current response in presence of acid does correspond to the 226 

catalytic reduction of protons into H2, we performed a bulk electrolysis experiment of a 227 

100 mM solution of TFA in 8 ml of DMF at a constant potential in the presence of Ni3L2 (1 228 

mM). Gas products were monitored by continuous in-line GC analysis. A potential of 229 

−1.70 V versus Fc+/0 was applied to the mercury-pool working electrode resulting in the 230 

immediate formation of hydrogen. These experiments confirm that catalysis is 231 

homogeneous in nature as the use of the mercury-pool electrode allows to rule out the 232 

possibility that proton reduction occurs due to formation of nickel nanoparticles since 233 

the latter would amalgamate on the electrode surface. During a 4 h experiment, Ni3L2 234 

mediated hydrogen evolution with an 82% faradaic efficiency and a turn-over number 235 

of 31 was reached (Figure S21). In similar condition, our reference catalyst NiL produced 236 

hydrogen during 16 hours with 80% faradaic efficiency and a turnover number of 21. 237 

These data first indicate that the trinuclear catalyst Ni3L2 is probably less stable than the 238 

parent catalyst and likely point to degradation of the complex during turn-over (Figures 239 
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S8 and S22). Nevertheless, the trinuclear complex is able to produce more hydrogen on a 240 

shorter timescale when compared to its mononuclear counterpart NiL which would 241 

support that nuclearity is playing a role in partially enhancing the catalytic activity of 242 

nickel thiosemicarbazone complexes. This will be further investigated in terms of 243 

mechanistic implications using computations. 244 

245 

 246 

Figure 6. Successive cyclic voltammograms of a 1 mM solution of Ni3L2 in DMF (0.1 M NBu4PF6) 247 

recorded at a glassy carbon electrode with increasing amounts of TFA at 500 mV s−1 (top) and with 248 

100 mM TFA at five different scan rates (bottom). Potential are referenced to the Fc+/0 electrode.   249 

 250 

2.6. Benchmarking of performances  251 

A value of 534 mV was calculated for the overpotential requirement,  , of Ni3L2 252 

for proton reduction in the presence of TFA in DMF (see details in Supplementary 253 

Material) [31]. The rates and the performance of the catalyst during the hydrogen 254 

evolution reaction were quantified. The TOF value of Ni3L2 was evaluated using the 255 

catalytic cyclic voltammograms recorded in DMF at different scan rates (  = 0.5, 1, 1.5 256 

and 2 V.s-1) for various amounts of TFA (10 to 100 mM). The TOF value can be calculated 257 

from the ratio between the peak current of the catalyst in the absence (  ) and presence 258 

of substrate (    ) as given by Equation 1 [33]: 259 
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                   260 

(1) 261 

In the case of Ni3L2, the ratio  
    

  
   varies linearly with the inverse of the 262 

square root of scan rate (   ) which confirms the validity of the above equation (see 263 

details in Supplementary Material and Figure S23). Using this approach and considering 264 

a first order reaction in acid and in catalyst (Figures S24 and S25), a maximum TOF value 265 

of 2072 s−1. was obtained in the presence of 100 mM TFA.  266 

Based on this latter value, a mid-wave potential     
    of -1.52 V versus Fc+/0 and an 267 

apparent equilibrium potential of the H+/H2 couple (-1.01 V vs Fc+/Fc) [32] at 1 M TFA 268 

concentration, we could derive catalytic Tafel plots correlating the turnover frequency 269 

(TOF) to the driving force of the reaction, the overpotential ( ), that is related to H2 270 

evolution under the conditions used [34]. Focusing on Ni3L2 (purple trace, Figure 7), we 271 

observe that this catalyst displays a significant catalytic activity (log(TOF) > 2) for 272 

moderate overpotential values. While it does not surpass benchmark molecular catalysts 273 

like cobaloximes (blue trace, Figure 7) [14] or nickel bisdiphosphine catalysts (orange 274 

trace, Figure 7) [36-38], it performs better than the parent thiosemicarbazone complex 275 

NiL (green trace, Figure 7) as far as the turn-over frequency is concerned.  276 

 277 

 278 

Figure 7. Catalytic Tafel plots: comparison of performances for HER catalysed by Ni3L2 in DMF 279 

in the presence of 1M TFA (purple line) and NiL in DMF in the presence of 1M TFA (green 280 

line)[18,24] with other catalysts reported in the literature. Black: FeIITPP, DMF, Et3NH+ [34,35]; 281 

blue: [CoII(dmgH)2py], DMF, Et3NH+ [25,34]; orange: [NiII(P2PhN2C6H4X)2 ]2+, X = CH2P(O)(OEt)2, 282 

