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Abstract 

We report a trinuclear copper(II) complex, [(DAM)Cu3(μ3-O)][Cl]4 (1, DAM = dodecaaza 

macrotetracycle), as a homogeneous electrocatalyst for water oxidation to dioxygen in phosphate-buffered 

solutions at pH 7.0, 8.1 and 11.5. Electrocatalytic water oxidation at pH 7 occurs at an overpotential of 550 

mV with a turnover frequency (TOF) of ~10 s-1 at 1.5 V vs NHE. Controlled potential electrolysis 

experiments at pH 11.5 over 3 h at 1.2 V and at pH 8.1 for 40 min at 1.37 V vs NHE confirm the evolution 

of dioxygen with Faradaic efficiencies of 81% and 45%, respectively. Rinse tests conducted after CPE 

studies provide evidence for the homogenous nature of the catalysis. The linear dependence of the current 

density on the catalyst concentration indicates a likely first-order dependence on the Cu precatalyst 1, while 

kinetic isotope studies (H2O versus D2O) point to involvement of a proton in or preceding the rate 

determining step. Rotating ring-disk electrode measurements at pH 8.1 and 11.2 show no evidence of H2O2 

formation and support selectivity to form dioxygen. Freeze-quench EPR studies during electrolysis provide 

evidence for the formation of a molecular copper intermediate. Experimental and computational studies 

support a key role of the phosphate as an acceptor base. Moreover, DFT calculations highlight the 

importance of second-sphere interactions and the role of the nitrogen-based ligands to facilitate proton 

transfer processes.   

 

Introduction 

 

 Society depends on fossil fuels for energy production, but combustion of hydrocarbons produces CO2, 

a known greenhouse gas, as a waste product.1 Therefore the development of sustainable energy production 

based on carbon-neutral sources is of continuing interest.1, 2 Artificial photosynthesis, which converts 

renewable energy sources to chemical fuels is a promising alternative to the use of fossil fuels.3-5 The most 

direct chemical process for artificial photosynthesis of chemical fuels is net water splitting to form 

dihydrogen and dioxygen; the two half reactions for water splitting are the hydrogen evolution reaction 

(HER; cathodic process) and the oxygen evolution reaction (OER; anodic process) (Figure 1). The 

complexity of the water oxidation reaction, in which four electrons and four protons are transferred with 

the formation of an oxygen-oxygen multiple bond, results in kinetic challenges for selectivity.6 A specific 

obstacle is the formation of metal oxo intermediates, which are important for the ultimate formation of the 

O−O bonds, as they are often stable, which can slow or prevent catalytic turnover.7, 8 In nature, multi-

electron and multi-proton processes are accomplished by enzymes whose active sites are commonly 

multinuclear clusters. For example, in photosystem II, the oxygen evolving complex (OEC) contains a 

Mn4CaO5 cluster responsible for water splitting and dioxygen evolution, which overcomes the challenge of 

the multi-electron water oxidation by accumulation of redox equivalents across the four manganese 

centers.9-14 Despite intense study and significant fundamental advancements focused on catalytic materials 

for electrocatalytic water oxidation, this reaction remains one of the foremost challenges in molecular 

chemical catalysis.5, 6, 15-17 
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Figure 1. Overall water splitting reaction and half-reactions.  

 

 In the last decade, there has been increased interest in molecular catalysts for electrocatalytic water 

oxidation that are based on first-row transition metals.6, 18-23 In particular, copper catalysts are of interest 

due to copper’s earth abundance.24, 25 Since Mayer and coworkers reported a molecular copper catalyst 

precursor for water oxidation in 2012,26 additional progress has been made studying new molecular copper 

catalysts. Until recently, most copper mononuclear catalysts only operated under basic conditions (pH ≥ 

8),27-43 with limited examples of copper molecular catalysts at neutral pH.44-48 Two copper complexes 

containing macrocyclic nitrogen-donor ligands,44, 46 a copper(II) species that contains a substituted 

pyridyl(ethyl) amine ligand,47 and a copper(II) complex with an aryl oxime ligand45 catalyze water 

oxidation at pH 7 in phosphate buffer solution. Recently, Cao and coworkers have published a copper(II) 

porphyrin complex that catalyzes water oxidation at neutral pH and the two-electron oxidation of H2O to 

H2O2 at pH 3. This is a rare example of a molecular copper catalyst for water oxidation that operates at pH 

< 7.48 

 Electrochemical water oxidation with molecular catalysts is proposed to occur mainly through two 

mechanisms  ̶  water nucleophilic attack (WNA) via a single-site mechanism, and the less commonly 

demonstrated interaction of two M–O units (I2M) where the coupling of two radical metal-oxyl centers to 

form an O–O bond occurs (Scheme 1).49, 20, 50, 51, 47 Compared to mononuclear catalysts, multinuclear copper 

complexes can potentially access alternative reaction pathways, as it is conceivable that multiple metal 

centers can access cooperativity between the metal sites. That is, multinuclear copper complexes make 

attractive catalysts for water oxidation due to the possibility of delocalizing redox equivalents across the 

multiple metals and can be potentially advantageous for avoiding high-energy high-valent copper oxo 

species that are often proposed in single-site catalysis. In fact, for dinuclear copper compounds, 

cooperativity between two formally CuIII centers for O−O bond formation has been proposed.52, 53 Other 

unique mechanistic possibilities exist for multinuclear complexes: redox isomerization (RI) has been 

proposed for copper dinuclear catalysts.42  

 

 
Scheme 1. Mechanisms for the formation of O−O bonds; a) water nucleophilic attack (WNA); M=O bond 

order is dependent on the d-electron count of the metal center and geometry. b) Interaction of two M–O 

species (I2M). c) Redox isomerization (RI) for dinuclear catalysts.  

 

 For context, the known multinuclear complexes most relevant to the trinuclear catalyst precursors 

studied herein will be discussed. A copper (II) dinuclear complex containing a naphthyridine ligand (C, 

Scheme 2) catalyzes electrochemical water oxidation at neutral pH with a TOF of 0.6 s-1 at 1 V 

overpotential.52 DFT calculations predict that a pyridyl site in the ligand framework can act as an 

intramolecular proton acceptor; the pyridine is proposed to form a hydrogen bond with a hydroxyl ligand 

to facilitate intramolecular coupling in the formation of the O−O bond. A related unsymmetrical complex 

with one fewer pyridyl site requires buffer to assist the proton transfer, highlighting the potential role of the 

pyridyl ligand.54 Another copper (II) dinuclear catalyst containing a tris(pyridylmethyl)amine ligand (B, 

Scheme 2) was found to oxidize water at basic pH (12.5) with a TOF of 33 s-1 at ∼1 V overpotential.42 A 

kinetic isotope effect (KIE) of 2.1(2) indicates the likelihood of a proton coupled electron transfer (PCET) 

as the rate limiting step,55 and calculations support water nucleophilic attack on a dinuclear Cu(III) 

intermediate,{[LCuIII]2-(μ-O)2}2+, followed by redox isomerization. Dinuclear copper complexes with 

oxamide ligands (A, Scheme 2) were found to be active for both water oxidation and water reduction.56, 57  

 A recent study compares electrocatalytic water oxidation mediated by a dinuclear dipyridyl amino 

copper complex to the behavior of its analogous mononuclear species.58 DFT calculations indicate 
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cooperation between the two copper centers of the dinuclear complex in the O−O bond formation step. Two 

trinuclear copper phosphonate complexes (as an example see D, Scheme 2) have been shown to be active 

electrocatalysts for water oxidation at neutral pH with low TOFs (0.58 and 0.82 s-1 at ∼800 mV 

overpotential).59 Inspired by the Mn4CaO5 site of the OEC, tetranuclear copper clusters have also been 

studied (for example, E and F, Scheme 2).60-63 A complex with a chair-like Cu4O4 core is a water oxidation 

catalyst (WOC) at pH 7 with an overpotential of 730 mV.60 Cubane-like Cu4O4 clusters are also active 

electrocatalysts for water oxidation at basic pH (12.0) with high catalytic activity (TOFs of 267 s-1 at 1.2 V 

overpotential and 105 s-1 at 1.1 V overpotential).62 Based on Raman and electron paramagnetic resonance 

(EPR) data, the authors propose the Cu4
II species is oxidized by two-successive 2e- oxidations to form an 

intermediate Cu4
III species before reacting with hydroxyl.  

