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Abstract: The catalytic activity towards water oxidation of a strongly coupled bimetallic ruthenium complex, trans-[Ru(tpy)(bpy)(μ-

CN)Ru(py)4(OH2)]
3+ (RuIIRuIIOH2), where tpy = 2,2′:6′,2’’-terpyridine, bpy = 2,2′-bipyridine and py = pyridine are presented. At pH 1 the first two 

oxidation reactions are centred at the aquo fragment and result in the RuIIRuIIIOH2 and RuIIRuIVO redox states as confirmed by its spectroscopy 

and DFT calculations. Oxidation by an additional electron is followed by an irreversible step and a catalytic wave associated with the water 

oxidation reaction. At pH 1 the reaction with an excess of Ce(IV) results in the generation of an stoichiometric amount of oxygen based on molar 

amounts of the added Ce(IV). The dominant species during the catalytic cycle is the three-electron oxidized product, RuIIIRuIVO. The reduction 

of the concentration of Ce(IV) monitored at 370 nm follow the rate equation, −d[Ce(IV)]/dt = kox[Ce(IV)][RuIIRuIIOH2] with a kox = 82 ± 3 M-1s-1 at 

T = 298 K. The RuIIIRuIVO species is not stable and reacts to give RuIIRuIVO. 

Introduction 

The storage of energy from renewable sources as high-energy-density fuels could alleviate the challenges that accompany large-scale 

use of intermittent energy sources, such as solar and eolic.[1] One such process is the splitting of water in H2 and O2 as shown in eq 1. 

2 H2O → 2 H2 + O2   E° = 1.23 V vs NHE (1) 

One of the reactions involved in this process is water oxidation. This reaction is challenging as involves an oxidation by four electrons, 

the removal of four protons and the formation of a O-O bond.[2] These requirements often result in high overpotentials that diminishes 

the efficiency of the reaction and hence are important for practical applications. [3] 

For these reasons much effort has been devoted to explore new molecular catalysts in order to facilitate this reaction and tremendous 

progress have been achieved in the last years.[4,5] Simple ruthenium polypyridyl complexes are among the more stable and active water 

oxidation molecular catalyst under a variety of conditions. The accepted mechanism for this reaction involves the generation of a 

electrophilic RuVO moiety,[6] although it has been reported that RuIVO can also be active catalyst when its coordination sphere is 

occupied by relative poor electron-donating ligands.[7]  

Coupling of a redox centre to a Ru catalyst could provide another way to store an oxidation equivalent avoiding the need to reach a 

RuVO oxidation state. This would be especially effective if both centres are strongly coupled. Cyanide bridge is among the most explored 

bridges in the literature, and it can promote a strong coupling demonstrated by its ability to promote charge delocalization in diruthenium 

mixed-valence complexes.[8–11] 

In this work, we show that the strongly coupled biruthenium complex trans-[Ru(tpy)(bpy)(μ-CN)Ru(py)4(OH2)]3+ (RuIIRuIIOH2, where tpy 

= 2,2’:6’,2’’-terpyridine, bpy = 2,2′-bipyridine and py = pyridine) can also act as an active water oxidation catalyst for the reaction with 

an excess of Ce(IV) at pH 1. The rate determining step of the reaction is first order both in Ce(IV) and RuIIRuIIOH2 and we assign the 

resting state of the catalytic cycle as the three-electron oxidized complex trans-[RuIII(tpy)(bpy)(μ-CN)RuIV(py)4=O]3+ (RuIIIRuIV=O). 

Hence, the rate-determining step is the oxidation of RuIIIRuIV=O by Ce(IV) and this process is probably coupled with the water 

nucleophilic attack on the Ru-oxo group. 
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Results and Discussion 

The complex [Ru(tpy)(bpy)(μ-CN)Ru(py)4(OH2)]3+ (RuIIRuIIOH2, Scheme 1) was prepared by a slight modification of the reported 

procedure[8] involving the reaction of nitrosyl complex with azide under argon in aqueous solution (see Supporting Information for 

details).  

 

Scheme 1. Structure of the biruthenium aquo complex [Ru(tpy)(bpy)(μ-CN)Ru(py)4(OH2)]3+ (RuIIRuIIOH2) studied in this work. 