MeCN, DMFH [34,36]. 283 

 284 

 When compared together, Ni3L2 and NiL feature quite different catalytic 285 

performances. For instance, while their faradaic yields appear comparable with a value 286 

around 80% for both catalysts, Ni3L2 displays a higher TON value (31 vs 21) and thus 287 

produces more H2 on a shorter timescale [18]. These data suggest that Ni3L2 is a faster 288 

catalyst (TOF = 2072 s−1) than its mononuclear counterpart (TOF = 90 s−1) [24] but this is 289 

highly detrimental to the driving force of the reaction with increased overpotential 290 

values for Ni3L2. Taken together, these results support the fact that changing the 291 
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nuclearity of the catalyst affects its electronic structure and, as such, its redox behaviour 292 

which influences its catalytic performances. 293 

 294 

 295 

2.7. Electronic structure: solvent binding and redox processes  296 

The electrochemical investigations shown above were performed in DMF. This 297 

raises the question as to whether DMSO molecules are stably bound to the central nickel 298 

atom, Nic, in DMF, or they dissociate. To address this issue, we performed DFT 299 

calculations to assess the electronic structure of the complex (see Materials and Methods 300 

section for details). All calculations performed here concern Ni3L2 to allow for a more 301 

straightforward comparison with the related mononuclear NiL complex we have 302 

previously studied [29]. In the solid state, Ni3L2 has an octahedral Nic at the centre, 303 

distinct from the two peripheral metal centers, Nis, which are square planar. Such 304 

geometry can render it paramagnetic, and we indeed show this is the case upon 305 

measuring the magnetic susceptibility of the complex (Figure 3). However, if DMSO 306 

dissociation occurs, two cases might arise: a tetrahedral or a square planar geometry for 307 

Nic can be formed. The former will still keep Nic paramagnetic, whilst the latter will not 308 

carry any magnetic moment. Thus, we need to investigate the energetics of Ni3L2 in two 309 

cases: including and excluding the DMSO molecules initially bound. We performed free 310 

energy calculations for the complex considering the initial neutral state as being either 311 

triplet (open shell, paramagnetic Nic), or singlet (closed shell diamagnetic Nic, Table S5). 312 

When considering the DMSO molecules initially bound to Nic, geometry 313 

optimization shows they remain bound only in the triplet state, whereas they dissociate 314 

in the singlet state, leading to a distorted square planar geometry. We compared the free 315 

energies for each state, and saw a preference of 3.6 kcalˑmol-1 for the singlet over the 316 

triplet state. To confirm the preference of singlet over triplet, we performed the same 317 

calculations without DMSO molecules. Here, DFT shows a slight preference of 1.8 318 

kcalˑmol-1 for the singlet over the triplet state and geometry optimization, again, resulted 319 

in a distorted square planar geometretry around Nic (Table S5). Thus, our calculations 320 

show that upon solvation of the complex, one can expect DMSO dissociation and 321 

formation of a singlet ground spin . These findings are thus in agreement with the NMR 322 

data which showed that the complex is diamagnetic.  323 

We proceeded with DFT calculations to assess the spin states associated at each 324 

oxidation state for Ni3L2 upon reduction, as well as the redox potential associated with 325 

each process. We investigated the spin states with the lowest energies, and used them to 326 

compute the free energy differences, which were then converted to redox potentials 327 

versus Fc+/0. Our calculations show that, initially, the complex starts at neutral singlet 328 

state, proceeding through a doublet state after the first one-electron reduction (Table S5, 329 

first entry), and finishing with a doublet after a second two-electron reduction (Table S5, 330 

fifth entry). We obtained reduction potentials of -1.06 V and -1.97 V, which compare 331 

fairly well with the two redox systems observed at -1.35 V and -2.10 V in Figure 5 (Table 332 

S6). The fair agreement between the experimental and calculated redox potentials allow 333 

us to assign each peak in the voltammogram from Figure 5 to successive one- and 334 

two-electron reduction processes, consistently with the results obtained from 335 

chronoamperometry (Figures S15-16). It is worth noting that we have also considered 336 

the possibility of a two-electron reduction process and the calculated potential for this 337 

process was found to be -1.47 V (Table S6, fourth entry and Figure S26). Although no 338 

clear peak was experimentally observed at this voltage, we will later discuss that such 339 

process can take place during catalysis, when potentials below -1.80 V are applied.  340 

To investigate the nature of these experimentally-observed processes, we plotted 341 

the spin density distributions and Singly Occupied Molecular Orbitals (SOMOs) for each 342 

of the oxidation states involved in the redox potential calculations (Figure 8). Our results 343 
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show that they correspond to successive metal-centred reductions (NiII  NiI), different 344 

from the ligand-centred processes established with the mononuclear NiL complex 345 

[18,24]. Compared to the computed structure for the first one-electron reduced species, 346 

the geometry of the complex upon a subsequent two-electron reduction produced a 347 

more distorted Nic center which coordination geometry is more tetrahedral. Such 348 

rearrangement would explain the irreversibility observed experimentally for the second 349 

redox system in Figure 5. 350 

Mulliken spin population analysis shows that Nic hold larger values of spin 351 

density than the other Ni sites (Table S7). Besides, as we shall see next, when comparing 352 

the energetics of protonating different sites of the system, Nic is indeed the most 353 

favourable site for protonation. This points toward a metal-centered reactivity, in 354 

contrast to the ligand-centered reactivity seen in the mononuclear NiL complex 355 

previously studied [29]. The presence of multiple metal centres could then be playing a 356 