 Speculation that multi-nuclear Cu sites are important for recent reports of Cu/zeolite catalysts for 

thermal methane oxidation prompted our interest in multinuclear WOCs.64-67 Thus, we sought a well-

defined molecular trinuclear copper(II) complex, [(DAM)Cu3(μ3-O)][Cl]4 (1, DAM = dodecaaza 

macrotetracycle), as a catalyst for electrocatalytic water oxidation. The experimental results indicate that 

complex 1 is active for electrocatalytic water oxidation with low catalytic onset potentials at pH 7.0, 8.1 

and 11.5 and remains homogeneous in this pH range. High TOFs are obtained, 30.3 s-1 at pH 8.1 and 10.0 

s-1 at pH 7 at ∼800 mV overpotential. Moreover, both experimental and computational studies highlight 

the importance in the role of the buffer as a proton acceptor. DFT calculations indicate that the -NH groups 

of the ligand play a critical role as a proton shuttle.  

 

 
Scheme 2. Selected examples of multinuclear copper catalysts for electrochemical water oxidation. A: ref 

56 and 57, B: ref 37, C: ref 52, D: ref 59, E: ref 61, F: ref 63. 

 

 

Results and Discussion 

 

Synthesis and Characterization 

 

 The trinuclear copper complex [(DAM)Cu3(μ3-O)][Cl]4 (1) was synthesized with an isolated yield of 

67% via a metal templated synthesis by a modification of a reported method.68 The molecular structure was 

confirmed by single-crystal X-ray diffraction and features a (μ3-oxo)Cu3 core that adopts a molecular bowl 

shaped structure with each of the Cu(II) centers in a distorted trigonal bipyramid geometry with the µ3-oxo 

and a tertiary nitrogen on the apical positions (Figure 2). The equatorial plane is occupied by two secondary 

amine nitrogen atoms and a tertiary amine nitrogen atom. The presence of the coordinated N–H groups are 

potentially important, as secondary-sphere interactions can have critical roles in redox catalysis  and DFT 

calculations implicate this moiety in the mechanism for water oxidation (see below).69 The µ3-oxo ligand 

lies 0.560(2) Å above the Cu3 plane with Cu–O bond distances of ~1.89 Å, similar to the reported structure 

with perchlorate counterions.68 The UV-Vis spectrum of complex 1 in water and phosphate buffer shows a 

broad absorption band at 655 nm, characteristic of d-d transitions of the copper center (Figure S1).70, 71  
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Figure 2. a) Model of the structure of [(DAM)Cu3(μ3-O)][Cl]4 (1). b/c) Molecular structure (from single 

crystal X-ray diffraction study) with anisotropic displacement ellipsoids set at 50% probability. Hydrogen 

atoms and counterions have been omitted for clarity. Only the major position of the disordered atoms is 

shown. Selected bond distances (Å) and angles (): Cu1-O1 1.8987(18), Cu1-N5 2.062(3), Cu1-N4 

2.199(5), Cu1-N1 2.250(2), Cu1-N6 2.032(5), Cu1-N4A 2.074(6), Cu1-N6A 2.215(6), Cu2-O1 1.8960(19), 

Cu2-N8 2.048(3), Cu2-N7A 2.056(6), Cu2-N9 2.061(4), Cu2-N7 2.194(4), Cu2-N9A 2.211(6), Cu2-N2 

2.252(2), Cu3-O1 1.8915(18), Cu3-N11 2.054(2), Cu3-N10A, 2.075(5), Cu3-N12 2.099(4), Cu3-N10 

2.178(4), Cu3-N12A 2.207(5), Cu3-N3 2.229(2), Cu3-O1-Cu2 111.51(9), Cu2-O1-Cu1 111.60(9), Cu3-

O1-Cu1 111.90(9). 

 
Figure 3. a) Wide-scan 1H NMR spectrum of [(DAM)Cu3(μ3-O)][Cl]4 (1) in D2O. b) Cyclic voltammogram 

for complex 1 (0.5 mM) in 0.1 M phosphate buffer solution for scan rates of 50-1000 mV/s. c) Linear 

relation between the catalytic current density at Ep,c = − 0.20 V (blue fit) and at Ep,a = 0.29 V (black fit) and 

the square root of the scan rate (1/2) at pH 7 0.1 M phosphate buffer solution. 

  

 Wide-scan 1H NMR spectroscopy in D2O displays 15 broad paramagnetically shifted peaks from 434 

to -1 ppm (Figure 3a). The redox properties of complex 1 were investigated by cyclic voltammetry (CV) in 

phosphate buffer solution at pH 7. In phosphate buffer solution at pH 7, an irreversible reduction wave is 

observed at Ep,c = − 0.20 V vs NHE and an irreversible oxidation wave at Ep,a = 0.29 V vs NHE is observed 
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in the reverse scan (Figure 3b), both peaks are diffusion controlled (Figure 3c). These two peaks are 

assigned to the Cu3
II/Cu2

IICu1
I reduction and oxidation, respectively.  

 

Electrochemical studies 

 

Electrochemical water oxidation using 1 was initially tested by CV in a one-compartment cell (Figure 

S2) in a phosphate-buffered solution at neutral pH (pH 7). A 0.5 mM solution of complex 1 displays an 

irreversible catalytic oxidation wave with Ecat/2 of 1.36 V vs NHE (Figure 4), which corresponds to an 

overpotential of  ~550 mV.72 After 15 consecutive scans at 20 mV/s with a glassy carbon working electrode, 

no deposition was observed by visual inspection. The carbon electrode was then rinsed with water and 

placed in a fresh electrolyte solution for subsequent analysis.73 A slight increase in the current densities 

with respect to the background measurement was observed (Figure 4), suggesting that some deposition had 

occurred on the surface of the electrode. The changes observed in the CV waveform are most likely also 

due to copper deposition onto the GC electrode. However, the response was greatly diminished, indicating 

that the deposited material had minimal catalytic properties relative to the homogeneous species under these 

conditions. 

 
Figure 4. Consecutive cyclic voltammograms of 0.5 mM [(DAM)Cu3(μ3-O)][Cl]4 (1) at 20 mV/s (black) 

using a glassy carbon electrode at pH 7.0 0.1 M phosphate buffer solution. The CV from a rinse test after 

15 scans is shown in red. The background CV in the absence of 1 is shown in blue.  

