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Abstract 

Iridium(III) complexes containing a bidentate spectator ligand have emerged as powerful 

catalyst precursors for water oxidation. Here we investigate the initial steps of transformation 

at the iridium center when using complex [IrCp*(pyr-trz)Cl] 1 (Cp* = 

pentamethylcyclopentadienyl, pyr-trz = 4-(2-pyridyl-)1,2,3-triazol-5-ylidene), a potent water 

oxidation catalyst precursor. Ligand exchange with water is facile and is reversed in the 

presence of chloride solutions, while MeCN substitution is only effective from the 

corresponding aqua complex. A pKa = 8.3 of the aqua complex was determined, which is in 

agreement with strong electron donation from the triazolylidene ligand that is comparable to 

aryl anions. Evaluation of the pH-dependent oxidation process in aqueous media reveals two 

regimes, between pH 4–8.5 and above 10.5, where proton-coupled electron transfer processes 

are occurring. These investigations will help to further optimize water oxidation catalysts and 

indicate that MeCN as a co-solvent has adverse effects for initiating water coordination in the 

oxidation process. 
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Introduction  

Artificial photosynthesis through solar water splitting is one of the key technologies currently 

considered for harvesting and storing transient solar energy.1–4 A major hurdle in this 

endeavor is the highly demanding water oxidation half-cycle, which requires the shuttling of 

four protons and four electrons to generate O2.5 Over the last few years, iridium complexes 

have emerged as very powerful catalysts for this water oxidation process.6–18 Depending on 

the ligand design, very high turnover numbers have been achieved.19 

Moreover, kinetic and mechanistic studies have provide increasingly compelling evidence 

that some complexes are precursors for homogeneous rather than heterogeneous20–22 water 

oxidation catalysts and that the oxidation therefore occurs at an iridium center that is in a 

well-defined environment.19,23–28 This environment has remained elusive up to now despite 

various efforts to trap and isolate catalytically competent species.29–32 In particular iridium 

cyclopentadienyl complexes [Ir(Cp*)(L,L)X]+ containing a chelating N,N-, C,N-, or C,C-

bidentate ligand motive afforded high catalytic activity (Cp* = = C5Me5
–).7–9,17,19,33,34 Post-

reaction analyses strongly indicate oxidative degradation of the Cp* ligand27,32,33 rather than 

formation of IrOx nanoparticles as a heterogeneous catalyst phase. These reactivity pattern 

underline the relevance of initial steps of transformation at the iridium center as a concept to 

understand and improve catalytic activity and to reduce the catalyst activation barrier. To this 

end we have investigated in more detail complex 1 as a representative for the recently 

discovered highly active water oxidation catalysts comprised of a carbenic spectator ligand 

bound to an Ir(Cp*) unit (Fig. 1).3 Complex 1 is highly active in cerium(IV)-mediated water 

oxidation and achieves turnover numbers in excess of 40,000 and thus provides a valuable 

system for detailing initial ligand substitution and redox processes. In addition, previous work 

on this complex including detailed kinetic analyses as well as in-situ monitoring of water 

oxidation by dynamic light scattering and NMR spectroscopy demonstrated that the 

catalytically active species is well-defined and thus homogeneous rather than less 

reproducible heterogeneous layer.19 The studies reported here detail ligand exchange, proton, 

and electron donor/acceptor behavior of complex 1 and thus shed light on the accessibility of 

proton-coupled electron transfer processes. These results highlight the relevance of reaction 

conditions, in particular with respect to added co-solvents.  
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Figure 1 Water oxidation precatalyst iridium complex 1 containing a N,C-bidentate pyridyl-

triazolylidene ligand. 