role of not only delocalizing electrons in the complex, but also have a direct impact on 357 

catalysis. 358 

 359 

Figure 8. Spin density plots (a, c) and localized SOMOs (b, d-f) calculated for Ni3L2 after 360 

subsequent one and two-electron reduction reactions. The complex starts in its neutral, singlet 361 

state, passing through a doublet monoanionic state (a), and finishing as a trianion in a doublet 362 

state (c). 363 

 364 

2.8. Mechanistic considerations: Relative pKas and reaction pathways. 365 
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In the context of H2 production, studying a catalytic mechanism implies knowing 366 

where protons will bind in the catalyst. Thus, we need to probe the energetics associated 367 

with protonating every potential site. Since obtaining absolute     values can be very 368 

complicated, we calculated relative      from free energy differences between 369 

protonating different sites for distinct oxidation states. In line with our mononuclear 370 

studies [18,29], and taking symmetry into account, we chose nine possible sites: the three 371 

Ni centers, the three N atoms adjacent to the Ni centers, and all S atoms. We calculated 372 

the relative      by performing free energy calculations of the protonated complex at 373 

each site, and took the structure with Nic protonated as our reference. Results are shown 374 

in Table 1 and Table S8 with large positive values corresponding to the most preferable 375 

sites for protonation. UV-Vis experiments in the absence and presence of trifluoroacetic 376 

acid displayed almost identical features, indicating that the structure of the complex is 377 

unaffected by the addition of the proton source (Figure S9). Since it is a strong acid, our 378 

complex will not get protonated spontaneously. Thus, a mechanism starting with a 379 

chemical step (CE and CC) is unlikely to occur and we ultimately consider the first step 380 

as being an electrochemical one.  381 

Table 1. Relative pKa values for Ni3L2 after the first and second reduction steps. Values are relative 382 

to the free energy of protonating the Nic atom. ‘X’ corresponds to cases where geometry optimi-383 

zation of the protonated complex shows cleavage of the complex. Cleavage cases are not consid-384 

ered, as they will affect the ability to restore the catalyst at the end of the catalytic cycle.   . 385 

Proton site Ni3L20 Ni3L2- 

Nic 

Nis 

Sc 

Ssc 

Ss 

Sd 

Nc 

Nsc 

0.0 

-1.3 

-1.3 

-4.6 

X 

-13.6 

X 

-6.4 

0.0 

-5.3 

-7.8 

X 

X 

X 

X 

-8.3 

Ns -5.5 X 

* Attempting to protonate Nis leads to a proton transfer to Ss. 386 

 387 

With that in mind, we now have to probe how and where the first protonation step 388 

occurs. To investigate the likelihood of the first proton transfer occurring upon 389 

successive reductions, we attempted to obtain the energetics associated with the reactant 390 

and product states of the proton transfer between Ni3L2 and TFAH. We started by 391 

putting TFAH in H-bonding position with Nic, the preferred protonation in terms of 392 

     and we conducted geometry optimization of the system in the product state, i.e. 393 

with the proton attached to the complex When performing such calculations with the 394 

complex reduced up to two times, stable product states were found. We then proceeded 395 

with the analysis of this first proton transfer. To do so, we performed a potential energy 396 

surface (PES) scan where we constrained the distance between the transferred H atom 397 

and proton donor O from TFAH. The idea was to obtain an approximation to the 398 

transition state, which corresponds to the highest energy point of the scan (Figure S27). 399 

From there, we performed harmonic analysis to obtain the free energies at the reactant, 400 

transition and product states of the proton transfer from TFAH to Nic. The transition 401 

state had a single negative frequency whose normal mode corresponds to the proton 402 

transfer reaction, thus indicating it is a reasonable approximation. We obtained an 403 

activation barrier ΔG‡=11.5 kcalˑmol-1, with a reaction free energy ΔG0=-0.2 kcalˑmol-1 404 

after the first reduction, while ΔG‡= 6.1 kcalˑmol-1, and ΔG0=-0.2 kcalˑmol-1 after the 405 
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second reduction. These energies correspond to rather fast intermolecular proton 406 

transfer reactions, meaning that they should not limit the kinetics of H2 formation. 407 

Our previous results show that the first event must be an electron transfer, else 408 

proton transfer becomes impractical. We need now to figure out whether the second step 409 

is an electron or proton transfer (EE vs. EC). For the former, redox potential calculations 410 

were already performed in the previous section: we obtained reduction potentials of 411 

-1.06 V and -1.83 V for successive one-electron reduction processes. When inspecting the 412 

cyclic voltammogram of the complex in the presence of TFAH (Figure S18), we notice 413 

two main features: a shoulder around -1.72 V, and a peak at -1.99 V. Now, for an 414 

EC-sequence, we have the same one-electron reduction at -1.06 V. We calculated the 415 

redox potential for a second reduction occurring after the first protonation, i.e. 416 