 

 CV studies of complex 1 in phosphate-buffered solutions were conducted at a wide range of pH values 

(2.1, 4.1, 8.1 and 11.5; Figure 5). Complex 1 appears to be an effective catalyst for electrocatalytic water 

oxidation at pH 7.0, 8.1 and 11.5 by CV (Figures 4, 5c and d). With the purpose of confirming the structural 

integrity of complex 1 at these pHs, 1H NMR spectra of the complex was measured at pD 7.5, 8.9 and 11.9 

in 0.1 M phosphate buffered D2O (Figure S7). We found that the NMR spectra at these pHs is comparable 

to that of D2O, indicating that the main structure of the complex is maintained under these conditions.  

At pH 2.1, a new redox feature corresponding to the formation of copper (II) phosphate in solution appears 

at more reducing potentials (Ep,a = 0.21 V vs NHE; Figure 5a). At pH 8.1 and 11.5, a significant decrease 

in current density and changes in the waveform are observed through consecutive scans (Figures 5c and 

5d), likely attributed to copper (II) phosphate or copper oxide formation, respectively, according to the 

potential-pH diagram and low solubility at these pHs.74, 30 The variation in stability observed at the different 

pH values is also explained by the potential-pH diagram for a copper-phosphate-water system.74 When a 

fluorine-doped tin oxide glass (FTO) electrode was employed as the working electrode at pH 8.1, instead 

of glassy carbon (GC), catalytic water oxidation is also observed, together with good reproducibility 

between consecutive scans (Figure 6). As a control experiment, copper (II) phosphate was prepared in situ 

by addition of CuCl2 to phosphate buffer at pH 2.1 and 8.1. At pH 2.1, soluble copper phosphate is obtained 

which is inactive for water oxidation (Figure 7a). At pH 8.1, the addition of CuCl2 to the phosphate buffer 

resulted in the precipitation of Cu3(PO4)2 and the resulting suspension was found to be inactive for catalytic 

water oxidation (Figure 7b).39 Importantly, none of these tests suggest that any of these possible 

decomposition products are responsible for the observed catalytic activity. 
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Figure 5. Cyclic voltammograms of [(DAM)Cu3(μ3-O)][Cl]4 (1) at varying pHs: a) pH 2.1 b) pH 4.1 c) pH 

8.1 d) pH 11.5. Conditions: 0.5 mM of 1, GC electrode, scan rate = 30 mV/s, 0.1 M phosphate buffer 

solution. 

 
Figure 6. Cyclic voltammograms of [(DAM)Cu3(μ3-O)][Cl]4 (1) at pH 8.1. Conditions: 0.5 mM of 1, FTO 

electrode, scan rate = 30 mV/s, 0.1 M phosphate buffer solution. 

 

 

pH 8.1

pH 4.1

b)

pH 2.1

a)

c)

pH 11.5

d)

a) b)
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Figure 7. a) Cyclic voltammograms of in situ generated copper phosphate (red) and [(DAM)Cu3(μ3-

O)][Cl]4 (1) (black) at pH 2.1. b) Cyclic voltammograms of in situ generated copper phosphate (red) and 1 

(black) at pH 8.1. Conditions: GC electrode, 100 mV/s, 0.1 M phosphate buffer solution. 

 

 CV measurements confirmed that catalytic current densities, icat, increase with increasing concentration 

of 1 at pH 7 and, in a separate series of experiments, at pH 8.1 (Figures 8a and 8c). At both pH values, a 

linear relationship is observed from a plot of current density vs. concentration of 1 (Figures 8b and 8d). 

This indicates that the rate law for water oxidation catalyzed by 1 can be expressed by using a pseudo first-

order rate constant. The peak current for the CuII/I redox peaks are proportional to the square root of the 

scan rate at pH 7 (Figure S3b) and pH 8.1 (Figure S4b), which is indicative of diffusion-controlled redox 

processes.75 Although a kinetically limited regime for the catalytic response could not be established in 

variable scan rate studies (Figures S3a and S4a), an upper bound for the first-order rate constant kcat (or 

TOF) for the water oxidation reaction can be estimated from the catalytic current enhancement (icat/ip) by 

applying equation 1:76 

icat

ip
 = 2.24

ncat

np
3/2
√

RTkcat

F
                    (1) 

 

In this equation,  is the scan rate, R is the universal gas constant, F is Faraday’s constant, T is the absolute 

temperature, i cat and ip refer to the maximum current and the peak current of the CuII/I redox couple, 

respectively. The term np is the number of electrons transferred at Ep,a = 0.29 V, which we conservatively 

estimated to be 1, and the number of electrons transferred in the catalytic process ncat = 4 for water oxidation 

to dioxygen. We have used a corrected ncat value which reflects the experimental efficiency for H2O (see 

below). For pH 7.0 and 8.1, 45% of current generated O2 in a 4-electron process while the rest is assumed 

to be H2O2 in a 2-electron process, therefore ncat = 2.9 (0.45x4+0.55x2). The plot of icat/ip versus -1/2 shows 

a linear relationship (Figure 9), the slope of which yields an estimated theoretical maximum TOF of 19.1 

s-1 (Figure S3c) at pH 7 and of 57.7 s-1 (Figure S4c) at pH 8.1 at ∼800 mV overpotential. These data are 

obtained using a GC working electrode, between each scan the GC electrode was cleaned with dilute HNO3, 

polished and sonicated.  

 
Figure 8. a) Concentration dependence by CV from 0 to 1.84 mM of [(DAM)Cu3(μ3-O)][Cl]4 (1) at pH 7. 

b) Plot of the current density respect to the concentration of 1 displaying linear concentration dependence 

of current density at 1.5 V at pH 7 phosphate buffer solution. c) Concentration dependence by CV from 

a) b)

c) d)
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0.38 to 1.5 mM of 1 at pH 8.1. d) Plot of the current density respect to the concentration of 1 displaying 

linear concentration dependence of current density at 1.3 V at pH 8.1. Conditions: GC electrode, 0.1 M 

phosphate buffer solution, scan rate = 100 mV/s. 

 

 The TOF values were also estimated from controlled potential electrolysis (CPE) data as described by 

Saveant and coworkers at pH 8.1 and 11.4 (see Supporting Information).77 The TOF values were determined 

to be 1.9 s-1 at pH 8.1 and 99.4 s-1 at pH of 11.4.  

 The TOF values obtained for complex 1 are in the higher range for molecular copper catalysts at neutral 

pH (Table 1). The most active mononuclear copper WOCs at neutral pH are a copper(II) complex with a 

tetra-amidate macrocyclic ligand with a TOF of 140 s-1 at an overpotential of only 200 mV,78 a copper(II) 

complex with a redox-active oxime ligand with TOF of 100 s-1 at an overpotential of 680 mV,45 a copper(II) 

porphyrin, and a copper(II) complex with a tetradentate amine macrocycle both with TOF of 30 s-1 at an 

overpotential of 950 mV.48, 46 For multinuclear copper WOCs the highest TOF are reported by Kiebler-

Emmons and coworkers for the dinuclear complex, [(Me2TMPA-Cu2)2(µ-OH)2]2+, which was demonstrated 

to oxidize water with a TOF of 33 s-1 at pH 12.5 at ∼1 V overpotential (Entry 1, Table 1) and for copper 

cubane complexes, [(LGly-Cu)4] and [(LGlu-Cu)4] (LGly = 3-methoxy-salicylidene-glycine; LGlu = 3-methoxy-

salicylidene-glutamic acid), achieving TOF values at pH 12.5 of 267 s-1 at 1.2 V overpotential (entry 9, 

Table 1) and 105 s-1 at 1.1 V overpotential, respectively.62, 42 However, these values are obtained in alkaline 

solutions at relatively high overpotentials. At neutral pH, dinuclear and multinuclear copper WOCs have 

sluggish rates. The two previously reported trinuclear copper WOCs, [Cu3(pda)3(tBuPO3)]·2(Et3NH) and 

[Cu3(pda)3(PhPO3)]·2(Et3NH) (pda = 2,6-pyridinedicarboxylic acid), have TOF of 0.82 and 0.58 s-1, 

respectively, at pH 7 at ∼800 mV overpotential (entry 5, Table 1).59 

 
Figure 9. Plot of the ratio of the catalytic current at 1.6 V to the peak current for the Cu(II/I) couple vs. -

1/2 with the intercept of the linear fit set at 0. Conditions: 0.5 mM of [(DAM)Cu3(μ3-O)][Cl]4 (1) in 0.1 M 

phosphate buffer solution at: a) pH 7 and b) pH 8.1. 