4 

Results and discussion 

Ligand exchange propensity. Complexes 1–3 were synthesized as the triflate salts according 

to established procedures.19 Their behavior in solution was studied in detail. In D2O, the 

chloro complex 1 co-exists in a concentration-dependent equilibrium with the dicationic 

solvento complex 2, as indicated by the appearance of two sets of pyridine resonances in the 
1H NMR spectrum. The equilibrium is shifted towards 1 in the presence of chloride ions 

(HCl, NR4Cl), while addition of HNO3 (1 M) shifts the equilibrium to the solvento complex 

2. Likewise, 2 is dominant in a 0.1 M aqueous NaOAc solution, and becomes the exclusive 

species if the NaOAc concentration is raised to 1 M. These results indicate that solvolysis of 1 

is promoted by ionic strength, in addition to pH modifications (acid strength). Hydrolysis has 

also been observed in related anticarcinogenic [Ir(Cp*)Cl(LL)]+ complexes under 

physiological conditions (LL e.g. 2,2’-bipyridine).35,36 

In contrast to this behavior in water, no chloride dissociation was detected when complex 1 

was dissolved in MeCN. Strong chloro coordination to iridium is indicated by the chemical 

shift of the pyridyl protons in β and γ positions at δH 8.07 and 8.15 ppm, respectively (cf δH 

8.14 and 8.27 ppm for the corresponding solvento complex 3). The robust Ir–Cl bond of 1 in 

MeCN is in agreement with the lower polarity of MeCN vs H2O and reflects the low solvation 

of Cl– in MeCN as compared to water. These differences suggest a negative impact of MeCN 

as a (co-)solvent for catalytic applications because the reduced ionic strength imparted by 

MeCN will not favor substitution of the chloro ligand. 

To probe the coordination strength of MeCN and H2O to the [Ir(Cp*)(Ctrz^Npy)]2+ unit 

(Ctrz^Npy = 1,3-dimethyl-4-(2-pyridyl)triazol-5-ylidene), the dicationic aqua complex 2 was 

dissolved in MeCN, and the other way around, the corresponding MeCN complex 3 was 

dissolved in D2O. The 1H NMR spectrum of 2 in CD3CN features only one set of signals with 

chemical shifts identical to those of 3 in MeCN, thus indicating complete displacement of the 

D2O ligand in 2 by MeCN. Conversely, a solution of the MeCN complex 3 in D2O reveals 

two sets of signals due to a mixture of complexes 2 and 3 (2:3 ratio). The two complexes are 

distinguished most diagnostically by the low field doublet of the pyridyl α proton at δH 9.10 

and 9.01 ppm for 2 and 3, respectively. The remaining pyridyl protons are magnetically 

identical in both complexes. Additionally, integration of the resonances for free and 

coordinated MeCN at 2.38 and 2.06 ppm, corroborates the 2:3 ratio of 2 and 3. These results 

reveal that the substitution of MeCN in 3 with water is highly unfavored, and is only partial 

even in pure water under NMR conditions. Notably, when an aqueous solution of the MeCN 
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complex 3 is diluted from 10 mM to 1.6 mM, the equilibrium is shifted from the initial 2:3 

ratio completely towards 2 (Fig. S1).37  

Thus under catalytically relevant conditions (low iridium loading), the aqua complex is the 

prevailing species when starting from the chloro complex 1 or from the MeCN complex 3. 

However, when using MeCN as a (co-)solvent, iridium(III) has a strong preference to bind to 

this ligand rather than to water and complex 3 becomes the dominant species, with obvious 

implications for analysis and (catalytic) activity. 
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Scheme 1 Equilibria of complexes 1, 2, and 3 in different solvents. 