ECE-sequence, resulting in -1.19 V. An ECEC-sequence for HER cannot capture the main 417 

feature of the CV at -1.52 V. Thus, such mechanism cannot be described in terms of 418 

experimental electrochemical data. Additionally, an ECCE-type mechanism would yield 419 

a second redox potential that is even less negative than the -1.19 V observed for the 420 

second reduction in the ECEC sequence. Thus, it is not a sequence to be observed under 421 

the experimental condition used for H2 production in this work.  422 

To further investigate the likelihood of the first proton transfer occurring between the 423 

first and second reduction (EC vs. EEC), we calculated the     difference between 424 

protonating Ni3L2 at Nic and TFAH, in line with previous works [39,40]. The idea is that 425 

a positive      means that the complex is thermodynamically more likely to take the 426 

proton from TFAH, whereas this is not the case for a negative value. The     427 

difference was calculated as                           . We obtained 428 

    (EC) = - 4.5 and      (EEC) = 6.3. Such difference supports the fact that the 429 

catalyst should be doubly-reduced before performing a proton transfer. 430 

To finalize this study, we need to investigate the second proton transfer event. In 431 

principle, this could occur after the first protonation (EECC), or even after a third 432 

reduction (EECEC), depending on the potential requirements for such process. We 433 

calculated the redox potential for this third reduction, obtaining -1.47 V. Unless such 434 

process would have a very large reorganization energy and/or very low electronic 435 

coupling with the electrode, it could take place within the experimental conditions 436 

applied for H2 production. Since calculating such properties is beyond the scope of this 437 

work, we shall consider it as a possibility. For the second proton transfer, we attempted 438 

to initially protonate all possible sites, but we found that protonation of Nic resulted in 439 

the immediate formation and release of H2. When putting TFAH in close proximity to 440 

the protonated Nic, geometry optimizations led to a spontaneous proton transfer to form 441 

H2, followed by its release. This occurred for both the EECC and EECEC cases, with a 442 

favorable free energy difference (-0.47, and -0.22 eV for EECC and EECEC, respectively). 443 

We summarize all the calculated redox potentials, pKa values and free energy differences 444 

for proton transfer events in Figure 9. Our results thus support that there are two 445 

possible reaction mechanisms to mediate proton reduction into hydrogen when using 446 

Ni3L2: (i) either an (EECC) pathway involving two electrochemical and two chemical 447 

events or (ii) an (EECEC) involving three electrochemical and two chemical events. In 448 

both cases, the complex displays a metal-centered reactivity to promote HER which 449 

differs significantly from the conclusions raised with the parent complex NiL. 450 
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 451 

Figure 9. Different catalytic cycles that could be performed by Ni3L2. Numbers in red correspond 452 

to redox potentials (in V), whereas those in blue are free energy differences for proton transfer 453 

events, in eV.      displayed for the first proton transfer event correspond to the difference in 454 

     between Ni3L2H and TFAH. The red cross indicates that the ECEC path is 455 

thermodynamically unfavourable due to a higher     of TFAH compared to the catalyst. Note 456 

that an EECEC mechanism would cycle back to point b) once H2 is formed, since two electrons 457 

and two protons would be gone, leaving one unpaired electron in the complex. 458 

3. Materials and Methods 459 

 3.1. Synthesis and characterization 460 

 All solvents and chemicals were purchased from Sigma Aldrich and used without 461 

further purification. 1H NMR spectra were recorded on Bruker 400 MHz Avance III 462 

Nanobay. Chemical shifts for 1H and 13C NMR spectra are referred to TMS or the 463 

residual protonated solvent. 2D DOSY experiments were acquired on a BRUKER 464 

AVANCE III 600MHz NMR spectrometer with a Double Resonance Broad Band Probe 465 

(BBFO) at 300K, using a pulse sequence that incorporated bipolar gradient pulses and a 466 

longitudinal eddy current delay (LED). A total of 32 gradient values were lineary 467 

sampled from 6% to 95%. 32 scans were acquired with 32k data points, for a total 468 

acquisition time of ca. 60 min. The gradient pulse duration (∂/2) and the diffusion time 469 

(∆) were set to 1.8 ms and 150 ms, respectively, with a gradient recovery delay of 0.1 ms 470 

and a LED of 5 ms. The DOSY spectra were simply obtained by using the 471 

single-exponential fitting routine of the EDDOSY feature of the TopSpin software from 472 

Bruker. Elemental analysis was performed on Thermo Finnigan EA 1112 instrument. 473 

The results were validated by at least two measurements. ESI-MS analyses were 474 

performed using a SYNAPT G2 HDMS (Waters) spectrometer equipped with a 475 

pneumatically assisted Atmospheric Pressure Ionization (API) source. Samples were 476 

ionized by negative electrospray mode as follows: ion-spray voltage: -2.27 kV; sampling 477 

cone: 20 V; nitrogen flux (nebulization): 100 L.h−1. High resolution mass spectra (HRMS) 478 

were performed on a QStar Elite (Applied Biosystems SCIEX) spectrometer equipped 479 

with atmospheric pression ionization source (API) pneumatically assisted. The samples 480 

were dissolved in DMF (300 L) and placed in a methanol/3 mM ammonium acetate 481 

solution. The results were validated by three measurements. UV/Vis spectra were 482 

recorded on a Varian Cary 50 spectrophotometer. Continuous wave-EPR measurements 483 

were performed using a conventional Bruker EMX spectrometer operating in X-band 484 

with microwave frequencies of about 9.624 GHz. This spectrometer is equipped with a 485 