 

Table 1. Selected examples of multinuclear copper water oxidation catalysts.  

 

 

 

Entry Catalyst Concen. 

(mM)

pH Electrolyte η

(mV)

TOF (s-1) Reference

1 [(Me2TMPA-Cu2)2(µ-OH)2]
2+ 1.0 12.5 NaOH/NaOTf 720 33 37

2 [Cu2(BPMAN)(µ-OH)]3+ 1.0 7.0 PBS, 0.1 M 800 0.6 52

3 [Cu2(TPMAN)(μ-OH)(H2O)]3+ 1.0 7.0 PBS, 0.1 M 780 0.78 54

4 [Cu(oxpn)Cu(OH)2] 1.0 10.4 PBS, 0.25 M 640 6.7 56

5 [Cu3(pda)3(PhPO3)]·2(Et3NH) 0.5 7.0 NaOH/NaOAc 800 0.58 59

6 [(DAM)Cu3(μ
3-O)][Cl]4 (1) 0.5 7.0 PBS, 0.1 M 800 19.1(a) This Work

7 [(DAM)Cu3(μ
3-O)][Cl]4 (1) 0.5 8.1 PBS, 0.1 M 800 3.6(b)/57.7(a) This Work

8 [(DAM)Cu3(μ
3-O)][Cl]4 (1) 0.5 11.4 PBS, 0.1 M 800 122.6(b) This Work

9 LGly-Cu4O4 0.25 12.0 PBS, 0.2 M 620 267 62

10 [Cu4(H2Lpa)4]
4+ 0.2 12.5 NaOH/NaOAc 500 0.8 61

11 [Cu4(bpy)4(m2-OH)2(m3-OH)(H2O)2]
2+ 1.0 7.0 PBS, 0.1 M 730 - 60

Me2TMPA = bis((6-methyl-2-pyridyl)methyl)(2-pyridylmethyl)-amine); BPMAN = 2,7-[bis(2-pyridylmethyl)aminomethyl]-1,8-naphthyridine; oxpn = N,N’-bis(3-

aminopropyl) oxamido; pdaH2 = 2, 6-pyridinedicarboxylic acid; DAM = dodecaaza macrotetracycle; Lgly = 3-methoxy-salicylidene-glycine; H2Lpa = 1,3-bis(6-hydroxy-

2-pyridyl)-1H-pyrazole; bpy = 2,2’-bipyridine. (a) Determined by icat/ip method (b) Determined from CPE data.
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 Using 1H NMR spectroscopy, no evidence for deuterium exchange is observed with complex 1 in 

phosphate buffered D2O solutions at pD 7; the same number of peaks are observed and no decrease in the 

intensity of any of the peaks is observed even after a week at room temperature (Figures S5 and S6). CVs 

of complex 1 in D2O display a decrease in the catalytic current compared to CVs in H2O under the same 

conditions (Figure 10). Although the catalytic response obtained in D2O did not exhibit a clear current peak, 

we estimated a moderate KIE of 2.2(2) at 1.50 V by comparing the peak current observed for catalytic water 

oxidation in H2O to the analogous experiment in D2O (0.1 M phosphate buffer solution) according to 

equation 2, where the ratios of the apparent rate constants (kcat) are proportional to the catalytic current (icat) 

ratio squared.55 Note that the standard deviation is the result of three independent experiments. This KIE 

value is consistent with involvement of a proton in the rate determining step or preceding the rate 

determining step, resulting from cleavage of a water or phosphate O−H bond. The value is within the range 

(1.81-2.46) of those obtained for mononuclear and dinuclear copper complexes.45, 54, 31, 34, 46, 48 This value is 

significantly smaller than the substantial KIE value of 20 obtained for a copper(II) dinuclear catalyst with 

a tris(pyrazolyl)amine type ligand.42 It also differs from the lack of KIE (KIE = 1) observed for a copper 

(II) dinuclear complex with a naphthyridine ligand; in the proposed mechanism the O−O bond is formed 

by intramolecular coupling between a terminal copper hydroxo and a Cu2(m-O).52, 53  

 

KIE = 
kcat,H2O

kcat,D2O

 = (
icat,H2O

icat,D2O

)

2

                          (2) 

 
Figure 10. Comparison of electrocatalysis by [(DAM)Cu3(μ3-O)][Cl]4 (1) in D2O vs H2O at 20 mV/s in 0.1 

M phosphate buffer solution at pH 7 (blue) and 0.1 M deuterated phosphate buffer solution at pD 7 (red). 

The KIE was calculated to be 2.2(2) at 700 mV overpotential.  

 

 The influence of the electrolyte was tested by CV measurements in different buffers (Figure S7). 

Complex 1 was found to be unstable in borate buffer with the catalytic current decreasing significantly after 

just four scans. A current enhancement is observed in the phosphate buffer compared to the acetate buffer 

similar to other molecular water oxidation catalysts.79-81  

 In order to further understand the role of the buffer base, CV measurements at different phosphate base 

concentrations (0 to 0.2 M) were obtained while maintaining a constant ionic strength of the solution at 0.2 

M with addition of NaNO3 (Figure 11). The current density increases with the concentration of phosphate 

buffer in the range of 0 to 0.1 M. At high buffer concentrations ([phosphate buffer] > 0.1 M) an inhibition 

of the catalysis is observed,79, 82 possibly due to the coordination of phosphate ligands to the metal center 

preventing the coordination of water. Assuming the main effect is the difference in proton acceptor ability 

and there is no inhibitory coordination effect of the nitrate anions, the enhancement in catalytic current with 

increasing phosphate concentration has previously been explained by the stronger proton acceptor ability 

of phosphate anions pKa (H2PO4
−) = 7.2 respect to H2O with pKa (H3O+) = −1.74 and nitrate with pKa 

(HNO3) = −1.3, and the potential role of the phosphate in aiding the deprotonation of water during the rate-

limiting O−O bond formation step.80, 82, 31, 83, 58  
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Figure 11. Plot of catalytic current density at 1.5 V respect to phosphate buffer concentration. Conditions: 

0.5 mM of [(DAM)Cu3(μ3-O)][Cl]4 (1), pH = 7, scan rate = 100 mV/s. Ionic strength (I = 0.2 M) was 

maintained by addition of NaNO3. 