 

Electrochemistry 

Figure 1 shows cyclic voltammetry experiments of a solution of RuIIRuIIOH2 in 0.1 M trifluoroacetic acid with 7 % propylene carbonate 

and Table 1 collect the redox potential for all the relevant species. The oxidative scan shows two processes followed by a third that is 

mounted on a catalytic wave. The second oxidation wave is reversible at low scan rates (Figure S3, S15 and S16) and begins to be 

less defined at hight scan rates. This behaviour is typical of the slow kinetics at the electrode of a RuIV/RuIII couple.[12,13] The third 

oxidation wave is reversible at high scan rates (Figure 1, left), but becomes irreversible at slower scan rates (Figure S3). This indicates 

the presence of a chemical process that consumes the three-electron oxidized product. At pH 7 the first two processes are shifted to 

lower potentials, while the third oxidation appears as a completely irreversible process at the same potential on top of a pronounced 

catalytic wave (Figure 1, right).  

 

Figure 1. Left: cyclic voltammograms of RuRuOH2 at pH 1 (scan rate = 1000 mV/s). Right: cyclic voltammograms with scan rate = 10 mV/s at pH 1 and 7.  

 

  

10.1002/ejic.202100843

A
cc

ep
te

d 
M

an
us

cr
ip

t

European Journal of Inorganic Chemistry

This article is protected by copyright. All rights reserved.



Table 1. Summary of the Electrochemical Properties for RuRuOH2 at 10 mV·s−1 scan rate. † = 500 mV·s−1 scan rate. § = Ea. (E vs. NHE) 

 E1/2(Ea − Ec)/V (mV) 

 Rupy
III/II Rupy

IV/III Rupp
III/II 

pH 1 0.85 (59) 1.03 (95) 1.47 (75)† 

pH 7 0.57 (57) 0.72 (53) 1.49 § 

 

A more detailed exploration of the dependence of the electrochemistry with the pH (Figure 2) allows us to assign the observed redox 

processes. Between pH 1 and pH 2 the difference on the redox potential for both processes increases, while above pH 2 they decrease 

parallel to each other with a slope close to 0.059 V/pH as expected for a change in the proton content of the species involved for both 

processes. These observations are compatible the following reactions: 

Below pH 1: 

[RuIIRuIIIOH2]4+ + 1 e¯ ⇌ [RuIIRuIIOH2]3+  

[RuIIRuIVO]3+ + 2 H+ + 1 e¯ ⇌ [RuIIRuIIIOH2]4+ 

Above pH 2: 

[RuIIRuIIIOH]3+ + H+ + 1 e¯ ⇌ [RuIIRuIIOH2]3+  

[RuIIRuIVO]3+ + H+ + 1 e¯ ⇌ [RuIIRuIIIOH]3+ 

The third oxidation wave is mainly pH independent although its position is difficult to define as it becomes increasingly irreversible 

and less defined at higher pH. We assign this process as the one-electron oxidation centred at the chromophore. 

[RuIIIRuIVO]4+ + 1 e¯ ⇌ [RuIIRuIVO]3+ 

 

 

Figure 2. Plots of E1/2 (V vs NHE) vs pH for the three redox couples of (1) in aqueous solution (I = 0.1 M; T = 298 K; glassy carbon working electrode). The (▼) 

correspond to the anodic peak as the process becomes irreversible at this pH. 

 

Vis-NIR spectroscopy 

To gain more information on the nature of the species involved in the redox reactions at different pHs we performed 

spectroelectrochemistry experiments at pH 1 and 7 (Figure 3). The visible spectrum of RuIIRuIIOH2 is identical at both pHs and is 

dominated by two sets of metal-to-ligand charge transfer (MLCT) transitions (Table 2) from both Ru centres to the aromatic ligands as 

observed for other complexes of the [Ru(tpy)(bpy)(μ-CN)Ru(py)4L]3+ family.[8] The more intense transition at 28100 cm-1 corresponds 
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to the {Ru(py)4} fragment, while the weaker band shifted to the red at 23000–22000 cm−1 is associated with the {Ru(tpy)(bpy)} 

chromophore. 