He-flow cryostat (ESR900) and a cryogen-free cooler (Bruker Stinger). The 486 

measurements were performed at 50K, a microwave power of 20 mW and modulation 487 

amplitude of 6.7G. A particular attention has been done to avoid the saturation of the 488 

signal while keeping a good signal noise ratio. The EPR spectrum simulations have 489 

been performed using Matlab program package Easyspin [41]. 490 

 491 
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3.2 Synthesis of H6L 492 

The thiocarbohydrazide (2.5 mmol 0.265 g) was dissolved in 20 ml of ethanol, and 10 493 

ml of 1-isothiocyanato-4-methoxy-benzene (5 mmol, 0.825 g) solution in 10 mL ethanol 494 

was added dropwise. The mixture was refluxed for 2 hours. After the reaction mixture 495 

was cooled to room temperature, the white product was filtered and washed twice with 496 

ethanol. The crude product was used in the next step without further purification. Yield 497 

95%. 1H NMR (400 MHz, DMSO-d6, 298K, TMS), δ: 10.36-9.17 (m, 6H, NH), 7.33 (d, 2J = 498 

8.5 Hz, 4H, o-CH), 6.9 (d, 2J = 9 Hz, 4H, p-CH), 3.75 ppm (s, 6H, O-CH3). 13C NMR (75 499 

MHz, DMSO-d6, 298K, TMS), δ = 55.2, 113.4, 126.8, 131.7, 156.80, 183.9 ppm. Elemental 500 

analysis for C17H20N6O2S3: Calcd (%): C 46.77, H 4.62, N 19.25, S 22.03; found: C 45.71, H 501 

4.54, N 20.29, S 22.05. HR ESI-MS [M-H]- for C17H20N6O2S3: Calcd: 435.0737, found: 502 

435.0741. 503 

 504 

 505 

 506 

3.3. Synthesis of [Ni3(SH3L)2(DMSO)2] (Ni3L2) 507 

To the suspension of H6L (0.225 mmol, 0.1 g) in 5 ml of methanol was added solid 508 

sodium hydrosulfide (0.112 mmol, 0.0062 g). The Ni(NO3)2 (0.337 mmol, 0.098 g) 509 

dissolved in 5 ml of methanol was added dropwise to this solution. DMSO was added 510 

to fully dissolve the suspension the solution was stirred at reflux for 2 hours. Slow 511 

evaporation from this solution gave single crystals suitable for crystallographic analysis 512 

with a 70 % yield. 1H NMR (600 MHz, DMSO-d6, 298K, TMS), δ: 8.75 (s broad, 6H, NH), 513 

7.07-6.83 (s, 16H, Ph-H), 3.85 (s, 6H, -OCH3) 3.70 ppm (s, 6H, -OCH3). 13C NMR (150 514 

MHz, DMSO-d6, 298K, TMS), δ = 55.1,  114.2, 116.1, 116.5, 125.4, 132.2, 153.8, 157.4 515 

ppm. Elemental analysis for C42H58N12O8S12Ni3: Calcd (%): C 35.49, H 4.08, N 11.83, S 516 

27.04; found: C 35.56, H 4.10, N 11.24, S 27.11. HR ESI-MS [M-H]- for C34H34N12O4S8Ni3: 517 

Calcd: 1104.8542, found: 1104.8548. 518 

 519 

3.4. X-ray crystallography 520 

X-ray diffraction measurements were carried out with a Rigaku Oxford-Diffraction 521 

XCALIBUR E CCD diffractometer equipped with graphite-monochromated MoKα 522 

radiation. The unit cell determination and data integration were carried out using the 523 

CrysAlis package of Oxford Diffraction [42]. The structures were solved by Intrinsic 524 

Phasing using Olex2 [42] software with the SHELXT [44] structure solution program 525 

and refined by full-matrix least-squares on F2 with SHELXL-2015 [45] using an 526 

anisotropic model for non-hydrogen non-disordered atoms. All H atoms were 527 

introduced in idealized positions with dCH = 0.96 Å. The positional parameters of the 528 

disordered atoms were refined using available tools (PART, DFIX, and SADI) of 529 

SHELXL. The molecular plots were obtained using the Olex2 program. The 530 

crystallographic data and refinement details as well as bond lengths and angles are 531 

presented in the Supplementary Material. 532 

 533 

3.5. SQUID magnetometry 534 

Magnetic characterization has been performed using a conventional SQUID 535 

magnetometer MPMS-XL from Quantum Design working at a magnetic field up to 5 T 536 

and temperature down to 2 K. The samples (powder) are filled in polypropylene sleeves 537 

then sealed in order to remove the maximum of dioxygen, which give the signal around 538 

