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Molecular ruthenium water oxidation catalysts
carrying non-innocent ligands: mechanistic insight
through structure–activity relationships and
quantum chemical calculations†

Markus D. Kärkäs,*a Rong-Zhen Liao,*b Tanja M. Laine,a Torbjörn Åkermark,a

Shams Ghanem,a Per E. M. Siegbahna and Björn Åkermark*a

Robust catalysts that mediate H2O oxidation are of fundamental importance for the development of novel

carbon-neutral energy technologies. Herein we report the synthesis of a group of single-site Ru com-

plexes. Structure–activity studies revealed that the individual steps in the oxidation of H2O depended differ-

ently on the electronic properties of the introduced ligand substituents. The mechanistic details associated

with these complexes were investigated experimentally along with quantum chemical calculations. It was

found that O–O bond formation for the developed Ru complexes proceeds via high-valent RuVI species,

where the capability of accessing this species is derived from the non-innocent ligand architecture. This

cooperative catalytic involvement and the ability of accessing RuVI are intriguing and distinguish these Ru

catalysts from a majority of previously reported complexes, and might generate unexplored reaction path-

ways for activation of small molecules such as H2O.

Introduction

The sustainable production of fuel and electricity constitutes
the most important scientific challenge of the 21st century.
Artificial photosynthesis has the potential of providing clean
solar based fuels by splitting H2O. However, in the required
multicomponent systems, catalysts for oxidizing H2O are the
bottleneck.1,2 Although considerable progress has been made
in producing highly active and rugged water oxidation cata-
lysts (WOCs), the question still remains how to construct
WOCs that are capable of reproducing the high activity and
stability of the natural system.3

2H2O → 4H+ + 4e− + O2 (1)

The four-electron oxidation of H2O (eqn (1)) manages to
connect single-electron chemistry with multi-electron

catalysis. Here, the simultaneous removal of protons and
electrons has a profound influence on the energetics of H2O
oxidation and avoids the build-up of high-energy, charged
intermediates. The ability to couple proton transfer with
electron transfer via proton-coupled electron transfer (PCET)
has an essential role in many chemical and biological pro-
cesses and permits the total charge of an intermediate to be
unchanged, whereas just single electron transfers, without
the loss of a proton, lead to charge build-up and high-
energy intermediates.4,5 In artificial photosynthesis and
especially in H2O oxidation, PCET is vital and allows the
accumulation of multiple redox equivalents even at a single
metal center. Detailed studies and fundamental understand-
ing of this process might be the key to developing more
efficient WOCs.

The majority of artificial molecular WOCs are based on
mononuclear6–16 or dinuclear17–21 Ru complexes. In addition
to Ru-based WOCs, catalysts based on Ir22–24 and the more
abundant first-row transition metals Mn,25–32 Co,33–35 Fe36–39

and Cu40–42 have also been developed. In contrast to heteroge-
neous catalysts, homogeneous catalysts, and especially single-
site catalysts have the advantage of facilitating mechanistic
studies. In particular single-site Ru complexes have been
found to be efficient. These can be easily synthesized, have
well-defined structural properties and can in principle be sys-
tematically tuned, both sterically and electronically. Although
the design of WOCs has prospered the last couple of years,
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molecular WOCs which offer simple systematic tuning of the
ligand environment are still relatively scarce.7,43,44

We have previously reported that the single-site Ru com-
plex 2b, bearing the tridentate meridionally coordinating
ligand H3hpbc (H3hpbc = 2-(2-hydroxyphenyl)-1H-benzoĳd]-
imidazole-7-carboxylic acid; H3L), is capable of mediating the
four-electron oxidation of H2O to O2, both by use of the mild
one-electron chemical oxidant [RuĲbpy)3]

3+ and photo-
chemically driven.16 This is in contrast to a majority of
related Ru-based WOCs containing neutral polypyridyl
ligands, which require stronger oxidants, such as CeIV, to
drive the oxidation of H2O. The negatively charged ligand 1b
increases the electron density at the metal center and thus
decreases the redox potentials of the complex,45–47 allowing
for H2O oxidation to be driven by photogenerated
[RuĲbpy)3]

3+-type complexes.48

The correlation between structure and reactivity is of fun-
damental importance for understanding and predicting the
outcome and mechanism of chemical reactions. Linear free-
energy relationships (LFERs) such as the Hammett equation
are powerful tools due to their simplicity and predictability
in gaining insight into the dependence on electronic factors.
Louis Hammett initially found a relationship between the
substituents and the rate of base-catalyzed hydrolysis of a
series of substituted benzoic acid esters.49,50 Hammett later
discovered that the electronic effect of the introduced substit-
uents could also be applied to other organic reactions. The
key principle is that all reactions that follow the Hammett
equation utilize the same set of substituent constants, the σ

values, which gives an indication of the capability of the indi-
vidual substituent to perturb the electronic environment.
Since the Hammett relationship (σ-values) has been exten-
sively used in studies of reaction mechanisms in organic
chemistry, it seemed interesting to see if this could be used
also for a complicated multi-electron transfer reaction such
as H2O oxidation.

