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ABSTRACT: Recent results of Concepcion’s group (Chem. Commun. 2015, 51, 4105) on water oxidation catalysis (WOC) by a 

ruthenium complex suggest that, at pH = 8, O2 release takes place after formation of a rhomboid bis(μ-oxo)-RuV
2 species and not 

after generation of the typical µ-η1:η1-peroxo-RuIV
2 intermediate, coming from the coupling of two RuV=O moieties (I2M 

mechanism), which is widely accepted to be formed at pH = 1. To analyze the differences between the reaction mechanisms of this 

WOC at different pHs, we performed DFT calculations of the full mechanism at pH = 1 and 8 of the WOC process catalyzed by the 

2,2’-bipyridine-6,6’-dicarboxylate Ru complex. At pH = 8, we found that barriers leading to the hypothetic formation of rhombic 

RuV
2O2 species are higher than those involved in the canonical I2M mechanism. The rate determining step at the latter pH is found 

to be the dimer formation while the bond cleavage for the O2 liberation process is barrierless. The computational results confirm that 

the most common I2M mechanism is preferred at both pHs, as the new proposal comprising formation of bis(μ-oxo)-RuV
2 species 

involves higher energy barriers.

INTRODUCTION 

The production of hydrogen has become one of the main mod-

ern research focus due to its potential as energy source. Since it 

is costly and dangerous to maintain tanks of pressurized hydro-

gen for our daily use, in situ production is currently under in-

vestigation [1,2,3]. Ideally, H2 is obtained from water because 

of its abundance, low risk and cost for its storage and manipu-

lation [4]. But more importantly, it represents a carbon-free pro-

duction of energy, and does not make use of fossil fuel sources. 

In 2012, Sun, Llobet, Privalov et al. designed the 2,2’-bipyri-

dine-6,6’-dicarboxylate Ru catalyst, [Ru(bda)(pic)2] (Figure 1) 

[5]. This, and other Ru catalysts[6,7,8], mimic the Photosystem 

II catalytic activity, showing a great efficiency in water oxida-

tion catalysis (WOC). This catalyst is able to undertake proton 

coupled electron transfer (PCET) reactions like other ruthenium 

complexes [9,10]. In most cases, these Ru complexes initiate 

their catalytic activity rearranging from 6- to 7-coordination 

[11]. 

 

 
Figure 1. The [RuII(bda)(pic)2] catalyst studied in this work. 

Two possible mechanisms for O–O bond formation in WOC 

have been proposed, namely, water nucleophilic attack (WNA) 

[12,13,14] and coupling between 2 M-O centers (I2M) (Figure 

2) [15,16,17,18,1 9 ]. Several studies have shown that the I2M 

pathway is the preferred mechanism for this catalyst [16,20,21]. 

Even though previous works suggested that there might be a 

sort of equilibrium between both mechanisms, as previously de-

scribed for Ru(bda) complexes [22], the WNA was found ener-

getically disfavored [16]. Despite the rather good efficiency of 

the [Ru(bda)(pic)2] catalyst [23], further research is needed to 

fully understand the reaction mechanism of this seven coordi-

nated molecular ruthenium water oxidation catalyst [24,25]. 

Usually, the reaction follows an I2M between two monomers, 

forming a Ru-O-O-Ru bond [26,27]. However, Concepcion et 

al. [28,29] suggested another route at pH = 8 involving the for-

mation of a Ru-O-Ru central motif followed by a bis(μ-oxo)-

RuV
2 species with a rhomboid metal core (see Scheme 1).  

 

 
Figure 2. WNA and I2M mechanisms for the O-O bond formation. 

 

Since two different mechanisms for the two pHs were proposed, 

in this work, we aim to unveil the reaction mechanism of the 

WOC catalyzed by [Ru(bda)(pic)2] at pH 1 and 8 to confirm 

whether the Concepcion et al. proposal at pH = 8 is competitive 

with the widely accepted I2M mechanism. Additionally, com-

prehending the reaction mechanism on a molecular scale may 

help to diminish the byproducts of the reaction and to improve 

the current turnover number (TON) and turnover frequency 

(TOF) of this reaction [30,31].  
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Scheme 1. Proposed water oxidation mechanism for [Ru(bda)(pic)2] 

(abbreviated as Ru) at pH = 8. Adapted from Concepcion et al. [28].  