Upon one electron oxidation at pH 1 the band at 28100 cm-1 disappears and a new band is developed in the NIR at 9500 cm-1. The 

latter is an intervalence charge transfer (IVCT) band as expected for a mixed-valence complex, while the disappearance of the band 

at 28100 cm-1 confirms that the oxidation is centred in the {Ru(py)4} moiety. As observed previously,[8] the MLCT band centred at the 

{Ru(tpy)(bpy)} fragment shifts to higher energies (Table 1) due to the influence of the Ru(III) moiety attached to the cyanide bridge. At 

pH 7 the oxidation by one electron also results in the disappearance of the band at 28100 cm-1, but in this case the IVCT band appears 

at 14600 cm-1. This shift is associated with the deprotonation of the aquo ligand in the {Ru(py)4} fragment at this pH as assigned by the 

pH dependence of the redox potentials involving this species. The energy shift to higher energy is compatible with the stabil ization of 

Ru(III) by OH- ligand. 

Oxidation by a second electron gives a spectrum that is identical at both pHs. In this spectrum the IVCT at low energy is lost, but the 

MLCT band is still clearly visible at 22800 cm-1. This leads us to assign the configuration of this species as RuIIRuIVO.  

 

Table 2. Experimental vis-NIR data in aqueous solution 0.1 M for the redox species associated with RuRuOH2. Only bands that are resolved in experimental 

spectra are included. 

 

 

 

 

 

 

 

 

Figure 3. Vis−NIR spectra for the RuIIRuIIOH2 (black), RuIIRuIIIOH2 (red), and RuIIRuIVO (blue) obtained through spectroelectrochemical experiments at pH 1.0, 0.1 

M HClO4 (left), and for RuIIRuIIOH2 (black), RuIIRuIIIOH (red), and RuIIRuIVO (blue) at pH 7 (right)  

 

(TD)DFT calculations. 

(TD)DFT calculations have shown to be a very useful tool to understand the spectroscopy of Ru-Ru cyanide bridged complexes in 

different oxidation states.[8–10,14,15] Figure 4 shows that the calculated spectra reproduce well the main features of the experimental 

  νmax / 103 cm-1 (εmax /103 M-1 cm-1) 

Complex Redox State 
MLCT 

dπ(Ru) → π*(py) 

MLCT 

dπ(Ru) → π*(pp) 

IVCT 

 

RuRuOH2 [II,II] 28.1 (20.2) 22.8 (8.8) sh  

RuRuOH2 [II,III]  23.9 (6.7) 9.5 (3.5) 

RuRuOH [II,III]  22.8 (8.8) 14.6 (2.6) 

RuRuO [II,IV]  22.9 (10.0) 20.4 (5.7) sh 
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spectra for RuIIRuIIOH2, RuIIRuIIIOH, RuIIRuIIIOH2 and RuIIRuIVO including the shift to higher energy of the IVCT observed upon 

deprotonation of RuIIRuIIIOH2. 

(TD)DFT calculation indicates that the unpaired electron in complex RuIIRuIIIOH2 is substantially delocalized between both Ru ions 

through the interaction promoted by the cyanide bridge (Figure S4). As observed for related mixed-valence cyanide-bridged diruthenium 

polypyridines the calculated energy for the IVCT transition is lower than the observed one, which is indicative of a DFT overestimation 

of the delocalization compared to the experimental one.[15] This overestimation is also expressed in the higher energy calculated for 

the MLCT transition, as the calculations assigns a larger Ru(III) character to {Ru(tpy)(bpy)} fragment than what is observed 

experimentally. For the RuIIRuIIIOH instead, the (TD)DFT calculation results in a mainly localized configuration (Figure S4) that 

reproduces well the observed spectroscopy (Figure 4). 

The TD(DFT) calculated spectroscopy for triplet form for RuIIRuIVO redox state reproduces well the observed spectra (Figure 4) and 

confirms the configuration assigned to this redox state. The two main transitions observed in the visible have a different or igin. The 

more intense band is a result of the superposition of MLCT transitions associated with the {Ru II(tpy)(bpy)}, while the shoulder at lower 

energies corresponds to at IVCT transition from the Ru(II) to the Ru(IV) (Table 2). The spin density in this redox state is equally 

distributed among the Ru(IV) and the O atom (Figure S4). 