 

  

 Dioxygen evolution was confirmed at pH 11.5 by CPE at 1.2 V on an FTO electrode with a surface 

area of 1 cm2 employing 0.5 mM of 1 in 0.1 M phosphate buffer in a closed two-compartment cell with the 

cathode and anode separated by a NafionTM membrane (Figure S9). FTO was used as the working electrode 

due to its high surface area and high electrochemical stability at highly positive potentials with respect to 

GC (carbon oxidation to CO2 can take place under harsh oxidizing conditions).84, 85 CPE with a 0.5 mM 

solution of 1 displayed current densities between 1.5 and 2 mA/cm2 with a gradual decrease in current over 

time (Figure 12a). After 3 h of CPE, the pH was found to be 10.9. We propose that a contributing factor to 

the observed decrease in current density during electrolysis can be attributed to the increasingly acidic pH. 

The dioxygen in the solution and headspace was measured using a calibrated Ocean Optics FOXY probe. 

Dioxygen production in the headspace at pH 11.5 occurs at a higher level than in control experiments 

without complex 1 (Figure 12b) with a Faradaic efficiency after 3 h of 81% and correcting for background 

dioxygen from cell leakage. After 3 h of CPE, no particle or film formation was detectable by scanning 

electron microscopy (SEM) of the FTO, and only small amounts of copper were detected by energy 

dispersive X-ray spectroscopy (EDX) on the FTO surface (Figure S11b). The FTO working electrode used 

for electrocatalytic water oxidation at pH 11.5 displayed no catalytic response in a fresh, catalyst free 

electrolyte solution at 1.2 V for 3 h (Figure 12a, blue trace).73  

 At a lower pH of 8.1, current densities of 0.5 mA/cm2 were obtained by CPE at 1.37 V on an indium 

tin oxide (ITO) electrode with a surface area of 6.25 cm2 in a 100 mL two-compartment bulk electrolysis 

cell (Figure S10) employing 0.5 mM of 1 (Figure 12c). Dioxygen was measured in the buffer solution using 

a calibrated Ocean Optics FOSPOR probe. Under these conditions and after correcting for background 

dioxygen from cell leakage, a Faradaic efficiency of 45% is obtained after 40 min of CPE. The ITO working 

electrode used for electrocatalytic water oxidation at pH 8.1 at 1.37 V for 40 min, displayed a significantly 

reduced catalytic response in a fresh, catalyst free electrolyte solution (Figure 12c, blue trace).73 The activity 

observed in the first three minutes of the rinse test is likely due to physisorption of complex 1 onto the FTO 

electrode. After 40 min of CPE, no particle or film formation was detectable by SEM, and trace amounts 

of copper were detected by EDX over the surface of the ITO (Figure S11d). These data are consistent with 

a homogeneous process under these conditions. UV-Vis spectra before and after the electrolysis at both pH 

values (11.5 and 8.1) show a decrease in absorbance after the catalysis (Figure S12). The relatively low 

Faradaic efficiencies, coupled with the change in solution composition, are an indication of potential 

degradation of 1 to non-catalytic species under the oxidative conditions of catalysis. 
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Figure 12. a) Current density during controlled potential electrolysis (CPE) with 1 (0.5 mM), without 

catalyst and during a rinse test at pH 11.5 at 1.2 V vs. NHE. b) Dioxygen concentration in the headspace 

during CPE with 1 (0.5 mM; black trace), without catalyst (red trace) and during a rinse test (blue trace) at 

pH 11.5 at 1.2 V vs. NHE. c) Current density during CPE with 1 (0.5 mM; black trace), without catalyst 

(red trace) and during a rinse test (blue trace) at pH 8.1 at 1.37 V vs. NHE. d) Dioxygen concentration in 

the solution during CPE with 1 (0.5 mM; black trace) and without catalyst (red trace) at pH 8.1 at 1.37 V 

vs. NHE.   

 

 Due to the moderate Faradic efficiencies obtained, experiments were performed to investigate water 

oxidation selectivity with a rotating ring (Pt)-disk (GC) electrode (RRDE). At both pH 11.2 and 8.1, no 

anodic current of H2O2 oxidation could be detected at the Pt ring electrode indicating the likely absence of 

H2O2 providing evidence for selective oxidation of water to dioxygen (Figure 13). 

 

 
Figure 13.  a) Rotating ring (Pt)-disk (GC) electrode (RRDE) Analysis of 0.5 mM [(DAM)Cu3(μ3-O)][Cl]4 

(1) in pH 11.2 0.1 M phosphate buffer solution. The potential of the ring electrode is maintained at 0.76 V 

vs. NHE. Rotation rate is 1600 rpm, and the scan rate is 10 mV/s. b) Rotating ring (Pt)-disk (GC) electrode 

(RRDE) Analysis of 0.5 mM 1 in pH 8.1 0.1 M phosphate buffer solution. The potential of the ring electrode 

is maintained at 0.85 V vs. NHE. Rotation rate is 1600 rpm, and the scan rate is 10 mV/s. 
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EPR studies 

 

To further investigate complex 1 under catalytic conditions and identify potential decomposition of the 

complex during electrolysis, EPR spectra were recorded of a 50 mM solution of 1 in 0.1 M phosphate buffer 

solution at pH 7. Higher concentrations of 1, relative to electrochemical experiments, were used due to the 

low EPR signal from the complex. The frozen solution EPR spectrum of the pristine reaction solution is 

shown in Figure 14 (black spectrum). Such a solution was then used in an electrochemical two-electrode 

cell, applying a potential of 2 V between a glassy carbon and a platinum electrode. While operating, the 

cell was freeze-quenched in liquid nitrogen. In this frozen state the potential was switched off and the cell 

was disassembled. A piece of the frozen solution, which was attached to the glassy carbon, was inserted 

into a precooled EPR tube and directly transferred to the EPR resonator in a cryostat at 5 K (Figure 14, red 

spectrum). After the measurement, the sample was warmed to room temperature outside the cryostat and 

reinserted after 30 minutes to record another EPR spectrum at 5 K (Figure 14, blue spectrum).  

The EPR spectra consist of two contributions, one originating from complex 1 and another from 

dioxygen in the sample. At X-band, dioxygen induces a characteristic signal at ~1200 mT, which can be 

used as a fingerprint for the presence and concentration changes of dioxygen.86 It can easily be distinguished 

from the EPR spectrum of complex 1, which had previously been reported by Solomon and Yoon.71 The 

latter consists of two lines, one at an effective g factor of geff = 2.1 and another at geff = 4.3, which is 

characteristic for a high spin complex. The EPR spectrum contribution of complex 1 in buffer solution 

differs from the EPR spectrum of the solid powder and cannot be fitted accurately with the published 

parameters.71 The interaction of complex 1 with the electrolyte seems to induce a significant change in the 

electronic structure, and a fitting based on one frequency band would be debatable.  

When comparing the EPR spectrum of the fresh reaction solution with the freeze-quenched spectrum 

of the running cell, changes can be identified.87 The increased amount of dissolved dioxygen caused by 

electrolysis is visible, providing additional confirmation of the catalytic formation of dioxygen. After 

thawing and refreezing the dioxygen peak decreases again, indicating dioxygen concentration equilibration 

in a previously oversaturated solution, which demonstrates the successful freeze quenching of the solution 

during the OER. Furthermore, the EPR peak at geff = 2.1 increases and shifts to a slightly lower geff. The 

large line width prevents an exact assignment of this effect. Since the geff = 4.3 peak is hardly affected, it 

may tentatively be assigned to a reduction of anisotropies that initially show a broader distribution. 