Redox properties of a number of Ru complexes have been
correlated with Hammett σ-values.51 However, the Hammett
parameters have thus far not been extensively applied in H2O
oxidation catalysis. Although not presenting distinct graphs,
Berlinguette and co-workers were able to show that the influ-
ence of the substituents on the polypyridyl scaffolds of Ru
complexes follow the expected trends, i.e. the redox poten-
tials decrease and the rates of H2O oxidation increase with
the donor ability of the para substituents.7,44 Similarly,
Bonchio and co-workers studied a tetranuclear Co cluster
and managed to correlate rates of electron transfer and
σ-values for a series of substituted pyridine complexes. How-
ever, the correlation between the electronic properties of the
substituents and TONs was poor.52 This is probably due to
the complicated and multifaceted nature of the four-electron
oxidation of H2O. Since the ligands were found to have such
a strong influence on the redox properties, it seemed attrac-
tive to explore the potential of using Hammett parameters in
H2O oxidation catalysis by synthesizing complexes housing
analogues of ligand 1b.

Herein we report the synthesis and characterization of a
group of related molecular single-site Ru complexes (2),
containing a basic site which can promote proton-coupled
events (Fig. 1). The mechanistic details associated with H2O
oxidation for these Ru complexes were evaluated using LFERs
in combination with quantum chemical calculations. It was
revealed that the uncoordinated imidazole nitrogen atom,
the basic site in these complexes, is highly involved during
catalysis by participating in proton transfer. In addition, the
ligand frameworks in the crafted Ru WOCs contribute to the
catalytic efficiency by also being redox-active. This is an
important property and implies that the ligand frameworks
can help to store redox equivalents during the oxidation of
H2O, thus alleviating the metal center from being too heavily
oxidized. The study also revealed that the catalytic oxidation
of H2O proceeds via the generation of a formal high-valent
RuVI species. This is different from other Ru-based WOCs
that carry neutral polypyridyl ligands, which typically proceed
via the generation of RuIVO or RuVO species as the cata-
lytically competent key intermediate for O–O bond formation.
The intriguing capability of accessing a high-valent formal
RuVI species distinguishes the developed Ru WOCs and thus
originates from the designed non-innocent ligand architec-
ture, where the ligand framework is both involved in storing
redox equivalents and in promoting proton transfer. By using
a combination of experiments and calculations we show how
one can design optimized ligands for novel catalysts for the
activation of small molecules, such as H2O, thus providing
new foundations for sustainable energy platforms.

Results and discussion
Catalyst design, synthesis and catalytic activity

It was decided to prepare ligands (1) containing both
electron-withdrawing and electron-donating substituents (see
ESI† for further details). The corresponding Ru complexes
2a–d were subsequently obtained in moderate yields by
refluxing the ligands 1a–d in the presence of RuĲDMSO)4Cl2,
Et3N and 4-picoline. All complexes were isolated in their RuIII

state and fully characterized by a variety of methods includ-
ing 1H NMR (after reduction to RuII), mass spectrometry (MS)
and electrochemistry.

Catalytic H2O oxidation experiments were conducted as
previously established: [RuĲbpy)3]

3+ was employed as chemical
oxidant in a buffered aqueous solution, at neutral pH (0.1 M
phosphate buffer, pH 7.2) and the evolution of the gaseous
products was monitored and quantified by real-time MS mea-
surements.53 Upon the addition of solutions containing the
Ru complexes to the oxidant [RuĲbpy)3]

3+, O2 evolution was
immediately triggered (see Fig. S32†). For all of the investi-
gated Ru complexes, high turnover numbers (TONs) and
turnover frequencies (TOFs) were obtained (Table 1). Ru com-
plex 2b displayed the highest activity, both in terms of TON
and TOF, and this trend will be further discussed (vide infra).
Kinetic experiments were also performed where the initial
rate of O2 evolution was plotted against the catalyst
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concentration. It was revealed that the initial O2 evolution for
all complexes displayed a pseudo first-order dependence on
catalyst concentration (Fig. 2) and suggests that the oxidation
of H2O most likely occurs at a single Ru center, which has
previously been proposed for other Ru WOCs.7,54,55 To pro-
vide support that Ru complexes 2a–d retain their identities
after catalytic cycling, the catalytic reaction mixtures were
analyzed by electrospray ionization high-resolution mass
spectrometry (ESI-HRMS) after about 25 turnovers. For all
complexes, a signal was found that corresponded to the aqua
complex (3).

No signals corresponding to the free ligands or oxidized
ligand species were detected, suggesting that the complexes
retain their structure during catalysis.

Ligand exchange – generation of the catalytically active entity

Previous studies have already demonstrated that Ru WOC 2b
readily loses one of its picoline ligands in aqueous solu-
tions,16 thus giving access to coordination of H2O. This is impor-
tant since it enables PCET events and hence helps to avoid the
formation of high-energy intermediates during catalysis. For all
Ru WOCs 2, the ligand displacement reaction [RuĲHhpbc)-
Ĳpic)3]

+ + H2O → [RuĲHhpbc)Ĳpic)2ĲOH2)]
+ + pic could in princi-

ple occur either at the equatorial or axial position, resulting in
the two isomeric aqua complexes [RuĲHhpbc)Ĳpic)2

axialĲOH2)]
+

(3) and [RuĲHhpbc)Ĳpic)axialĲpic)equatorialĲOH2)]
+ (3′), respec-

tively (Fig. 4). The formation of the two isomeric Ru com-
plexes 3 and 3′ could potentially take place via a concerted
associative pathway or a dissociative pathway (see Scheme S1†).
ESI-HRMS and 1H NMR were subsequently used to examine
the conversion of Ru complexes 2 to their corresponding aqua
species (Fig. S10–S13 and S29†).