 

Figure 4. Comparison of the experimental vis-NIR spectra of RuIIRuIIOH2 (black, pH 1), RuIIRuIIIOH2 (red, pH 1), RuIIRuIIIOH (red, pH 7), RuIIRuIVO (blue, pH 1) 

and the energy of the transitions calculated by (TD)DFT (bars). 

 

Reaction with Ce(IV) 

The addition of one to two eq. of Ce(IV) to RuIIRuIIOH2 at pH 1 results in a very fast reaction and the immediate observation of a 

spectrum that can interpreted as a mixture of the spectra of RuIIRuIIIOH2
 and RuIIRuIVO species (Figure S5). Additions of more than 

two equivalents fail to produce the spectrum of a more oxidized species. Instead, the spectrum is dominated by the bands associated 

to RuIIRuIVO and even after several minutes an absorption begins to grow in the NIR indicating the presence of RuIIRuIIIOH2
 in solution. 

The latter suggests that an oxidized form of the complex is oxidizing the water in a cycle while consuming the oxidation equivalents.  
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Figure 5 shows the successive spectra for reaction of RuIIRuIIOH2 with 30 equivalents of Ce(IV) at pH 1. The large excess of the Ce(IV) 

obscures the bands associated with the complex due the absorbance of the oxidant. This absorbance decreases over time indicating 

its consumption. This process is accompanied by the appearance of bubbles as expected for the evolution of O2. After 432 seconds 

the decay at 370 nm reaches a plateau indicating the end of the consumption of the Ce(IV). Factor analysis of the spectra for this time 

period indicates that the spectral change is dominated by only one process. Overtime, this band disappears in favour of the spectrum 

of RuIIRuIVO (Figure 5 and S6). At this time, quenching experiments of emission of [Ru(bpy)3]2+ shows the presence of one equivalent 

of O2 in the head space of the solution for every four equivalents of Ce(IV) added. 

 

 

Figure 5. Left: UV-Vis spectral changes upon addition of 30 equivalent of Ce(IV) to a 2×10-5 M solution of RuIIRuIIOH2 in 0.1M HClO4: The initial spectrum (black), 
the spectrum at 432 seconds and the final spectrum (red) highlighted. Right: Absorbance vs time at 370 nm (top) and 439 nm (bottom). 

 

The observed spectra at the end of initial process (432 seconds, Figure 6), do not present any of the spectroscopic signatures for 

RuIIRuIIOH2, RuIIRuIIIOH2 or RuIIRuIVO all of which present distinctive markers in their spectroscopy (Figure 3 and Table 2). Instead, it 

presents a shoulder at 24700 cm-1 and a weak band at 13890 cm-1 (720 nm). The lack of an intense MLCT band in the visible suggests 

that this species has a configuration RuIIIRuIVO. The weak band at 13890 cm-1 is similar to the weak bands observed for the oxidized 

complexes of the family [RuIII(tpy)(bpy)(μ-CN)RuIII(py)4L]n+ (n = 4 or 5 depending on the charge of L).[8] (TD)DFT calculation confirm our 

assignment and the spectra calculated for this species is very similar to the observed experimentally (Figure 6).  

We propose the three-electron oxidized product, RuIIIRuIVO, as the dominant form of the catalyst involved in the rate determinant step 

of the the catalytic cycle. Interestingly, a three-electron oxidized product, RuVO, has also been proposed as the resting state for the 

catalytic cycle for [Ru(tpy)(bpy)OH2]2+.[16] 
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Figure 6. Comparison of the vis-NIR spectrum at 432 seconds for the reaction of 30 equivalent of Ce(IV) and 2×10-5 M solution of RuIIRuIIOH2 in 0.1M HClO4 and 

the energy of the transitions calculated for RuIIIRuIVO by (TD)DFT (bars). 

 

Monitoring the spectral change at 370 nm allowed us to follow the decay of the concentration of Ce(IV) and the kinetics of its 

consumption. The concentration of RuIIRuIIOH2 was varied from 5×10-6 to 2×10-5 M, while Ce(IV) was varied from an excess of 20 to 

250 times. The trace at 370 nm follows an exponential decay for several minutes (Figure S7) and the constant for the exponential decay 

shows a first order in complex (Figure S8). These observations are consistent with the rate law, −d[CeIV]/dt = kox[Ce(IV)][RuIIRuIIOH2],. 