 

Determination of pKa. The pKa of compound 2 was determined by spectroscopic titration 

using aqueous solutions buffered at different pHs.38,39 Representative UV-vis spectra of the 

acidic and basic forms are depicted in Fig. 2. The yellow color of the complex solution was 

persistent and modification of the pH did not result in a visual change of the absorption 

characteristics. While measurements were run over the entire UV-vis range (200–800 nm), 

spectroscopic changes only pertained to the UV section of the spectrum (200–400 nm), where 

complex 2 and its conjugated base showed distinctly different behavior. At pH 6, maxima 

were observed at 255 and 305 nm (1600 and 1000 L mol–1 cm–1, respectively) with a shoulder 

at around 350 nm, while at pH 11, two maximum are located at 280 nm and 340 nm (1400 

and 600 L mol–1 cm–1, respectively). Results from monitoring the pH-dependence of the 

absorbance at 305 nm are shown in the inset of Fig. 1 (see also Fig. S2, S3). 
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Fig. 2 Representative UV spectra of complex 2 (0.5 mM, in phosphate buffer at 0.1 M ionic strength) at pH 6.3 

(blue line) and pH 11.0 (red line); inset: Correlation of pH and the log of the absorbance at λ = 305 nm for 

complex 2 with log (A’) = log(A–Aacid)/(Abasic–A).  

 

Deduction of the pKa from the changes of absorption at 305 and 280 nm was hampered by the 

relatively small changes in extinction coefficient, hence providing data with limited accuracy 

(pKa = 7.9±0.2). Analysis based on the Henderson-Hasselbach equation, i.e. by correlating the 

logarithm of the absorbance vs pH at the wavelengths with diagnostic changes (inset Fig. 2), a 

slightly higher pKa was obtained. The data points at λ = 305 nm afforded a pKa = 8.35, 

whereas evaluation of the data points at λ = 280 nm provided a pKa = 8.25. Averaging these 

values suggests a pKa = 8.3 ± 0.1 for complex 2 (see also Pourbaix diagram below). 

Previous studies indicate that monoaqua complexes [IrCp*(L,L)(H2O)]2+ (L = N or O donor 

ligand) are less acidic than the corresponding tris-aqua complex [IrCp*(H2O)3]2+.40 The pKa 

values have also been used to extrapolate the donor ability of the bidentate (L,L) ligand,35,36 

with a higher pKa value corresponding to an increased donor capacity of the chelating ligand. 

The pKa value obtained for complex 2 supports a stronger donation of the neutral C,N-

bidentate chelating triazolylidene ligand when compared to neutral N,O- or N,N-bidentate 

chelates (e.g., pKa  ~7.2 ± 0.3 for  L,L = 2,2’-bipyridine). It is slightly lower than the pKa of 

complexes [IrCp*(ppy)(H2O)]2+ containing the anionic and therefore supposedly stronger 

donating 2-phenylpyridine ligand (pKa 8.75).35 These values underpin the unique ligand 

characteristics of mesoionic carbenes as intermediate donors between classically neutral and 

anionic ligands. We also note that the obtained pKa value is in excellent agreement with the 

pKa deduced from the Pourbaix diagram (see below). A similarly strong influence of the 

carbene ligand on the electronic properties of a transition metal complex was also noted for 

related ruthenium complexes.41 
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Obviously, the direct correlation of pKa with donor properties requires caution if the ligand 

features proton donor/acceptor groups. In such complexes, the pKa cannot be related 

exclusively to the donor capacity of a ligand and may be dominated by cooperative hydrogen 

transfer from coordinated water to such ligands.22,34,42 In 1,2,3-triazolylidene complexes, the 

lone pair at the triazole N(2) site43–45 as well as the mesoionic character of the carbene46 may 

potentially be involved in cooperative hydrogen transfer.  

 

Electrochemical analysis. The electrochemical behavior of compounds 1 and 2 was studied 

by cyclic voltammetry (CV) and differential pulse voltammetry (DPV) in water, CH2Cl2 and 

MeCN. For complex 2, the measurements were also performed at various pHs and a Pourbaix 

diagram was constructed from potentials obtained by DPV measurements. No deposition or 

decomposition of the complexes was detected in any of the measurements, nor an increase in 

electrocatalytic water oxidation current upon successive scans, which would hint towards the 

formation of iridium oxide.21  

In H2O, complexes 1 and 2 display essentially identical electrochemical behavior, in 

agreement with the ligand exchange processes described above. A major oxidation wave at 