Initial studies consisted of investigating the lability of the
RuIII–Npic bond of the Ru complexes 2 in aqueous solutions
by ESI-HRMS. Analyzing aqueous solutions containing the Ru

Fig. 1 Molecular structures of ligands 1a–d and the single-site Ru complexes 2a–d. pic = 4-methylpyridine.

Table 1 Catalytic data for [RuĲbpy)3]
3+-driven H2O oxidation by Ru com-

plexes 2a–d and other single-site Ru complexes

Complex
TON
(mol O2 per molcat)

TOF
(mol O2 per molcat s

−1)

2aa 460 0.86
2ba 1700b 3.1b

2ca 1520 2.2
2da 850 1.0
[RuĲhpb)Ĳpic)3]

+c 170 0.28
[RuĲHpcc)Ĳpic)3]

+d 280 1.16
[RuĲbpb)Ĳpic)2]

+e 200 0.12
RuĲbda)Ĳpic)2

f 33 —

a Reaction conditions: an aqueous phosphate buffer solution (0.1 M,
pH 7.2, 0.50 mL) containing Ru complex 2 (0.33 μM) was added to the
oxidant [RuĲbpy)3]ĲPF6)3 (3.0 mg, 3.0 μmol). b Higher TON and TOF
values of 4000 and 7.4 s−1, respectively, have been obtained using
0.033 μM Ru complex 2b and 10.2 mM [RuĲbpy)3]ĲPF6)3.

c Reaction
was carried out in an aqueous phosphate buffer solution (0.1 M, pH
7.2) containing 0.33 μM [RuĲhpb)Ĳpic)3]

+ and 10.2 mM [RuĲbpy)3]ĲPF6)3
(see ref. 16). d Reaction was carried out in an aqueous phosphate
buffer solution (0.1 M, pH 7.2) containing 2.55 μM [RuĲHpcc)Ĳpic)3]

+

and 7.2 mM [RuĲbpy)3]ĲPF6)3 (see ref. 14). e Reaction was carried out
in an aqueous phosphate buffer solution (0.1 M, pH 7.2) containing
30 μM [RuĲbpb)Ĳpic)2]

+ and 6.0 mM [RuĲbpy)3]ĲPF6)3 (see ref. 13).
f Reaction was carried out in an aqueous phosphate buffer solution
(0.05 M, pH 7.0) containing 5% MeCN (v/v), 80 μM RuĲbda)Ĳpic)2 and
[RuĲbpy)3]ĲPF6)3 (see ref. 15). H3hpb = 2-(2-hydroxyphenyl)-1H-
benzoĳd]imidazol-7-ol. H2pcc = pyridine-6-carboxamide-2-carboxylic
acid. H2bpb = N,N′-1,2-phenylene-bisĲ2-pyridine-carboxamide). H2bda =
2,2′-bipyridine-6,6′-dicarboxylic acid.

Fig. 2 Initial rates of O2 evolution at various concentrations of
catalysts 2. Reaction conditions: an aqueous buffered solution
(phosphate buffer; 0.1 M, pH 7.2, 0.50 mL) containing catalyst 2 was
added to [RuĲbpy)3]ĲPF6)3 (3.0 mg, 3.0 μmol). The O2 evolution was
measured by real-time mass spectrometry and the initial rates of O2

evolution were obtained by linear fitting of the initial curves. The turn-
over frequencies (TOFs) can be obtained from the slopes (TOF =
evolved O2 s

−1/([2] Vreaction). ( ) 2a, ( ) 2b, ( ) 2c, ( ) 2d.
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complexes resulted in the appearance of signals correspond-
ing to the Ru aqua complexes (see Fig. S29†). These observa-
tions show that a picoline-H2O ligand exchange process
occurs for Ru complexes 2 under experimental conditions
where H2O oxidation is carried out. Although the HRMS
showed that the Ru aqua species are readily generated in
aqueous solutions, this technique cannot distinguish if
ligand displacement takes place at the axial or equatorial
position. To determine this, 1H NMR was considered as the
complementary analytical tool of choice. In aqueous solu-
tions the two coordinated picoline ligands were shown to be
equivalent in the 1H NMR spectra (Fig. S10–S13†). It could
therefore be concluded that the picoline-H2O ligand displace-
ment occurs at the equatorial position for Ru WOCs 2a–d.
This was further supported by theoretical calculations, which
showed that ligand exchange at the equatorial position is
favored (vide infra).

Electrochemical and high-resolution mass spectrometry
measurements

In order to obtain further insight into how the properties of
the catalysts were affected by the introduced substituents,
electrochemical measurements by means of cyclic
voltammograms (CVs) and differential pulse voltammograms
(DPVs) were carried out at neutral pH (pH 7.2), under similar
conditions as the catalytic experiments. In the CVs, catalytic
currents were observed for all complexes at a potential of
~1.23 V vs. normal hydrogen electrode (NHE56), correspond-
ing to the electrochemical oxidation of H2O (Fig. S34 and
S35†). The electrochemical properties of Ru complexes 2 were
further investigated by differential pulse voltammetry, which
showed three redox waves for each complex (Fig. S37–S45†).
Table 2 summarizes the redox potentials and onset potentials
for Ru complexes 2.