COMPUTATIONAL DETAILS 
All DFT calculations were performed with the Gaussian09 set of programs 
[32] using the M06-L functional [33,34]. The electronic configuration of 

the molecular systems was described with the standard split-valence basis 

set with a polarization function of Ahlrichs and co-workers for H, C, N, O, 
P (SVP keyword in Gaussian09) [35]. Ruthenium was described by the 

small-core quasi-relativistic Stuttgart/Dresden effective core potential, with 

an associated valence basis set (standard SDD keyword in Gaussian09) 
[36]. The geometry optimizations were performed without symmetry 

constraints, and the characterization of the local stationary points was 

carried out by analytical frequency calculations. These frequencies were 
used to calculate unscaled zero-point energies (ZPEs) as well as thermal 

corrections and entropy effects at 298.15 K and 1354 atm [37] by using the 

standard statistical mechanics relationships for an ideal gas. The pressure of 
1354 atm was considered in our calculations based on the work of Martin 

et al. [37], who determined that this pressure simulates the experimental 

density of liquid water for the ideal water gas including the deformations 
performed by the surrounding water solvent in aqueous media [38]. We 

obtained the solvent energies by single-point calculations on the optimized 

geometries with the triple- basis set of Weigend and Ahlrichs for main-
group atoms (TZVP keyword in Gaussian09) [39], whereas for ruthenium 

the SDD basis set was employed. Solvent effects were included with the 

polarizable continuous solvation model PCM using H2O as a solvent 
[40,41]. The reported Gibbs energies in this work are electronic energies 

obtained at the M06-L/TZVP~sdd//M06-L/SVP~sdd level of theory 

corrected with zero-point energies, thermal corrections, and entropy effects 
evaluated at 298.15 K and 1354 atm at the M06-L/SVP~sdd level and 

including solvation Gibbs energies calculated with the M06-

L/TZVP~sdd//M06-L/SVP~sdd method. 

To evaluate the pKa values of our transition metal complexes, we used the 

scheme of Durrant and Gilson [42]. In particular, pKa values in this work 

were obtained through their formula for hydroxy acids (eq. 1): 

𝐴𝑂𝐻 → 𝐴𝑂− + 𝐻+     

𝑝𝐾𝑎 = 0.275 · ∆𝐸 − 4.20                               (1) 

where ∆E refers to the reaction energy in kcal/mol obtained from the 
electronic energies in solution. Application of Eq. (1) to the related 2,2’-
bipyridine-6,6’-diphosphonate Ru catalyst yields a pKa of 4.13 and 4.30 

(protons of different phosphonate groups) not far from the experimental 

value of ~4.1 for the double deprotonation of the phosphonate group [43]. 
For the energy of the solvated proton H3O

+ we used -258.4 kcal/mol [42].  

We represent redox reactions [44] using the following equation: 

𝐴+ + 𝑒− → 𝐴  

𝜀𝑟𝑒𝑑
0 =  

∆𝐺

−𝑛𝐹
− 𝜀𝑆𝐻𝐸

0                                         (2) 

Where ∆G is the Gibbs energy of the reaction. The 𝑆𝐻𝐸 refers to the 
absolute potential of the Standard Hydrogen Electrode (4.28 V) [45] in 

water, n refers to the number of electrons transferred and F is the Faraday 

constant. Energies are given in kcal/mol and the reduction potential 𝜀𝑟𝑒𝑑
0  in 

V.  

Since PCET reactions include ∆𝐺𝐻+, we used the following formula to 
determine its reduction potential: 

𝑅𝑢𝑛𝑂𝐻 + 𝑒− + 𝐻+ → 𝑅𝑢n−1O𝐻2  

𝜀𝑟𝑒𝑑
0 =  

∆𝐺𝑅𝑢𝑛−1𝑂𝐻2
−∆𝐺𝑅𝑢𝑛𝑂𝐻−0.5·∆𝐺𝐻2

−𝑛𝐹
                           (3) 

Where we used the Gibbs energy of the calculated solvated hydrogen 

molecule. Additionally, since the reduction potentials of PCET reactions 
are dependent on the pH, we included the -0.059 · pH correction obtained 

at 298.15 K [46]. For a more detailed description, see the SI. 