50 K (antiferromagnetic transition). Diamagnetic contribution of the sample holder was 539 

removed as well as the diamagnetism of Ni3L2. To avoid field dependent effects (like 540 

ferromagnetic impurities), the temperature dependence of the susceptibility was 541 
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recorder for three magnetic field: 0.1, 1 and 4T. Considering a non-interacting inter 542 

trimer paramagnetic centres, we fitted χT by 1/8.S(S+1).giso2 in CGS units.  543 

 544 

3.6. Electrochemistry 545 

Cyclic voltammetry experiments were performed using a BioLogic SP300 546 

potentiostat and a three-electrode setup consisting of a glassy carbon working 547 

electrode, a platinum wire counter electrode, and a Leakless (Ag/AgCl) reference 548 

electrode. Ferrocene was used as an internal standard with E0(Fc+/0) = 0.53 V versus 549 

Ag/AgCl. Chronoamperometric experiments were conducted with another 550 

three-electrode set-up composed of a glassy carbon 1 mm as the working electrode, a 551 

platinum wire as counter electrode, and a Leakless Ag/AgCl reference electrode. All 552 

studies were performed in deoxygenated DMF containing NBu4PF6 (0.1 M) as the 553 

supporting electrolyte. Controlled potential electrolysis experiments were carried out in 554 

a two-compartment cell. The volume of solution (DMF, 0.1 M NBu4PF6) used in the 555 

working compartment of the cell was 8 mL. The working electrode used was a pool of 556 

mercury, separated from the coiled platinum wire counter electrode by a porous frit. 557 

Bulk electrolysis solutions were purged witch N2 gas for at least 20 min prior to 558 

electrolysis and stirred throughout the bulk electrolysis experiment. During the 559 

experiment, the cell was continuously purged with nitrogen (5 mL.min-1) and the 560 

output gas was analyzed at two-minute intervals in a Perkin–Elmer Clarus 500 gas 561 

chromatographer using a previously described set-up [46]. Dip and rinse tests were 562 

performed after electrocatalytic measurements. The glassy carbon working electrode 563 

was removed from the solution and immersed into a fresh DMF solution followed by 564 

the addition of 100 mM of acid. The electrochemical response was then recorded upon 565 

sweeping the potential in the cathodic region. 566 

 567 

3.7. DFT calculations 568 

The methodology is essentially the same used in our previous work with NiL.[29] 569 

We used ORCA 4.2.1 [47,48], with BP86 as our functional of choice [49-51], and 570 

def2-TZVP(-f) as our basis set [52]. Full geometry optimizations were undertaken by 571 

taking advantage of the resolution of the identity (RI) approximation in the Split-RI-J 572 

variant [53] with the appropriate Coulomb fitting sets [54]. Increased integration grids 573 

(Grid4 in ORCA convention) and tight SCF convergence criteria were used. For ac-574 

cording to the experimental conditions, these calculations were performed in DMF 575 

solvent by invoking the Control of the Conductor-like Polarizable Continuum Model 576 

(CPCM) [55]. We considered various possible spin configurations, including open-shell 577 

singlets. For the latter, we performed Broken-Symmetry DFT calculations, using the 578 

“FlipSpin” feature of ORCA [56-58]. Free energy differences were extracted from the 579 

Gibbs free energies obtained from numerical frequencies calculations. Electronic 580 

structures were obtained from single-point DFT calculations using the hybrid func-581 

tional B3LYP [59,60] together with the def2-TZVP(-f) basis set [52]. TD-DFT calculations 582 

[61-63] used the Tamm-Dancoff approximation [64,65] and included triplet excitations. 583 

100 roots were calculated with the B3LYP [59,66] density functional under the RIJCOSX 584 

approximation with the def2-TZVP(-f) [52] and def2/J basis sets and the CPCM solvent 585 

model. [55] The grid sizes were increased to Grid7 and GridX9 in ORCA nomenclature. 586 

While other density functionals including PBE0 [67] and TPSSh [68] were tested, B3LYP 587 

gave the most favorable agreement with experiment. All the calculated reduction po-588 

tentials (E) are relative to Fc+/0. The calculated Gibbs free energy difference using the 589 

BP86 functional to account for ferrocene in DMF is ∆G = 4.87 eV. The relative acidities 590 

                             are computed with respect to TFAH in DMF. Spin 591 

density plots, molecular orbitals as well as difference density plots for each transition 592 
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were generated using the orca plot utility program and were visualized with the 593 

Chemcraft program [69]. 594 

4. Conclusions 595 

This work reports on an original trinuclear nickel complex, [Ni3(SH3L)2(DMSO2)], 596 