From the data in Figure S8, kox = 82 ± 3 M−1 s−1 in 0.1 M HClO4 at 298 K.  

Considering all this information, we propose the following mechanism (Scheme 2) for the water oxidation process mediated by 

RuIIRuIIOH2. This mechanism is similar to the proposed for the water oxidation catalysed by other ruthenium polypyridine complexes. [16–

18] The key step is the reaction 4 that involves the reaction of RuIIIRuIVO with Ce(IV). This reaction is also pH sensitive as the cyclic 

voltammetry experiments show that the irreversible step after the third oxidation is faster at higher pH (Figure 2). This reaction is 

probably a combination of at least two steps (i) an electron transfer involving the Ce(IV) and (ii) attack of water or OH- to give a peroxo 

intermediate. As we do not find evidence for a peroxo intermediate we cannot decide the precise order of these reactions or i f it is one 

concerted step. It has been proposed[16] that the first order in Ce(IV) arises from radical–radical coupling with hydroxocerium(IV) species 

as the major path leading to the dioxygen formation and the same mechanism could be operative here. It is also interesting to note that 

another catalyst containing two Ru ions linked presents a rate law for the loss of Ce(IV) that is also first order in both complex and in 

Ce(IV).[17] Instead, for some cationic complexes, a zero order in Ce(IV) has also been observed. [19,20] In the latter case, the modification 

of the ligand, that is formation of the O-O, is the slower step. 
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Scheme2. Proposed mechanism for the oxidation of water catalysed by RuIIRuIIOH2]. 

 

Our results also shows that the RuIIIRuIVO3+ redox state is not stable. After the consumption of Ce(IV) (Figure 5 and Figure S6b) at 432 

seconds, there is a second process that dominates the evolution of the observed spectra. This process involves the growth of the band 

at 22800 cm-1 associated with RuIIRuIVO and the disappearance of the band at 13890 cm-1 due to the RuIIIRuIVO. Hence, we assign 

this process to the disproportionation of RuIIIRuIVO that results in RuIIRuIVO and the four-electron oxidized product that produces O2 

and RuIIRuIIOH2. This assignment is compatible with the observation of a slow chemical step that results in a quasi-reversible behaviour 

observed for the third oxidation process in the cyclic voltammetry experiments. It is interesting that the three-electron oxidized product 

can react to give a four-electron product that evolves in the oxidation of water. Given that RuIIRuIVO is a stable product and its oxidation 

by one electron could result in the accumulation of four equivalents by the disproportionation reaction, it could be an attractive target 

to carry out the photochemical oxidation of water, as one electron oxidation are a common feature of the reactivity of excited states in 

general and of Ru polypiridines in particular. 

 

Conclusion 

Our results illustrate the effect of adding a strongly coupled redox centre to a catalyst. The second redox centre can store another 

oxidation equivalent and at the same time activate the catalyst making the RuIVO moiety more reactive. It is also interesting that the 

RuIIIRuIVO oxidation state has a path leading to the four-electron product and the evolution of O2. As this redox state is available through 

a one electron oxidation of the stable RuIIRuIVO, it implies that the photooxidation of the latter may be a viable route to the generation 

of O2. 

Experimental Section 

Materials and Synthetic procedures 

RuRuOH2(PF6)3 was prepared by a slight modification of the method previously reported[8] (see Supporting Information for details). All other materials 

were of reagent grade, obtained from commercial sources and used without further purification. All compounds were dried in a vacuum desiccator for at 

least 12 hours prior to characterization. 