However, this needs to be investigated in more detail in future work. On the other hand, it can be excluded 

that this signal belongs to a mononuclear Cu(II) complex with spin S = ½ that may be formed due to 

degradation of complex 1, because there is no observable hyperfine structure or typical anisotropic features 

that are very characteristic for such spin systems.88 The change in the spectrum is likely caused by a 

complex that still maintains a copper trinuclear core. Warming the freeze-quenched sample induces further 

change in the complex 1 EPR spectrum, suggesting that freeze quenching could successfully capture a 

transient state and that a stable odd-electron intermediate from the catalytic cycle exists.  

 
Figure 14. X-band c.w.-EPR spectrum (9.734 GHz microwave frequency) of a 50 mM reaction solution of 

[(DAM)Cu3(μ3-O)][Cl]4 (1) in 0.1 M phosphate buffer solution at pH 7 at 5 K. Pristine reaction solution 

under air (black), freeze-quenched reaction solution of a running electrolysis (red), and the same sample 

recorded post-test after standing 30 min at room temperature (blue).  

 
DFT calculations 
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Scheme 3. Mechanism for the oxygen evolution reaction on [(DAM)Cu3(μ3-O)][Cl]4 (1 or M1). 

 

 Density Functional Theory (DFT) was used to probe the reaction mechanism. We have previously used 

this methodology to determine the reaction mechanism and rate constants for the OER on several 

electrocatalysts: IrO2,89 Fe doped NiOOH,90 Ir doped (Ni,Co)OOH,91 and Co-doped TiO2.92 The results of 

the calculations are overviewed in Schemes 3, 4 and 5.  

 The initial unactivated complex, trinuclear Cu(II) complex 1 is labeled M1 (Scheme 3), which has 3 

CuII sites bridged by a single O atom, leading to 3 unpaired spins to give an overall S = 3/2 quartet state. 

The DFT-optimized structure is compared with the crystal structure in Figure 2. The predicted minimized 

bond distances are Cu–O = 1.96 Å compared to ~1.90 Å in the experimental crystal structure (Figure 2). 

The DFT predicted Cu–O–Cu angle is 107.8  compared to 111.5 to 111.9  from the experimental crystal 

structure. The DFT calculations were performed using the high-spin state, S = 3/2. From the EPR data we 

can exclude the formation of a stable S = 1/2 state, as we would expect a room temperature spectrum and 

no geff = 4.3 peak. As the frozen state of the system is a high-spin state this state is likely lower in energy. 

However, we cannot discard a mixture of an S = 1/2 state and S = 3/2 state. 

Removing an electron from M1 gives M2 with a total of four unpaired spins. We calculated the high-

spin S = 2 state with DFT. We again anticipate the possibility of one low-lying singlet state and one low-

lying triplet state, but these cannot be reliably obtained from DFT. For M2, all Cu–O distances remain 

~1.96 Å. The only notable change in M2’s structure is that the axial Cu-N distances increase from 2.25 Å 

to 2.4 Å, indicating decreased donor-acceptor interactions (Figure 15). We calculate the ionization potential 

from M1 to M2 to be 5.44 eV (125.4 kcal/mol) in implicit phosphate solvent. Taking the reference for NHE 

as 4.42 eV, this corresponds to 1.02 VNHE or 1.69 VRHE at pH = 11. This is in reasonable agreement with 

our experimental observation of 1.2 V vs. NHE at pH = 11.5. At 1.2 V vs. NHE, conversion of M1 to M2 

is downhill 4.2 kcal/mol, as opposed to uphill 125.4 kcal/mol in the absence of a potential. 

 

 
Figure 15. DFT-optimized M1 (left) and M2 (right) with closeups on the active sites (distances are in Å). The two 

structures are nearly identical with the 3 Cu-O distances remaining 1.96 Å, although the axial Cu-N distances increase 

from 2.25 Å in M1 to 2.4 Å in M2. 

 

We predicted oxidation and reduction reactions of M1 (Figure S13) using DFT (including van der 

Waals corrections with PBF implicit solvent and using the vibrational frequencies to convert QM results to 

free energy activation energies at reaction temperature). Since a second oxidation of M1 was found to be 

highly unfavorable, we instead considered the deprotonation of a secondary amine ligand. This renders a 

second oxidation (to M4) feasible. Deprotonation of M2 to form water (M2 + OH- → M3 + H2O) occurs 
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at a N-bonded to Cu(III). We calculate the structure assuming high spin with four unpaired electrons (i.e. 

the S = 2 quintet state). The most energetic unpaired spin on the N should spin pair with the Cu spin to form 

an S = 1 state. DFT predicts this open shell triplet to be 0.9 kcal/mol lower than the S = 2 quintet, such that 

the triplet and quintet are nearly degenerate energetically. Deprotonation of N decreases the Cu–N bond 

distance to 2.15 Å from 2.23 Å in M2. The formation of M3 (Scheme 4) is calculated to be 4.0 kcal/mol 

downhill relative to M2 and 121.4 kcal/mol uphill relative to M1 (ignoring the applied potential).  

We predict that M3 is converted to M4 upon another single-electron oxidation. The reaction of M4 in 

association with water and phosphate leads to O–O bond formation (transition state M4TS discussed 

below). Geometry optimization of the M4-phosphatewater complex leads to three hydrogen bonds. The 

water forms two hydrogen bonds: one to the copper oxo and one to the phosphate. The phosphate makes 

one hydrogen bond to the water. Note that for O−O bond formation, the hydrogen bond between the water 

and the copper oxo must be broken. 

The product of O–O bond formation is M5 with a bridging hydroperoxide ligand, which is 8.3 kcal/mol 

below M4. The subsequent steps for OER are: the OOH ligand is deprotonated to give M6. Triplet O2 then 

desorbs from the complex to yield M7. Following liberation of dioxygen from M7, M1 can be regenerated 

by reaction with an incoming water molecule to form the m-OH copper species. Subsequent deprotonation 

of the m-OH by a nearby phosphate or hydroxy group yields M1.52 

 

Scheme 4. DFT free energy profile at 298 K for the preparation of M1 towards water oxidation. Each state has 4 Cl- 

counterions to balance charge and to reduce solvation energy error for charged species. 

 

 

Scheme 5. DFT free energy profile at 298 K for the oxygen-oxygen coupling mechanism. 3 Cl- counterions are included 

in the calculation for charge balance and to reduce solvation energy error for charged species. 

 

Our DFT calculations find that O–O bond formation is enabled by a second-sphere phosphate (Scheme 

5) in a transition state that involves one H2O and one O=P(O)2OH. In the calculated transition state (M4TS), 

an explicit singly-protonated phosphate is within van-der-Waals distance of the N with the unpaired spin, 

while a water molecule is near the O radical site and the phosphate as seen in Figure 16. We calculate a 

concerted process in which: (a) an O−O bond is formed between the copper oxo and water, (b) water 



15 

 

transfers a proton to the phosphate, and (c) the phosphate transfers a proton to the deprotonated nitrogen. 

Thus, phosphate serves as a proton shuttle and the pendent N is important for the critical O–O bond forming 

step. Calculations without an explicit phosphate result in a barrier of 32 kcal/mol, which is too high to 

corroborate the experimentally observed reaction rate. 

The 9-membered transition state (M4TS) for the rate-limiting O–O bond formation, leads to a 14.3 

kcal/mol barrier above the M4 state with an imaginary frequency of -1054 cm-1. At pH 8.1 and 11.4, the 

experimentally observed TOFs for water oxidation are 1.9 and 99 s-1, respectively. These experimental 

TOFs correspond to free energy barriers of 17.1 and 14.7 kcal/mol, in excellent agreement with the 14.3 

kcal/mol barrier predicted by DFT. Again, the product state M5 with new O−O and N−H bonds is 8.3 

kcal/mol downhill from the reactant M4, confirming the reaction is favorable.  