+1.21 V is observed at pH 1 (Fig. 3), indicating that chloride oxidation is not interfering with 

the first oxidation at iridium in 1. The measurement further underlines that in aqueous acidic 

solution (e.g. aqueous CAN), it is irrelevant whether the chloro complex 1 or its aqua 

analogue 2 is used as catalyst precursor for water oxidation and both complexes generate the 

same oxidized species at low pH. The observed oxidation potential is almost 300 mV lower 

than that reported for analogous complexes with bpy-derived ligands,35 corroborating the 

stronger donor properties of the triazolylidene compared to pyridine. Complexes 1 and 2 

reveal very similar behavior also at higher pH values (Fig. S3). At pH 7, two oxidation curves 

were identified by DPV. The second oxidation wave is more intense for compound 1, which 

may speculatively be due to an overlap with the oxidation of the fraction of complex 1 that 

has not undergone solvolysis. At pH 11, where complex 2 is almost fully deprotonated and 

contains hydroxido ligand (ratio hydroxo/aqua 500:1, cf pKa determination above), one major 

oxidation wave is detected for both complexes at lower potential (+0.84 V). This lower 

oxidation potential is in agreement with the stronger donor properties of OH– compared to 

neutral H2O. 
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Fig. 3 a) Representative cyclic voltammograms (a) and differential pulse voltammograms (b) for complexes 1 

(1.3 mM, blue) and 2 (1.1 mM, red) at pH 1.1 (0.1 M HNO3), scan rate 30 mV s–1, E(V) vs SCE (background 

current in black).  

 

Due to potential complications imparted by the Cl–/H2O ligand exchange equilibrium with 

complex 1 upon pH modifications, all further analyses were performed with the aqua complex 

2 (X = OTf). This complex was investigated between pH 0 and pH 12.5 at 0.5 pH unit 

increments to fully map its electrochemical behavior. The CV and DPV experiments were 

mutually consistent and hence pertinent potentials were extracted from the later. 

Representative DPV traces at selected pH values are depicted in Fig. 4 and reveal two 

different oxidation processes,47 though the second process is often shallow and not well-

resolved (cf trace at pH 9.1). This second oxidation wave is only detected in the DPV 

measurements, suggesting a fast process that is tentatively attributed to a second iridium 

oxidation. Catalytic solvent oxidation is induced upon further increase of the potential in all 

measurements.  
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Fig. 4 Differential pulse voltammetry for compound 2 in water at various pHs; E(V) vs SCE, all solutions pH-

buffered and at 0.1 M ionic strength (see SI for buffer preparation). 

 

When considering the pH-dependence of the first oxidation process, four specific regions can 

be distinguished (Fig. 5): below pH 4 and in the pH 8.5–10.5 range, the oxidation process is 

pH-independent, whereas a pH-dependent oxidation potential is observed in the pH ranges 

5.5–8.5, and 10.5–12.5. Accordingly, the constant oxidation potential at low pH suggests an 

electron transfer that does not involve proton shuttling, i.e. oxidation of IrIII–OH2 (2) to an 

IrIV–OH2 species (2+). Above pH 4, a pH-dependent electron transfer occurs. The slope of the 

pH dependence is linear 61(±5) mV/pH (Fig. S4), which is very close to the theoretically 

predicted 59 mV/pH for a 1H+/1e– process according to the Nernst law.48 Hence, a proton-

coupled electron transfer (PCET) process is indicated in this regime, involving a net 

transformation of IrIII–OH2 complex 2 to an IrIV–OH complex. Further increase of the pH 

leads again to a pure electron transfer (IrIII–OH to IrIV–OH in the pH 8.5–10.5 region). At 

higher pH (pH >10.5), another 1H+/1e– process is revealed by the linear correlation of the 

oxidation potential and the pH (slope is 63(±5) mV/pH, Fig. S5), yet starting from 

deprotonated IrIII–OH to produce IrIV=O by PCET. Such a model is in agreement with an 

increasing relevance of the hydroxide species upon approaching the pKa value.  
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Fig. 5 Pourbaix diagram for complex 2 in water (oxidation potentials from DPV, E(V) vs SCE). 