Previous studies of Ru complex 2b suggested that the
redox chemistry of this complex proceeded via RuII → RuIII →
RuIV → RuV, where the latter species was thought to be
responsible for promoting H2O oxidation.16 In order to study
the involvement of high-valent Ru-oxo species, HRMS mea-
surements were conducted. Upon the addition of 15 equiva-
lents of the oxidant [RuĲbpy)3]

3+ (an excess of the RuIII oxi-
dant was necessary due to its facile decomposition at pH 7.2)
to an aqueous solution of Ru complex 2b, a signal at m/z
555.0584 appeared (Fig. S30†). The observed species at m/z
555.0584 (Fig. 5) can be assigned to the formal
[RuVIĲhpbc)Ĳpic)2ĲO)]

+ species (6b) and suggests the involve-
ment of the formal RuVI species (or the equivalent RuV-oxyl
species) as the catalytically competent intermediate for the
developed Ru WOCs. The first observable redox potential,
occurring at ca. 0.60 V, is therefore now interpreted as the
RuIV/RuIII redox couple. This interpretation is strongly
supported by the fact that the complexes are all isolated in
the RuIII oxidation state, suggesting that the oxidation to the
RuIII state occurs at a low redox potential. The correct redox
sequence observed in the DPVs should thus be described as
RuIII → RuIV → RuV → RuVI, where the latter species ulti-
mately triggers O–O bond formation. The participation of a
RuVI species was also given by quantum chemical calcula-
tions (vide infra), which further support the involvement of
RuVI as the key species.

Structure–activity correlations

It was now of interest to study if Hammett parameters could
be used for structure–activity correlations for Ru complexes
2. In the Hammett study of Ru complexes 2, two electronic
parameters were evaluated; the σmeta and σpara values (see
Fig. 1 and Table 2). The reason is that the Ru center is coor-
dinated to both the phenol oxygen and the imidazole nitro-
gen, and as a result the electronic density at both the para
and meta position could be of importance during catalysis. It
was found that the electrochemical onset potentials (Eonset)
for O2 evolution correlated well with the σpara parameters
(Fig. 6). This is in accordance with the active electron dona-
tion of the phenol to the oxidized Ru center and probably
results in the formation of a coordinated phenoxyl radical, as
suggested by the quantum chemical calculations (vide infra).
The RuVI/RuV redox potentials can only be observed as shoul-
ders on the rising onset potentials and show a similar corre-
lation with both the σmeta and σpara parameters (Fig. S48†).

Fig. 3 Structures of various Ru complexes reported to mediate H2O
oxidation with [RuĲbpy)3]

3+ as chemical oxidant. H3hpb =
2-(2-hydroxyphenyl)-1H-benzoĳd]imidazol-7-ol. H2pcc = pyridine-6-
carboxamide-2-carboxylic acid. H2bpb = N,N′-1,2-phenylene-bisĲ2-
pyridine-carboxamide). H2bda = 2,2′-bipyridine-6,6′-dicarboxylic acid.

Fig. 4 Depiction of the two isomeric aqua complexes
[RuĲHhpbc)Ĳpic)2

axialĲOH2)]
+ (3) and [RuĲHhpbc)Ĳpic)axialĲpic)equatorialĲOH2)]

+ (3′).
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However, to our surprise, both the RuIV/RuIII and RuV/RuIV

redox potentials revealed a different correlation, where the
redox potentials increased with increasing electron donor
capacity of the introduced substituent (Fig. 5, S46 and S47†),
quite contrary to previous studies.51 This correlation is coun-
terintuitive since a more electron-rich metal center would be
more prone to undergo oxidation. This is also the opposite of
what has been found for Ru WOCs bearing neutral poly-
pyridine ligands, which have been studied earlier.7,11,44,57

The correlations were moderate with the σpara parameters but
excellent when applying the σmeta parameters (Fig. 5, S46 and
S47†), indicating that the inductive effect of the substituents
on the imidazole moiety is the most important factor for the
RuIV/RuIII and RuV/RuIV redox couples.

A possible explanation for this peculiar redox behaviour of
Ru complexes 2a–d is the occurrence of a basic site (the
uncoordinated imidazole nitrogen) in these complexes. The
fact that the uncoordinated imidazole nitrogen is a fairly
strong base, results in a protonated imidazole moiety in com-
plexes 2, even at neutral pH. This was further supported by
spectrophotometric titration (Fig. 6 and S19–S27†), where the
pKa values could be correlated to the σmeta parameters
(Fig. 7, bottom), along with quantum chemical calculations
and will be further discussed in the following section (vide
infra). The σmeta parameter would thus give a measure of the
inductive effect of the introduced substituents on the imidaz-
ole ring, where an electron-donating substituent such as the
CH3-group would favor protonation, leading to an increase of
the redox potentials instead of the expected decrease.