However, the O−O bond formation could also occur through a stepwise mechanism in which O−O 

bonding, O−H bond dissociation, and N−H bond dissociation do not occur simultaneously. We predict free 

energies of several possible intermediates to probe for potential stepwise mechanism (Scheme 5). One 

possible route is two concerted hydrogen transfers (one from water to the phosphate and one from phosphate 

to the nitrogen) followed by O−O coupling. The intermediate state between these two steps (M4b) is 36.0 

kcal/mol above the reactant state, which is well above our concerted transition state M4TS, making this 

two-step pathway unfavorable. Another route for water oxidation is proton transfer from the water to the 

phosphate (making the phosphate doubly protonated), followed by concerted O–O bond formation and 

phosphate to nitrogen proton transfer. This path goes through intermediate M4a, which is 20.1 kcal/mol 

higher than the reactant. Again, this intermediate is higher in energy than M4TS, making it unfavorable. 

Thus we consider that this two-step mechanism is not responsible for O−O bond formation. Finally, we can 

envisage a path where concerted water to phosphate proton transfer and O−O bond formation occur, 

followed by phosphate to nitrogen proton transfer. This intermediate (M4c) is 7.6 kcal/mol above the 

starting state. While this reactant is lower in energy than the other alternative intermediates, it is 15.9 

kcal/mol above M5 with the O−O already formed, suggesting that the preceding O−O bond forming 

transition state would be significantly higher than M4TS. Thus the pathway through M4c is not favorable. 

These alternative intermediates are too high in free energy to have transition states lower in energy than 

M4TS, indicating that any route through these intermediates is less favorable than the concerted pathway 

with its free energy barrier of 14.3 kcal/mol in basic conditions. 

 

 

Figure 16. DFT-optimized reactant (M4), transition state (M4TS), and product (M6) geometries for the O−O bond 

formation step. 

 

Summary and Conclusions  

In summary, our results demonstrate that [(DAM)Cu3(μ3-O)][Cl]4 (1) is a catalyst precursor for 

selective electrochemical water oxidation to form dioxygen in phosphate buffered solutions at pH 7.0, 8.1 

and 11.5. Measurements during controlled potential electrolysis verify the formation of dioxygen, while 

RRDE experiments confirm the selectivity to dioxygen. Control experiments are consistent with a 

homogeneous molecular catalyst as the active species. The secondary amine groups on the dodecaaza 

macrotetracycle ligand can provide hydrogen bonded networks, which aid in aqueous solubilization and 

stability. Moreover, DFT calculations indicate that the -NH- groups of the ligand are important in providing 

a pathway for proton movement in the vicinity of the copper center. Additionally, both experimental and 
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computational studies show that the choice of buffer base plays a critical role in molecular electrocatalytic 

water oxidation acting as a proton acceptor. This work highlights the importance of ligand design and the 

potential role of intramolecular proton relays in electrochemical water oxidation.  

Experimental Section 

 General Methods. All reagents and solvents were purchased from commercial sources and used 

without further purification unless stated otherwise. Deionized water was obtained from a Millipore 

Autopure system (18.2 MΩ, Millipore Ltd., USA). UV-Vis absorption spectra were recorded using a Cary 

60 UV-Vis Spectrophotometer. Scanning electron microscope (SEM) images and energy dispersive X-ray 

analysis (EDX) data were obtained at FEI Quanta 650. 1H NMR spectra are referenced to tetramethylsilane 

(TMS) using residual proton signals (1H NMR) of deuterated solvents and were recorded using a Bruker 

AV800 spectrometer. Deuterated solvents were used as received from a commercial source. Continuous 

wave (c.w.) X-band EPR measurements were performed on an ElexSys 560 spectrometer, equipped with 

an ER 4118X-MD5 Resonator and an Oxford Instruments cryostat. Microwave power was set to 0.75 mW, 

the field modulation frequency was 100 kHz, and the modulation amplitude was 4G. Infrared spectra were 

obtained using diffuse reflectance infrared Fourier-transform spectroscopy (DRIFTS) with Nicolet iS 50 

FT-IR (Thermo Scientific, USA) equipped with a DiffusIR™ diffuse reflectance cell (Pike Technologies).   

Elemental analyses were performed by Midwest Microlab, Indianapolis, IN, or the UVA Chemistry 

Department, Charlottesville, VA. 

 Synthesis of [(DAM)Cu3(μ3-O)][Cl]4 (1). The reaction was carried out under an atmosphere of 

dinitrogen inside a glovebox using a modification of a published procedure.68 To a dry methanol solution 

(100 mL) of CuCl2 anhydrate (1.38 g, 10.3 mmol) were added tris(2-aminoethyl)amine (3.14 g, 20.6 mmol) 

and paraformaldehyde (3.0 g, 100 mmol). The dark blue solution was heated at reflux for 20 hours until 

green precipitate was observed. The reaction mixture was filtered through a fine porosity frit, and the solid 

was washed with dry ethanol (20 mL) and dried in vacuo. The volume of filtrate was reduced to half in 

vacuo, and then the concentrated filtrate was heated to reflux. After 10 hours, green precipitate formed 

again. The green solid was collected by filtration out and washed with dry ethanol (20 mL) and dried in 

vacuo. Isolated yield of two filtrations = 67.3%. 1H NMR (800 MHz, D2O, 25 C): δ 433.5 (s, 1H), 258.6 

(s, 1H), 231.7 (s, 1H), 205.5 (s, 1H), 189.9 (s, 1H), 135.0 (s, 1H), 68.7 (s, 1H), 54.8 (s, 1H), 38.3 (s, 1H), 

35.3 (s, 1H), 34.1 (s, 1H), 9.1 (s, 1H), 8.5 (s, 2H), 4.3 (s, 1H), -0.6 (s, 1H). IR (NH): 3240 cm-1. μeff  (Evans, 

D2O, 25 ºC) = 3.2 μB. Anal. Calcd for C24H54N12OCl4Cu: C, 33.55; H, 6.34; N, 19.56. Found: C, 32.99; H, 

6.54; N, 19.16. 

 Electrochemistry. Unless otherwise noted, electrochemistry was performed using a CH Instruments 

CHI630E potentiostat. All electrochemical experiments were performed at room temperature. Glassy 

Carbon (GC), 1 cm2 fluorine-doped tin oxide glass (FTO) or 6.25 cm2 indium tin oxide (ITO) was used as 

working electrode, Ag/AgCl (3 M NaCl) as reference electrode and Pt wire as counter electrode. All 

potentials are reported versus the normal hydrogen electrode (NHE) by adding 0.205 V to the measured 

potential. GC working electrodes were polished for 10 minutes with a 0.05 µm Al2O3 slurry, sonicated for 

10 min in ultrapure water, and then rinsed prior to each experiment. FTO electrodes were sonicated in 

ultrapure water for 10 min and rinsed before each experiment. Solutions were purged with dinitrogen for 

10 min, and a stream of dinitrogen was maintained over solutions for the duration of the experiments. Cyclic 

voltammetry (CV) experiments were performed with a three-electrode system in a one compartment 

electrochemical cell. The reference and counter were as described above. In normal CV experiments, a 3.00 

mm (0.0707 cm2) geometric-diameter glassy carbon (GC) working electrode (BASi) was used.  