 

The redox potential of the naturally occurring oxygen evolving complex in photosystem II is 

known to be leveled due to proton-coupled electron transfer (PCET) processes,49,50 which 

enable consecutive redox processes without the build-up of charge. This effect has been noted 

with synthetic catalysts based on ruthenium as well51 and may rationalize the observation of 

only one oxidation process under basic conditions. The pH-dependence of the oxidation 

potential of complex 2 and specifically the lower onset potential under basic conditions 

further supports a PCET to occur also in complex 2, which may play a critical role in 

providing a energetically viable catalytic cycle and in enabling high turnover numbers. 

Electrochemical measurements of the iridium complex 2 in MeCN disclose significantly 

different behavior. While the substitution of H2O as a ligand with MeCN is fast and 

essentially complete upon dissolution, the monocationic chloro complex 1 is inert towards a 

similar exchange so that the chloro ligand remains coordinated. This different reactivity of the 

two complexes 1 and 2 in MeCN is also reflected in their electrochemical properties. 

Complex 2, in fact complex 3, undergoes an irreversible oxidation at high potential (+1.48 V, 

Fig. 6). In contrast, oxidation of complex 1 occurs already at E1 = +1.13. The lower oxidation 

potential of complex 1 is in agreement with the stronger donor ability of anionic Cl– as 

compared to a neutral MeCN ligand in 3 and also reflects the slight π-acceptor character of 

MeCN. The DPV of complex 1 showed a second oxidation at E2 = +1.36 V. A related two-

step oxidation has been described for similar iridium chloro complexes,17,52 and has been 

attributed to the intermediate formation of an unstable Ir(IV)-Cl species that decomposes to 

Ir(III) and Cl2 gas.29 While the first oxidation potential is similar for complex 1 and related 

complexes (around +1.1 V), the second potential observed with complex 1 is significantly 

lower  (+1.36 vs +1.6 V) and may thus be associated either with the specific properties of the 
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triazolylidene ligand, or more likely, with electrocatalytic oxidation of residual water in the 

MeCN solvent. Support for the latter is provided by the catalytic nature of the measured 

current. When measured in CH2Cl2, complexes 1 and 2 display almost identical oxidation 

potentials (+1.47 V and +1.48 V, Fig. S6), indicating that in non-aqueous solutions, proton-

coupled electron transfer from the aqua complex occurs at about the same potential as the 

oxidation of the chloro complex.53 This similarity is obviously a consequence of the tight 

bonding of the H2O ligand in CH2Cl2, but not in MeCN.  

 

 
Fig. 6 Representative plots from cyclic voltammetry (a) and differential pulse voltammetry (b) for complexes 1 

(1.4 mM, blue curve) and 2 (1.2 mM, red curve) in MeCN; 0.1 M Bu4N(PF6) as supporting electrolyte, 30 mVs–1 

scan rate, E(V) vs SCE.  

 

This work aligns well with previous studies on the pH-dependent oxidation potential of 

related iridium(III) complexes. For example, an analogue of complex 1 featuring a bpy rather 

than the pyridyl-carbene as L,L-type ligand was evaluated in the pH 7–12 range and revealed 

a first oxidation potential which could only be distinguished from the catalytic solvent 

oxidation at high pH.10 At pH <7, no oxidation was detected with the bpy analogue, which 

demonstrates the higher donor ability of the triazolylidene ligand in 1 compared to the 
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pyridine in the bpy analogue. This easier accommodation of high-valent intermediates may be 

a key factor for the high catalytic robustness and the high turnover numbers accomplished by 

complex 1. The pH-dependence of a carbene-containing iridium(III) complex has also been 

reported very recently; complex [Ir(Cp*)(NHC)(OH)]+ is formally a penta-coordinate iridium 