(Ni3L2) that was experimentally characterized and evaluated as a potential 597 

electrocatalyst for hydrogen evolution. Ni3L2 exhibited enhanced catalytic perfor-598 

mances for the electrochemical reduction of protons into hydrogen. Interestingly, when 599 

compared to its mononuclear analogue NiL, the trinuclear complex features a compa-600 

rable faradaic yield but displays higher TON and TOF values, and is able to produce 601 

more hydrogen on a shorter timescale. Ni3L2 is a faster catalyst but it comes with the 602 

cost of requiring a larger overpotential, the drawback to these improved performances 603 

lying thus in the driving force of the reaction. These results support the fact that the 604 

nuclearity of the catalyst affects its electronic and redox properties, which influences its 605 

catalytic performances. 606 

The theoretical investigations showed that the reactivity of the trinuclear complex 607 

has been shifted with respect to that of the mononuclear catalyst. While the NiL exhib-608 

ited a metal-assisted ligand-centred reactivity making use of the N-atoms close to the 609 

metal centre [29], only the central nickel ion is involved in the case of Ni3L2. Such 610 

change in reactivity might certainly explain the improved efficiency of the complex. On 611 

the other hand, the increase in potential requirements of Ni3L2 is probably associated 612 

with the electronic density being strictly localized at the metal centre, losing the benefit 613 

from delocalization onto the ligand as observed with the mononuclear NiL catalyst.  614 

Replacement of the two catalytically-inactive peripheral nickel centres of Ni3L2 615 

with more electron-rich and redox-innocent metals such as zinc, might improve the 616 

catalytic performance of the system by diminishing the overpotential requirements. 617 

Another important question to address is whether a metal-centred reactivity is indeed 618 

responsible for better turnover rates. For comparison, the Co-based thiosemicarbazone 619 

complex has been shown to be an efficient HER catalyst requiring smaller overpoten-620 

tials than its Ni counterpart does [22]. Synthetizing a trinuclear Co complex could fur-621 

ther probe how focusing density at the metal centre actually impact the electrochemical 622 

properties of the system and assist in the catalytic turnover rates. 623 

Supplementary Materials: The following supporting information can be downloaded at: 624 

www.mdpi.com/xxx/s1, Figure S1: Synthetic protocol used for H6L.; Figure S2: Synthetic protocol 625 

used for Ni3L2; Figure S3: 1H NMR spectrum and partial assignment for H6L in DMSO at 298 K; 626 

Figure S4: 13C NMR spectrum and partial assignment for H6L in DMSO at 298 K; Figure S5: 1H 627 

NMR spectrum and partial assignment for Ni3L2 in DMSO at 298 K; Figure S6: 13C NMR spectrum 628 

and partial assignment for Ni3L2 in DMSO at 298 K; Figure S7: 2D DOSY spectrum for Ni3L2 in 629 

DMF at 298 K processed using DOSY Toolbox (GNU General Public License) with 512 points for 630 

the self-diffusion axis; Figure S8: Electronic absorption spectra for the Ni3L2 complex (black line), 631 

and upon chronoamperometry ( -1.7 V vs. Fc+/0 with 100 mM of TFA, blue line); Figure S9: Elec-632 

tronic absorption spectra of 0.5 mM solutions of Ni3L2 in DMF in the absence (black line) or in the 633 

presence (red, blue green, pink and khaki lines) of TFA; Figure S10: Comparison between ex-634 

perimental and calculated UV-Vis spectra for Ni3L2 in DMF. Calculations performed on the neu-635 

tral complex in a closed-shell singlet state (B3LYP/def2-TZVP(-f), see Electronic structure section 636 

in the main text); Figure S11: Difference densities of the most important transitions of Ni3L2 pre-637 

dicted with TDDFT (B3LYP/def2-TZVP(-f); yellow: density loss, red: density gain) listed in Table 638 

S4; Figure S12: Cyclic voltammogram of a 1 mM solution of H6L (black line) in DMF recorded at a 639 

stationary glassy carbon with 0.1 M NBu4PF6 as supporting electrolyte. The cyclic voltammo-640 

grams of a 100 mM of TFA solution in the absence (blue line) and in the presence (red line) of 1 641 

mM H6L are also shown. Scan rate: 500 mV s-1. Potentials are referenced to the Fc+/0 electrode; 642 

Figure S13: Successive cyclic voltammograms of a 1 mM solution of Ni3L2 in DMF at a stationary 643 

glassy carbon electrode at different scan rates (v) in DMF with 0.1 M NBu4PF6 as supporting 644 

electrolyte. Potentials are referenced to the Fc+/0 electrode; Figure S14: Linear plot of ip versus the 645 

square root of the scan rate v1/2 for anodic and cathodic waves of the quasi-reversible redox 646 
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process of Ni3L2; Figure S15: Chronoamperogram of a 1 mM solution of Ni3L2 in DMF recorded at 647 

-1.50 V vs. Fc+/0 at 1 mm glassy carbon electrode; Figure S16: Chronoamperogram of a 1 mM so-648 

lution of Ni3L2 in DMF recorded at -2.25 V vs. Fc+/0 at 1 mm glassy carbon electrode; Figure S17: 649 

Simulated (blue line) and experimental (dotted line) cw X-band EPR spectrum of a 1 mM solution 650 

of Ni3L2 in DMF at T=50K recorded upon chronoamperometry at -1.50 V vs. Fc+/0 at 1 mm glassy 651 

carbon electrode; Figure S18: Successive cyclic voltammograms of a 1 mM solution of Ni3L2 in 652 

DMF (0.1 M NBu4PF6) recorded at a glassy carbon electrode with increasing amounts of TFA at 653 