An important question was whether the catalytic perfor-
mance (i.e. rates) could be correlated to the electronic param-
eters. Applying and fitting the Hammett σmeta parameters
resulted in a second-order polynomial function where the
maximum catalytic rate was obtained at σ ~ +0.2 (Fig. S50†).
The observed concave Hammett curve indicates a change in
the rate-determining step of the catalytic cycle.58 In addition
to the release of O2, oxidation of H2O contains several com-
peting events (see Fig. 8), such as H2O coordination equilib-
ria, generation of Ru-oxo intermediates and H2O nucleophilic
attack for the generation of the vital O–O bond. These indi-
vidual steps might be differently affected by the introduced
electron-donating and electron-withdrawing substituents in
the ligand frameworks. Thus electron-donating substituents
should donate electron density to the metal center and pro-
mote its oxidation while electron-withdrawing substituents
will activate the generated Ru-oxo species and increase its
reactivity towards H2O nucleophilic attack to produce the
essential O–O bond. For Ru complexes 2, these results sug-
gest that extensive electron-donation from the ligand frame-
work will have a negative effect on the catalytic rate by for
example slowing down the H2O nucleophilic attack on the
Ru-oxo intermediate, thus making k4 (water nucleophilic attack)
the rate-determining step for complexes housing electron-rich
ligand systems. Also strong electron-withdrawing groups on
the ligand scaffolds will presumably have a negative impact
on the catalytic rate, rendering for example k6 (O2 release) to
become the rate-determining step. Collectively, this high-
lights the complexity of the four-electron oxidation of H2O,

Table 2 Electrochemical data and Hammett parameters for Ru complexes 2a–da

Complex

Potential (V vs. NHE) Hammett parameters

RuIV/RuIIIb RuV/RuIVb RuVI/RuVb Eonset
c σmeta σpara

2a 0.590 0.78 1.08 1.234 −0.07 −0.17
2b 0.585 0.75 1.16 1.240 0.00 0.00
2c 0.550 0.66 1.12 1.244 0.34 0.06
2d 0.545 0.64 1.17 1.250 0.39 0.23

a Measured in an aqueous phosphate buffer solution (0.1 M, pH 7.2). Conditions: scan rate 0.1 V s−1, glassy carbon disk as working electrode, a
platinum spiral as counter electrode and a Ag/AgCl electrode as reference electrode. Potentials were converted to NHE by using the [RuĲbpy)3]

3+/
[RuĲbpy)3]

2+ couple as a standard (E1/2 = 1.26 V vs. NHE). b Obtained from differential pulse voltammetry. c Onset potential of catalytic curve,
obtained from cyclic voltammetry.

Fig. 5 (a) High-resolution mass spectrum of the corresponding RuVI-oxo complex of 2b (6b) in positive mode obtained after the addition of 15
equivalents of the oxidant [RuĲbpy)3]ĲPF6)3 to an aqueous solution containing complex 2b and (b) the simulated spectrum (pic = 4-picoline).
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where tuning of the catalyst by introducing strongly electron-
donating or withdrawing groups might ultimately change the
rate-determining step in the catalytic cycle. This will affect
the catalytic rate and might even result in inhibition of oxida-
tion of H2O.

A quantum chemical description

In order to aid the interpretation of the observed experimen-
tal results and to obtain further mechanistic insight, quan-
tum chemical calculations were conducted. Complex 2b was
chosen as the model system on which DFT calculations were
performed at the B3LYP-D2 and B3LYP*-D2 levels (see Experi-
mental section for further details on the calculations).
According to our previous studies on the oxygen-evolving
complex (OEC) and also a number of synthetic WOCs,39,59–62

B3LYP*-D2 performs better in describing redox potentials
and therefore only B3LYP*-D2 results will be presented
herein but a comparison of the results from these two
methods is available in the Supporting Information.

The structure of Ru complex 2b was initially calculated. In
the optimized structure, the imidazole moiety is protonated,
rendering the Ru complex positively charged. Complex 2b
was found to be a doublet and the spin density on the Ru

center was calculated to be 0.78. The conversion of the RuIII

picoline complex [RuĲHhpbc)Ĳpic)3]
+ 2b to the corresponding

RuIII aqua complex was subsequently investigated since this
is the important catalytic species. Here, two possible mecha-
nistic scenarios can be envisioned, namely the associative
pathway, which proceeds via a seven-coordinated intermedi-
ate (or transition state), and a dissociative pathway proceed-
ing via a five-coordinated intermediate. For Ru WOCs 2, the
picoline displacement could in principle occur at either the
axial or equatorial position, leading to a total of four different
mechanistic routes. The potential energy profiles for these
pathways for Ru complex 2b are outlined in Fig. 9, and the
optimized transition state structures are shown in Fig. 10.
The calculations revealed that the dissociative pathway is

Fig. 6 Linear free-energy relationships for Ru complexes 2. Relation-
ship between (a) the RuIV/RuIII redox couple and the Hammett σmeta

parameters, and (b) the onset potentials (Eonset) and the σpara
parameters.

Fig. 7 (Top) Spectrophotometric titration of Ru complex 2b in an
aqueous phosphate buffer solution. The pH value was adjusted with
aliquots of 1 M NaOH. (Middle) Determination of pKa of Ru complex 2b
by fitting the absorbance at 306 nm. (Bottom) Hammett plot for the
pKa values for Ru complexes 2a–d.
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preferred and that the associative mechanism, which has a
significantly higher barrier (see Fig. 9), involves a concerted
transition state in which the picoline dissociation and bind-
ing of H2O take place simultaneously without the formation
of a stable seven-coordinated Ru complex. In addition, the
dissociation of the equatorial picoline was found to be ener-
getically more favorable by 2.0 kcal mol−1, so that the
resulting aqua complex 3b with H2O coordinated at the equa-
torial position is 2.5 kcal mol−1 more stable than the aqua
species having H2O at the axial position (complex 3b′). Collec-
tively, these calculations thus further support the experimen-
tal results, showing that ligand exchange predominantly
occurs at the equatorial position to generate Ru complex 3b
(Fig. 9).