complex (NHC = N,N’-dimethylimidazol-2-ylidene) that forms a dimer with a bis-µ-oxo 

diiridium core.54 Such a process is presumably prevented in 1 because of the rigid chelation of 

the pyridyl-triazolylidene ligand.  Finally, a pH-dependent investigation has also been 

reported for an iridium(III) bpy complex that was attached to the surface of an ITO electrode 

via a phosphonate or carboxyl end group bound to the bpy ligand.55 Under these conditions 

the pH-dependent redox-behavior is substantially different from that of 1, probably due to 

restricted translational mobility and also because the nature of the second coordination sphere 

can be radically different in anchored systems. In addition, these anchored complexes lose the 

molecular homogeneous signature of the precursor complexes, which might suggest the 

formation of a heterogeneous phase containing IrOx species. Such simple oxides anchored 

onto surfaces follow a Nernstian behavior when analyzed at different pH,56 in sharp contrast 

to complex 1 (cf. Fig. 5).  

 

Conclusions 

In water, the chloro iridium complex transforms essentially quantitatively to the aqua 

complex 2 via rapid chloride dissociation, indicating that in aqueous media the (catalytically) 

active species is identical, irrespective of whether 1 or 2 is used as precursor. Accordingly, the 

electrochemical behavior in water is identical, irrespective of the starting complex used.  The 

oxidation potential of complex 2 is pH-independent under acidic conditions, yet strongly 

dependent in neutral and basic media. The slope of the potential vs pH indicates the 

accessibility of 1H+/1e– processes, in line with a proton-coupled electron transfer process 

(PCET). While the measured oxidation represents only a first step en route to water oxidation, 

these insights may provide further guidelines for detailing catalyst activity, especially when 

using less acidic conditions than those imparted by cerium(IV)-mediated water oxidation. 

Significantly, complex 1 displays a distinctly different behavior from that of 2 in MeCN. 

These observations emphasize the relevance of the conditions used, and indicate that different 

species can be involved if coordinating solvents other than water are used in water oxidation 

catalysis, e.g. as additives. The use of MeCN therefore substantially increases the complexity 

of the catalytic system, and relevant active species become even less evident. Our results 
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indicate that specifically oxidation processes are markedly affected when using such 

coordinated solvents.  

 

Experimental section 

The synthesis of complexes 1–3 was described previously.19 All electrochemical experiments 

were performed with a Bio-logic SP-150 potentiostat using a three-electrode cell composed of 

a glassy carbon disk (3 mm diameter, CH instruments) as working electrode, a platinum disk 

(2 mm diameter) from CH Instruments as auxiliary electrode, and a Saturated Calomel 

Electrode (BAS-Japan) as reference electrode. The experiments in MeCN or CH2Cl2 

contained NBu4PF6 (0.1 M) as supporting electrolyte. Measurements in aqueous solutions 

were performed at different pH as follows: For pH 0–1.5, aqueous HNO3 solutions (0.1 M) 

were titrated with NaOH (1 M) to the desired pH; for pH >1.5, aqueous solutions were 

prepared using different phosphate, acetate, or carbonate buffers at 0.1 M ionic strength and 

their detailed preparation is included in the supporting information. UV measurements were 

performed with a Cary 50-UV-Vis Agilent spectrophotometer. 

 

 

Supporting Information Available: Representative NMR spectra, spectroscopic pKa 

determination data, details related to electrochemical measurements and aqueous buffer 

preparation. This material is available free of charge via the Internet at http://pubs.acs.org. 
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Investigation of the reactivity patterns of a triazolylidene iridium aqua complex, which is an 

excellent water oxidation catalyst precursor, indicates a relatively low pKa of the metal-bound 

aqua ligand, a pronounced pH-dependence of the iridium oxidation potential, and selective 

ligand exchange reactions. Co-solvents such as MeCN have a pronounced and unfavorable 

impact on the oxidation potential.  

 