500 mV s−1. Potential are referenced to the Fc+/0 electrode; Figure S19: Plot of icat of Ni3L2 for in-654 

creasing concentrations of TFA at different scan rates; Figure S20: Cyclic voltammograms re-655 

corded after electrocatalysis of Ni3L2 upon washing the working electrode and immersion into a 656 

fresh solution of dry DMF (0.1M NBu4PF6, black dashed line) and in the presence of 100 mM of 657 

TFA (blue line). Scan rate 500 mV s-1; Figure S21 : Electrocatalytic hydrogen production vs. time, 658 

by applying -1.70 V vs. Fc+/0 to a pool mercury working electrode in 0.1 M NBu4PF6 solution of 659 

DMF containing 100 mM TFA in the absence (red line) and presence of 1 mM of Ni3L2 (black line); 660 

Figure S22: Coulometry during bulk electrolysis experiment at -1.70 V vs. versus Fc+/0
 
using a pool 661 

mercury working electrode. The electrolytic solution contains 0.1 M NBu4PF6 in DMF, 100 mM 662 

TFA and 1 mM of Ni3L2; Figure S23: Plot of 
    

  
  versus inverse of the square root of the scan 663 

rate (     ) for Ni3L2 in DMF in the presence of different amounts of TFA. The plots were derived 664 

from the voltammograms recorded at different scan rates in the absence and presence of proton 665 

source; Figure S24: Plot of  
    

  
  versus the square root of the acid concentration (          for 666 

Ni3L2 in DMF at different scan rates. The plots were derived from the voltammograms recorded 667 

at different scan rates in the absence and presence of proton source; Figure S25: Plot of      versus 668 

the [Ni3L2] concentration in DMF in the presence of 100 mM TFA at 500 mV s-1; Figure S26: Spin 669 

density plot (a) and localized Singly Occupied Molecular Orbital (SOMO, b) for Ni3L2 after two 670 

subsequent one-electron reduction reactions. The complex is in a triplet dianionic state; Figure 671 

S27: Potential energy surface scans for the proton transfer between TFAH and Ni3L2 after the first 672 

(left) and second (right) reductions (top), free energy diagrams of the proton transfer, where the 673 

transition state was taken as the highest point in the PES scan (middle) and transition state ge-674 

ometries, with Ni-H and OTFA-H distances displayed in Å (bottom). Their cartesian coordinates 675 

are provided in Tables S14 and S15; Table S1: Crystal data and details of data collection for Ni3L2; 676 

Table S2: Bond distances (Å) and angles () for Ni3L2; Table S3: Selected features of the electronic 677 

absorption spectra of H6L and Ni3L2 in DMF; Table S4: Selected intense transitions in the calcu-678 

lated UV-vis spectra of Ni3L2 and their assignment with difference densities (yellow: density loss, 679 

red: density gain; CT: charge transfer, MMCT: metal-to-metal CT, LMCT: ligand-to-metal CT, 680 

MLCT: metal-to-ligand CT; d → d: local excitation on the metals, L → L: local excitation on the 681 

ligands, see Figure S11 for depictions); Table S5: Comparison of free energies for each oxidation 682 

state of Ni3L2 for up to three reduction events (top) and comparison of free energies for the neu-683 

tral state of Ni3L2 including 2 bound DMSO molecules (bottom); Table S6: Redox potentials of 684 

Ni3L2, considering three successive one-electron as well as two-electron reduction events for the 685 

deprotonated complex, and redox processes including protonation of the complex. We are con-686 

sidering Nic as our protonation site (see Mechanistic considerations section in the main text). All 687 

results are reported vs. Fc+/0 electrode, where the reference was calculated to be -4.87 V using the 688 

same level of theory (BP86/def2-TZVP(-f), CPCM(DMF)); Table S7: Mulliken spin densities of the 689 

Ni centers (central, c and side, s and s’) in the one-, two-, and three-electron reduced complex 690 

Ni3L2; Table S8: Relative pKa values for Ni3L2 before reduction steps. Values are relative to the free 691 

energy of protonating the Nic atom. ‘X’ corresponds to cases where geometry optimization of the 692 

protonated complex showed cleavage of the complex. Cleavage cases are not considered, as they 693 

will affect the ability to restore the catalyst at the end of the catalytic cycle; Table S9: Cartesian 694 

coordinates of Ni3L2 used as the reference for the study including 2 DMSO; Table S10: Cartesian 695 

coordinates of Ni3L2 in its neutral form (Q = 0, S = 0); Table S11: Cartesian coordinates of Ni3L2 in 696 

its monoanionic form (Q = (-1), S = 1/2), Table S12: Cartesian coordinates of Ni3L2 in its dianionic 697 

form (Q = (-2), S = 1), Table S13: Cartesian coordinates of Ni3L2 in its trianionic form (Q = (-3), S = 698 

1/2) Table S14: Cartesian coordinates of TS for the proton transfer between Ni3L2 and TFAH after 699 

the first reduction (Q = (-1), S = 1/2); Table S15: Cartesian coordinates of TS for the proton transfer 700 

between Ni3L2 and TFAH after the second reduction (Q = (-2), S = 1). 701 
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