Since the formal charges on ruthenium are in some cases arguable, we 
undertook an Effective Oxidation State (EOS) analysis to assign the 

oxidation state of the Ru atom in intermediates and transition states, via the 

in-house software APOST-3D [47]. Using the Topological Fuzzy Voronoi 
Cells (TFVC) 3D-space partitioning method and a 70 x 434 atomic grid for 

the numerical integration, we obtained the Reliability index (𝑅𝜎(%)) 

calculated using the occupancies of the last occupied (𝜆𝐿𝑂
𝜎 ) and first 

unoccupied (𝜆𝐹𝑈
𝜎 ) effective atomic orbitals as shown in eq. 4:  

𝑅𝜎(%) = 100 · min(1, 𝑚𝑎𝑥(0, 𝜆𝐿𝑂
𝜎 − 𝜆𝐹𝑈

𝜎 + 1/2))               (4) 

This index reveals the reliability of the oxidation states assigned to the 

chosen atoms or molecular fragments. For R > 65-70%, the oxidation state 
can be assigned with confidence. 

RESULTS AND DISCUSSION 
In Scheme 2, we report all possible routes for the WOC mechanism 
catalyzed by the 2,2’-bipyridine-6,6’-dicarboxylate Ru catalyst. Further 

details are given in Scheme 3 (pH = 1) and Scheme 4 (pH = 8). Throughout 

this work, we named our complexes as 2S+1X+q, where S is the spin and q the 
charge of species X. It is worth noting that for all species with even number 

of electrons we have computed the closed-shell singlet, the open-shell 

singlet, the triplet, and the quintuplet electronic states. We found that in all 
cases the closed-shell singlet is favored, except for the TS of the I2M 

coupling between two RuVO units (212+1+212+1 in Scheme 3), for which the 

open-shell singlet state is lower in energy, and for the RuIV=O species, for 
which the triplet is the ground state in agreement with the calculations done 

by Concepcion and coworkers [12]. Further, for species with odd number 

of electrons, we tested both the doublet and quadruplet electronic states, the 
latter being higher in energy in all cases. In this work, we represent only the 

lowest energy electronic states for the sake of clarity. 

 
Scheme 2. General reaction mechanism for the water oxidation catalysis by 

2,2’-bipyridine-6,6-dicarboxylate Ru catalyst. Arrows in blue denote 
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oxidation processes, in purple deprotonation, and in green proton-coupled 

electron transfers. 

 

Scheme 3. Mechanism for the Ru-bda catalyst at pH = 1; PCETs in green; 
Gibbs energy barriers in orange; reduction potentials in light blue; Gibbs 

reaction energies in grey. Energies are given in kcal/mol and oxidation 

potentials in V. Arrows in blue denote oxidation processes and in green 
proton-coupled electron transfers. 

We have chosen intermediate 24+1 as the catalyst while 10+0 and 13+0 

(represented in Figure 1) have been defined as precatalysts. Comparing our 

structural data with those given in the Supporting Information (SI) by 
Concepcion et al. [28] we determined that bond lengths of our structures 

are similar to theirs, the biggest absolute error being 0.066 Å. Two 

experiments were performed by Concepcion’s group at pH = 1, one was the 

addition of excess CAN (Cerium Ammonium Nitrate), i.e. the oxidant in 

the media at pH = 1, we ensure a minimal reduction potential of 1.72 V 
[48,49]; and the other was the cyclic voltammetry. For the sake of clarity, 

we define the CAN potential as the maximum to perform the different 

oxidation reactions thus; we do not consider reactions with higher 
potentials. We have tried many different pathways and possibilities, and we 

represent in Scheme 3 the most likely reaction mechanism at pH = 1. A full 

account of all different reaction paths can be found in the SI. 