Physical measurements. Absorption spectra in the UV-vis/near-IR regions were taken with a Hewlett-Packard 8453 diode array spectrometer (range 

190–1100 nm). IR spectra (Figure S2) were recorded with a Nicolet iS10 FT-IR spectrometer (range 4000–400 cm−1). 1H-NMR spectral data (Figure S1) 

were acquired with a Bruker ARX500 spectrometer, using deuterated solvents from Aldrich. Electrochemical measurements were performed under argon 

with millimolar solutions of the compounds, using a TEQ V3 potentiostat and a standard three-electrode arrangement consisting of a glassy carbon disc 

(area = 9.4 mm2) as the working electrode, a platinum wire as the counter electrode and a commercial Ag/AgCl (3M NaCl) as reference electrode. The 

supporting electrolyte for pHs above 2 were phosphate buffers with ionic strength 0.1 M, for pH= 1 trifluoroacetic acid 0.1 M with 7 % propylene carbonate 
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was used, for pH = 2 HClO4 0.01 M solution with KClO4 added to maintain ionic strength equal to 0.1 M. All the spectroelectrochemical (SEC) experiments 

were performed using a homemade cell containing a quartz cuvette (1 cm path) where the Ag/AgCl (3M NaCl) electrode was employed as a reference, 

the working electrode consisted of a Pt mesh and the counter electrode was a Pt wire. The system was entirely purged with Ar. A spectroelectrochemical 

experiment required the application of an anodic potential for a time that induced charge circulation at the working electrode. Then, the electrolysis was 

interrupted to allow homogenization of the solution and recording the spectrum. This two-step cycle was repeated several times until advanced reaction 

progress towards the oxidized species was achieved. The SEC experiment at pH = 1 was done with a HClO4 0.1 M solution and at pH = 7 a phosphate 

buffer was used. Ce(IV) solutions were prepared from (NH4)2[Ce(NO3)6] in HClO4 0.1. M. Oxygen evolved from the reaction of RuIIRuIIOH2 with an excess 

of Ce(IV) was determined measuring the oxygen present in the sample of the headspace of the reaction in a previously purged flask. The sample was 

collected by gas-tight syringe and injected in a fluorescence cell containing [Ru(bpy)3]2+ in water in absence of oxygen. The concentration of oxygen on 

the cell was determined measuring the quenching of fluorescence of [Ru(bpy)3]2+. The oxygen evolved in the reaction of RuIIRuIIOH2 (1.2 – 3.5 × 10-4 M) 

with an excess of Ce(IV) (150 – 200 equivalents) was at least 80% of the stoichiometric amount considering the added equivalents of Ce(IV).  

Computational Methods 

Standard Density Functional Theory (DFT) computations were employed to fully optimize the geometries of the complexes in water, without symmetry 

constraints. The geometry of the Ru(II)-Ru(II) singlet ground state was optimized and served as the starting point for the optimization of the mixed-valence 

oxidized species. Calculations were done with the Gaussian09 package,[21] at the B3LYP level of theory using restricted and unrestricted approximations 

of the Kohn-Sham equations, depending on the total number of electrons.[22] In all cases, we employed the effective core potential basis set LanL2DZ,[23–

25] which proved to be suitable for geometry predictions in coordination compounds containing second row transition metals. All the calculations were 

performed using an UltraFine grid. Solvation effects were accounted for using the most recent implementation of the implicit IEF-PCM solvation model.[26–

28] We used tight convergence criteria in the geometry optimizations and default settings for IR calculations. All optimized structures were confirmed as 

minima by analysing the harmonic vibrational frequencies.[29] Vertical electronic excitation energies and intensities were evaluated using time-dependent 

DFT ((TD)DFT)[30,31] approach with the Gaussian09 package,[21] without symmetry constraints. GaussSum 2.2.6[32] software was used to perform spectral 

simulations, to extract spectral data and molecular orbital information and to obtain the electron density difference maps (EDDM). Graphical visualizations 

were generated by GaussView5.0.8,[33] i.e., the isovalues were drawn at 0.004 (EDDM), 0.04 (Kohn−Sham MOs), or 0.004 (spin-density calculations). 

The EDDM, the composition of electronic transitions, and the associated molecular orbitals for all the calculated complexes are shown in the Supporting 

Information. An asset of our methodology is the excellent balance between adequate descriptions of the electronic structures and low associated 

computational costs. In our experience, the use of larger basis sets, does not lead to improved results for cyanide-bridge ruthenium polypyridine 

systems.[15] 
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A strongly coupled biruthenium complex is shown to be an active catalyst for water oxidation. The rich spectroscopy of these complexes 

allowed us to characterize the redox states involved in this reaction. The rate-determining step is the oxidation of the three-electron 

oxidized product that has a configuration RuIIIRuIVO. 
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