Ru complex 3b, depicted in Fig. 11, has a total charge of
+1, with a protonated imidazole unit (for a calculated struc-
ture of the RuII–aqua complex see Fig. S51†). In complex 3b,
partial spin delocalization can be seen on the ligand

framework and the spin density at the Ru center is 0.76 (for a
depiction of the spin isodensity see Fig. S65†). The pKa of 3b
was calculated to be 9.9, and deprotonation can potentially
take place either at the imidazole site or at the coordinated
aqua ligand, with the latter being favored (Fig. S52†).

To provide further support that the species in solution is
indeed RuIII (3b), time-dependent density functional theory
(TDDFT) calculations were performed to obtain the UV-vis
absorption spectra for complexes 3a, 3b and 3c. Excellent
agreement was observed between the experimental and calcu-
lated spectra (Table 3 and Fig. 12). The nature of the various
electronic transitions was analyzed on the basis of the molec-
ular orbitals for Ru complex 3b (Fig. S66–S68†). The lowest
experimentally observed excitation should be interpreted as a
ligand (π) to metal (d) charge transfer, with a wavelength of
680 nm. An additional π–d transition can also be seen at ~505
nm. The lowest ligand π–π* excitation occurs at a shorter
wavelength (428 nm) and is followed by several other

Fig. 8 Depiction of the individual steps resulting in release of O2 from Ru–aqua complexes 3.

Fig. 9 Potential energy profiles for the conversion of the RuIII picoline complex [RuĲHhpbc)Ĳpic)3]
+ 2b to the RuIII aqua complexes

[RuĲHhpbc)Ĳpic)2
axialĲOH2)

equatorial]+ (3b) or [RuĲHhpbc)Ĳpic)axialĲpic)equatorialĲOH2)
axial]+ (3b′) via an associative or dissociative ligand exchange

pathway.
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observed π–π* excitations in the range of 300–400 nm,
which account for the strong peaks experimentally observed
below 420 nm.

Next, the different aqua/hydroxo/oxo complexes at higher
redox states were calculated. The optimized structures of
these intermediates are depicted in Fig. 11. The subsequent
oxidation of RuIII complex 3b to generate the formal RuIV

complex was found to be proton-coupled. This species could
in principle have two isomeric structures, which are labeled
as 4b and 4b′, with a total charge of +1. Calculations revealed
that isomer 4b, where the proton has been removed from the
aqua ligand, is more stable than isomer 4b′ in which the pro-
ton on the imidazole moiety has been abstracted.

The ground state of 4b is a triplet and the open-shell bro-
ken symmetry singlet was found to be 4.0 kcal mol−1 higher
than the triplet state. The formal RuIV/RuIII redox potential
was calculated to be 0.65 V, which is in accordance with the
experimentally observed value of 0.59 V (Table 4). The calcu-
lations suggest that the redox process is in fact intricate,
involving the collective removal of one electron from a com-
bination of the metal center, the ligand and the aqua ligand.
The spin density (1.32) shows that the formal RuIV complex
4b is better described as featuring a RuIII center with signifi-
cant radical character on the ligand backbone and on the

coordinated hydroxyl group. This character becomes even
more visible upon oxidation to the formal RuV complex 5b,
which is best interpreted as featuring a quartet L1b˙–Ru

III–O˙
species, with a low-spin RuIII (SRu = 1/2) ferromagnetically
coupled to a ligand radical cation (S = 1/2) and an oxyl radical
(SO = 1/2), as suggested by the spin densities (1.26 on Ru and
0.97 on the oxygen). In this one-electron oxidation, two pro-
tons are lost at neutral pH, see Fig. 13, right. The correspond-
ing doublet state was found to be 8.0 kcal mol−1 higher in
energy than the quartet state.

A subsequent one-electron oxidation of complex 5b fur-
nishes the formal high-valent RuVI complex 6b (Fig. 11).
Complex 6b can be considered as a L1b˙–Ru

VO complex and
has a total charge of +1 as no protons are released upon the
oxidation. The redox potential of the formal RuVI/RuV couple
(i.e. 5b → 6b) was calculated to be 1.27 V, which is close to
the experimentally detected values for both the formal RuVI/
RuV redox potential 1.16 V (Table 4) and the onset potential
1.24 V. The capability of accessing a highly oxidized formal
RuVI complex originates from the presence of the non-
innocent ligand environment and has importance for storing
redox equivalents during the oxidation of H2O, thus alleviat-
ing the metal center from being heavily oxidized.63 To the
best of our knowledge, there exist only three examples, the
[RuĲbpb)Ĳpic)2]

+ complex13 (see Fig. 3), the cis-[(bpy)2RuĲOH2)2]
2+

complex64 and the p-[RuĲtpy)Ĳpynap)ĲOH2)]
2+ complex65 (p =

proximal, tpy = 2,2′;6′,2″-terpyridine, pynap = 2-(pyrid-2′-yl)-1,8-
naphthyridine), where Ru WOCs have been proposed to reach
the RuVI stage. However, the catalytic efficiency of the cis-
[(bpy)2RuĲOH2)2]

2+ complex in oxidizing H2O was low, with a
TON close to 4.