The oxidation state on ruthenium atoms (for all studied complexes in this 

work) ranges from II to V as we show in Table 1 with their respective 
reliability indexes.  

 

Table 1. Oxidation states (OS) and their corresponding Reliability indexes 
(R%) for some the molecules represented in this work. 

Mol. 0 1 4 7 8 11 12 A 

OS II III III III IV IV V IV&IV 

R% 90.4 86.0 87.0 92.8 85.7 59.8 50.9 78.1 

Mol. A’ C D 13 14 
7+12 

TS 

7+11 

TS 

12+12 

TS 

OS III&IV IV&V IV&IV IV&IV III IV&IV III&IV IV&IV 

R% 63.9 60.3 63.3 81.1 85.0 75.3 78.3 73.6 

 

As we can see, 311+0, 212+1, 2A’+0, 2C+1 and 1D+2 are the most problematic 
since their R% are not high enough to determine with total confidence the 

OS of their Ru atoms. This is due to the close proximity in energy between 

the occupied and unoccupied orbitals, i.e. molecule 212+1 𝜆𝐿𝑂
𝜎  has an 

assigned occupancy of 0.440 e- while the 𝜆𝐹𝑈
𝜎  an occupancy of 0.448 e-. This 

difference implies that it is not possible to determine with total certainty 

whether the oxo group fragment OS is considered -2 (thus Ru fragment +5) 
or -1 (thus Ru fragment +4). It is worth noting that out of these five 

complexes, only complexes 311+0 and 212+1 are relevant in the reaction 

mechanisms found to be operative (vide infra). 

Moving to the mechanism discussion (Scheme 3), starting from 10+0, we 

believe that, first, a water molecule interacts with 10+0 in the second 

coordination sphere to form 13+0 and releasing 1.2 kcal/mol. The same 

energy value was reported by Concepcion et al. [12] for the coordination of 

water to RuII. In the experiments by their group, they observed that at pH = 
1 there were two oxidation steps at 0.85 V and 1.10 V [50]. Our calculations 

indicate that these two steps are two PCET processes at 0.75 V and 1.01 V. 

We also considered the oxidations and deprotonations separately, but due 

to the low pH, the intermediates found would re-protonate. Comparing the 

proposal by Concepcion et al. [12] and our work, we obtained similar results 

up to the formation of 212+1. Furthermore, the calculations are in agreement 
with the detection of this type of intermediate by Copéret, Pushkar et al. 

[51]. 

Once we form 212+1, a coupling between 2 M-O sites occurs. Formation of 
113+2, RuIV-O-O-RuIV, through an I2M mechanism is exergonic by 0.3 

kcal/mol and has an estimated Gibbs energy barrier of 11.4 kcal/mol. The 

corresponding transition state displays an open-shell singlet character and 
indeed, it is a bimolecular oxyl radical coupling of two [RuV=O]+ species as 

Concepcion et al. [28] and Sun et al. [5] groups reported. The highest in 

energy structure used to estimate the energy barrier for an O-O frozen bond 
distance of 1.90 Å was obtained with a linear transit procedure by changing 

the O-O distance with steps of 0.1 Å. We used this estimate, as we were 

unable to locate the exact transition state. It is worth noting that the same 
linear transit procedure leads to an error of less than 0.1 kcal/mol for similar 

transition states with a Ru-bda complex [52]. Moreover, the barrier fits into 

the expected energy range at our given conditions [53]. The interaction 

between two 212+1 monomers giving the dimer 113+2 turns out to be the rate 

determining step (rds) of the process at pH = 1 [54]. Following the 

mechanism, we studied the dimer cleavage. From the linear transit carried 
out following the same procedure as for the search of the I2M transition 

state, we concluded that the 113+2 → 214+1+21+1 transformation is a 

barrierless dissociative process. Once the RuV-η1-O2 compound 214+1 is 
obtained, the release of molecular oxygen, again barrierless and exergonic 

by 2.4 kcal/mol, leads to compound 21+1, which then hydrates to regenerate 

the active catalyst 24+1. 