 Rotating ring (Pt)-disk (GC) electrode (RRDE) analysis. H2O2 was detected by electrochemical 

measurements using rotating ring (Pt)-disk (GC) electrode (RRDE) analysis. A Pine Research Rotating 

Ring Disk Electrode was employed with an electrode composed of a GC disk and a Pt ring electrode, with 

a collection efficiency of 37%, a ring-disk gap of 320 mm and the following diameters: 5.61 mm disk outer, 

7.92 mm ring outer and 6.25 mm ring inner. The solution is placed in a one-compartment cell with a the 

RRDE, reference (Ag/AgCl and HgO) and counter electrode (Pt) and nitrogen flow tubes, all of them fitting 

tightly. The electrodes were connected to a Biological potential station (Model VMP3) for electrochemical 

measurements. Before each experiment, the solution was purged with nitrogen during 30 minutes, and then 

a nitrogen atmosphere was maintained during the measurement. Electrochemical studies of complex 1 were 

conducted in 0.1 M pH 11.2 phosphate buffer (0.1 M) using linear sweep voltammetry (LSV) of the disk 

electrode with a scan rate of 10 mV/s. 

 Turnover frequency (TOF). Turnover frequency (TOF) was calculated from the icat/ip ratio as 

described in equation 1.76 The peak current for the oxidation Cu3
II/Cu2

IICu1
I peak at Ep,a = 0.29 (ip) was 

proportional to the square root of scan rate as required by the Randles-Sevcik equation. In order to reach 

steady-state conditions, CV was measured using high scan rates (1-8 V/s). The measured maximum 

catalytic current (icat) varied linearly with the concentration of catalyst.  
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np = 1 and is the number of electrons transferred in non-catalytic process (Cu3
II/Cu2

IICu1
I peak)  

ncat reflects the experimental efficiency for H2O. For pH 7.0 and 8.1, 45% of current generated O2 in a 4-

electron process while the rest is assumed to be H2O2 in a 2-electron process, therefore ncat = 2.9 

(45%x4+55%x2)  

icat

ip
 = 2.24

ncat

np
3/2
√

RTkcat

Fv
                    (1) 

The TOF values were also calculated from CPE data as described by Saveant and coworkers (see supporting 

information for a more detailed description).77 

 Controlled Potential Electrolysis (CPE). Controlled potential electrolysis experiments were 

performed in a either glass two-compartment cell separated by NafionTM membrane or a 100 mL 2-

compartment bulk electrolysis cell separated by a buffer saturated glass membrane and electrodes sealed 

with Dow Corning high vacuum grease. The NafionTM membrane (NafionTM-212, 50 μm thick, Sigma) was 

cut in square 4 x 4 cm pieces, and conditioned by sonicating in H2O2 (10% in H2O), then in H2SO4 (0.5 M) 

then in H2O for 30 min (2x) with thorough rinsing in water between each step, then stored in ultrapure water 

and superficially dried before use. For the two-compartment cell separated by NafionTM membrane, one 

side of the cell contained a 1 cm2 FTO working electrode and Ag/AgCl (3 M NaCl) reference electrode. 

While for the 100 mL 2-compartment bulk electrolysis cell 6.25 cm2 ITO is used as the working electrode. 

The other side contained a platinum wire counter electrode. Before starting the experiment, the side of the 

cell with the working electrode was purged with dinitrogen for 30-60 minutes. The cell was sealed and 

dioxygen concentration was measured before and during the electrolysis. During the experiment, the 

solutions in the compartments with the working electrode was vigorously stirred. The produced dioxygen 

was quantified in the headspace or solution using an Ocean Optics FOSPOR probe (Model NeoFox); the 

dioxygen probe was calibrated using a two-point calibration procedure with NeoFox Viewer software. The 

results of the CPE with complex 1 was compared with a blank experiment in the same conditions but in the 

absence of catalyst. The Faradaic efficiency was determined according to the total charge passed during the 

CPE and the total amount of generated dioxygen by taking into account that water oxidation is a 4 

oxidations process. After each CPE experiment, the working electrodes were rinsed with water and placed 

in fresh buffer solution to perform a CPE experiment in the absence of catalyst (rinse test).  

 X-ray Diffraction of [(DAM)Cu3(μ3-O)][Cl]4 (1). Crystals of 1 were grown by slow evaporation of 

an acetonitrile/water (2:1) solution. Single-crystal X-ray diffraction data were collected on a Bruker Kappa 

APEXII Duo diffractometer running the APEX3 software suite using the Mo Kα fine-focus sealed tube (λ 

= 0.71073 Å). The structure was solved and refined using the Bruker SHELXTL software package within 

APEX3 and OLEX2, using the space group P-1, with Z = 2 for the formula unit, C24H54Cl3.56Cu3N12O.93, 94 

Non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed in geometrically calculated 

positions with Uiso = 1.2Uequiv of the parent atom. The relative occupancies of the disordered atoms were 

freely refined, and no constraints or restraints were used on the bond lengths or anisotropic displacement 

parameters of the disordered atoms. The solvent and one chloride anion were severely disordered and could 

not be successfully modeled with or without restraints. Thus, the structure factors were modified using the 

PLATON SQUEEZE
 

technique, in order to produce a solvate-free structure factor set.95  PLATON reported 

a total electron density of 135 e- and total solvent accessible volume of 325 Å3. The final anisotropic full-

matrix least-squares refinement on F2 with 571 variables converged at R1 = 4.06%, for the observed data 

and wR2 = 10.18% for all data. The goodness-of-fit was 1.024. The largest peak in the final difference 

electron density synthesis was 1.254 e-/Å3 and the largest hole was -1.811 e-/Å3 with an RMS deviation of 

0.098 e-/Å3. On the basis of the final model, the calculated density was 1.430 g/cm3 and F(000), 875 e-. The 

crystal data are summarized in Table S1. 

 Computational Methods. All quantum chemical calculations were carried out using the Jaguar 

software version 10.9 by Schrodinger Inc.96 Structure optimizations were performed in implicit solvent 

using the B3LYP97 flavor of DFT including the Grimme-Becke-Johnson D3 correction for London 

dispersion (van der Waals attraction).98 Organic elements were described using the triple-zeta 6-311G**++ 

basis set99, 100 while Cu was treated using the Los Alamos small-core (18 explicit electrons) effective core 

potential, LACV3P**++.101, 102 B3LYP-D3 structure optimizations were followed by single-point energy 

calculations using the M06-2X flavor of DFT103 with the D3 correction and ultra-fine DFT grids.  

To predict thermochemical properties at 298 K, we calculated the vibrational frequencies at the M06-

2X-D3 level to obtain zero-point energies, enthalpies, and entropies. These frequency calculations were 

also used to confirm that there are no negative eigenvalues of the Hessian for minima and only a single 

negative eigenvalue for transition states. For reactions in which a single molecule leads to two molecules 

in the product, the above calculation assumes that the second molecule has 6 free translation and rotation 

modes, whereas in our experiments it will lead to 6 hindered vibrational modes. We correct for the gas-

phase entropy by reducing entropic contributions of these 6 degrees of freedom by 50%.  
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Both the B3LYP-D3 geometry minimizations and M06-2X-D3 single point calculations included 

implicit solvent at the PBF level implemented in Jaguar.104 PBF is based on the solvent accessible surface 

using an effective solvent radius and dielectric constant. To capture the solvent environment of 0.1 M 

phosphate-buffered solution, we used a probe radius of 3.0 Å and a dielectric constant of  = 78.3 from 

Elmore.105  
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