The ground state of complex 6b turns out to be a triplet,
in which the ligand radical cation ferromagnetically inter-
acts with the unpaired electron at the RuVO center. The
broken-symmetry singlet and the quintet were found to be
0.8 and 3.6 kcal mol−1 higher in energy, respectively. In
the quintet, the intermediate-spin RuIV (SRu = 1)
ferromagnetically interacts with the ligand radical cation
(S = 1/2) and the oxyl radical (SO = 1/2). A further oxidation
to generate a RuVII species was also investigated. This was
found to be a doublet in the ground state (Fig. S56†).
However, the calculated RuVII/RuVI redox couple was found
to have a potential of 1.61 V, suggesting that this high-
valent state cannot be accessed using the [RuĲbpy)3]

3+ oxi-
dant (E (RuIII/RuII) = 1.26 V).

Mechanistic insight

With these results in hand it was possible to reconstruct the
experimental Pourbaix diagram for Ru complex 2b, which is
depicted in Fig. 13, left. The Pourbaix diagram reveals that,
under neutral conditions, the RuIII–aqua species 3b is proton-
ated at the imidazole nitrogen and maintains a total charge
of +1. The subsequent redox processes result in the forma-
tion of the formal high-valent RuVI species, which triggers
O–O bond formation (see Fig. 14).

Fig. 10 Optimized structures for the transition states involved in the associative
ligand exchange pathway and the intermediates in the dissociative ligand
exchange pathway for the conversion of RuIII picoline complex [RuĲHhpbc)Ĳpic)3]

+

2b to the RuIII aqua complexes [RuĲHhpbc)Ĳpic)2
axialĲOH2)

equatorial]+ (3b)
and [RuĲHhpbc)Ĳpic)axialĲpic)equatorialĲOH2)

axial]+ (3b′). Distances are given
in Angstrom.
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By calculating the different protonation states and pKa

values of all redox species, ranging from RuIII to RuVI, it was
possible to construct the theoretical Pourbaix diagram for

complex 2b (Fig. 13, right). It should be pointed out that the
calculation of the absolute pKa values is challenging and is
associated with an error margin of ~1 unit, whereas the

Fig. 11 Optimized structures of the various intermediates involved in H2O oxidation for Ru complex 2b. The formal oxidation states are
highlighted, distances are given in Angstroms and spin densities (ρ) are indicated for selected atoms. The spin densities for the RuV doublet and the
RuVI quintet are shown in brackets.

Fig. 12 (Left) UV-vis absorption spectra of Ru complexes ( ) 2a, ( ) 2b and ( ) 2c in aqueous phosphate buffer solutions (0.1 M, pH 7.2). (Right)
Calculated spectra of Ru complexes ( ) 3a, ( ) 3b and ( ) 3c.
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calculated redox potentials are associated with an error mar-
gin of ~0.1 V, and the reports of calculated Pourbaix dia-
grams are thus limited.66,67 However, by comparing the
experimental and calculated diagrams, it was revealed that
the method used here gave satisfactory results. As shown in

Table 4, the differences between the experimental and calcu-
lated pKa values and redox potentials are within the margin
of error.

In order to provide further support for the “inverse” sub-
stitution effect, the redox potentials of complex 2c with the

Table 4 Experimental and calculated potentials, and pKa values for Ru complexes 2b and 2c

Complex 2b Complex 2c

Potential (V vs. NHE) pKa Potential (V vs. NHE)

Redox couple Calculateda Experimentalb Calculatedc Experimental Calculateda Experimentalb

RuIV/RuIII 0.65 0.59 9.9 9.7 0.61 0.55
RuV/RuIV 0.85 0.75 7.8 6.7 0.82 0.66
RuVI/RuV 1.27 1.16 6.3 6.7 1.29 1.12

a Redox potentials were calculated at the B3LYP*-D2 level (for further details see Experimental section). b Experimental potentials were
obtained from DPV in an aqueous phosphate buffer solution (0.1 M, pH 7.2). Conditions: scan rate 0.1 V s−1, glassy carbon disk as working
electrode, a platinum spiral as counter electrode and a Ag/AgCl electrode as reference electrode. Potentials are reported in NHE and were
converted to NHE by using the [RuĲbpy)3]

3+/[RuĲbpy)3]
2+ couple as a standard (E1/2 = 1.26 V vs. NHE). c The pKa values were calculated at the

B3LYP*-D2 level by using the gas phase free energy of a proton (−6.3 kcal mol−1) and the experimental solvation free energy of a proton (−264.0
kcal mol−1, corresponding to 1 atm in the gas phase and 1 M in the solution phase).

Fig. 13 Pourbaix diagram for Ru complex 2b. (Left) Experimental Pourbaix diagram for Ru complex 2b in the range 1.5 < pH < 7.5 (pKa values are
denoted by the vertical dashed lines). The Pourbaix diagram was obtained in 0.1 M Britton–Robinson buffer solutions in the range of 1.5 < pH <

7.5. The pH of the solution was changed by using a 0.2 M aq. NaOH solution. (Right) Calculated Pourbaix diagram (based on B3LYP*-D2 free
energy) for Ru complex 2b in the range 1.5 < pH < 7.5 (pKa values are denoted by the vertical dashed lines).