At pH = 8 (Scheme 4), the mechanism shows some differences. The 

transformation from 10+0 to 24+1 does not occur. Instead, the water 

coordination leads to 13+0 , and then via a PCET directly to 27+0. This 
compound 27+0 was characterized using X-ray cristallography by Sun and 

coworkers,[55] who also stated that at pH 7 and above, two molecules of 
27+0 disproportionate into 311+0 and 13+0. Reported Pourbaix diagram by 
Concepcion’s group [28] show that at pH > 6, the line of the pH dependent 

reaction of 13+0 to 311+0 crosses below the line of the pH independent 

reaction of  13+0 to 24+1. As a consequence, they observed a 2e-/2H+ step in 
their experiments. Actually, this step could be considered to gather the two 

PCETs discussed above from the calculations: from 13+0  to 27+0, and from 
27+0 to 311+0. Finally, the oxidation of 311+0 to 212+1 with a potential of -0.59 
V enables the same 212+1+212+1 path as found at pH = 1. We have also 

studied the possible formation of the compound 1A+1 as proposed in the 

work by Concepcion and coworkers [28], as well as a possible species 2A’+0. 
Gibbs energy barriers for the formation of compound 1A+1 of 32.7 kcal/mol 

(27+0+212+1) and of 41.5 kcal/mol (18+1+311+0) were found, whereas 

generation of 2A’+0 from 27+0+311+0 has to overcome a Gibbs energy barrier 
of 26.7 kcal/mol, all these barriers to be compared with the barrier of 11.4 

kcal/mol found for the 212+1+212+1 coupling. All these alternative reaction 

paths have barriers higher in energy than the 212+1+212+1 path, the rds at pH 
= 1. Moreover, the 212+1+212+1 path is also the one showing a more 

favorable thermodynamics among the different I2M processes studied. 

Therefore, we conclude that these new proposals are less likely to be 
operative than the common I2M path. Therefore, our results indicate that 

the 212+1+212+1 bimolecular step is the rds at both pHs. Furthermore, we also 

tried to locate the rhomboid bis(μ-oxo)-RuV
2 species (Scheme 1) but all our 

attempts lead to compound 113+2. We concluded that the bis(μ-oxo)-RuV
2 

species does not exist in the potential energy surface, probably because the 

sterically hindered metal center prefers an µ-η1:η1-peroxo-RuIV
2 structure 

rather than a bis(μ-oxo)-RuV
2 arrangement. Finally, the proposed reaction 

mechanism at pH = 8 is base-assisted in the sense that formation of 311+0 is 

favored at this pH.  
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Scheme 4. Mechanism for the carboxylate catalyst at pH = 8; PCETs 

potentials in green; Gibbs energy barriers in orange; reduction potentials in 

light blue; pKas in purple; Gibbs reaction energies in grey. Energies are 

given in kcal/mol and reduction potentials in V. Main path represented with 

bold arrows. Arrows in blue denote oxidation processes, in purple proton 

transfers, in green proton-coupled electron transfers and in pink and dashed 
disproportion processes. 

 

 

CONCLUSIONS  
We have explored the full mechanism for the 2,2’-bipyridine-6,6’-

dicarboxylate Ru WOC catalyst at pH = 1 and 8. The most important 

difference in the reaction mechanisms at these two pH is the appearance of 
compounds 27+0 and 311+0 at pH = 8. This occurs because the basic pH 

enables the deprotonation of species 24+1. Furthermore, experiments show 

that at basic pHs there is only one 2e-/2H+ step. We propose that this 2e-

/2H+ step is the sum of the two PCETs from 13+0 to 27+0 and 27+0 to 311+0. 

The compounds 27+0 and 311+0 open new paths that may lead to the 

Concepcion et al. proposed compound 1A+1. We studied all possible 
dimerization processes between species involved in the mechanism and we 

found that the I2M 27+0+311+0 to obtain 2A’+0 is lower in energy than 
27+0+212+1 I2M, yet both involve energy barriers higher than the 212+1+212+1 
I2M. Overall, we believe that at room temperature the Concepcion et al. 

proposal at pH = 8 that requires formation of 2A’+0 or 1A+1, is not possible 
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