Table 3 Comparison between experimental and calculated UV-vis absorption spectra (above 380 nm) for RuIII complexes 3a, 3b and 3c. The wave-

lengths (nm) and oscillator strengths (shown in parenthesis) are givena

Complex 3a Complex 3b Complex 3c

Experimentalb Calculatedc Experimentalb Calculatedc Experimentalb Calculatedc

390 399.7 (0.0223) 383 394.3 (0.0289) 394 406.4 (0.0169)
424 435.9 (0.0161) 420 427.8 (0.0114) 428 440.9 (0.0204)
447 469.2 (0.0045) 440 469.5 (0.0042) 449 471.3 (0.0045)
522 512.9 (0.0460) 514 505.1 (0.0459) 508 498.8 (0.0370)
700 721.1 (0.0548) 655 679.8 (0.0402) 688 706.5 (0.0481)

a Only excitations with large oscillator strengths are shown here, for all excitations see Table S2. b Experimental values were obtained in an
aqueous phosphate buffer solution (0.1 M, pH 7.2). c Calculated values were obtained in a water solvent.
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electron-withdrawing fluoro group were calculated. The
Pourbaix diagram is shown in Fig. S63† and the relevant
redox potentials at pH 7.2 are reported in Table 4. The
inverse trend in the linear-free energy relationships for the
RuIV/RuIII and RuV/RuIV redox couples is well-reproduced with
calculations, in which the potentials decrease when going
from complex 2b to 2c.

Conclusions

To conclude, a series of RuIII complexes based on the nega-
tively charged ligand hpbc3− has been synthesized and char-
acterized. The use of LFER, such as the Hammett equation,
was shown to be helpful for understanding crucial mechanis-
tic aspects and the individual one-electron steps in a multi-
electron reaction, H2O oxidation. At the same time, the fact
that the electronic influence might be different in the indi-
vidual steps leads to a less clear cut influence on the total
multistep reaction of oxidizing H2O. However, in this reac-
tion, the second order dependence of rates on the Hammett
σ parameters, with a maximum of σm ~ +0.2 (Fig. S50†) sug-
gests that even here the Hammett relationship is useful. This
highlights that implementation of Hammett parameters in
H2O oxidation catalysis has the potential to assist in the
rational synthetic design of future catalysts and can be useful
for tuning and optimizing the reactivity of the developed
WOCs.

Experimental results along with quantum chemical calcu-
lations on Ru complexes 2 support a mechanism where
reaching the formal high-valent RuVI species, by the help of
the designed non-innocent ligands, triggers O–O bond forma-
tion. The feature of using tailored ligand frameworks,

capable of donating electrons, to access high-valent metal
species through cooperative catalysis, might thus generate
new and unexplored reaction profiles for activation of small
molecules such as H2O.

Experimental section
Electrochemistry

Electrochemical measurements were carried out with an
Autolab potentiostat with a GPES electrochemical interface
(Eco Chemie), using a glassy carbon disk (diameter 3 mm) as
the working electrode, and a platinum spiral as counter-
electrode. The reference electrode was an Ag/AgCl electrode
(3 M KCl aqueous solution) and the electrolytes used were
either a 0.1 M phosphate buffer (pH 7.2) or an aqueous solu-
tion of 0.1 M H3PO4 (pH 1). All potentials are reported vs.
NHE, using the [RuĲbpy)3]

3+/[RuĲbpy)3]
2+ couple (E1/2 = 1.26 V

vs. NHE) as a reference. Pourbaix diagram of complex 2b was
obtained in 0.1 M Britton–Robinson buffer solutions in the
range of 1.5 < pH < 7.5. The pH of the solution was changed
by using a 0.2 M NaOH aqueous solution.

Oxygen evolution measurements

Oxygen evolution was measured by mass spectrometry (MS).
The mass spectrometer consists of three separate parts
connected with gas valves. These parts are a reaction cham-
ber, a Gas Handling System (GHS), and a mass spectrometer
(MKS Spectra Products, Microvision Plus, 0–100 mass units)
in Ultra High Vacuum (base pressure 2 × 10−10 mbar). The
GHS makes it possible to control the atmosphere in the
enclosed volume. A rough pump is used to evacuate the GHS,
so the pressure can be regulated within 0.1–1000 mbar. With
this setup, the enclosed volume in the reaction chamber is
continuously probed by the mass spectrometer by an inlet
through the leak valve. The inlet to the mass spectrometer is
so small that the probing causes a negligible pressure change
in the enclosed volume. This means that the measurements
do not influence the reaction rates measured. The change
with time of the measured pressure of masses 0–100 in the
MS can be converted to the amount in the enclosed volume
in two steps. The first step is to convert the pressure in the
MS to the pressure in the enclosed volume, which is done by
calibration of the system. In the second step the pressures in
the enclosed volume are converted to the amounts of the dif-
ferent gases. This makes it possible to determine the evolu-
tion of gases with masses 1–100 quantitatively. A ca. 1 cm
thick rubber gasket has been added to the system. This per-
mits injection of solutions containing reactants into the reac-
tion chamber, essentially without leaking in of the external
atmosphere. Any leakage of air is continuously measured and
detected by the MS (by an increase of both O2 and N2).

Stock solutions were made of each catalyst in 0.1 M H3PO4

(340 μM). The catalyst solutions used in the experiments were
then made by diluting the stock solutions with phosphate
buffer (0.1 M, pH 7.2) to the desired concentrations. The
solutions were then deoxygenated by bubbling with N2 for at

Fig. 14 Proposed catalytic cycle for single-site Ru complexes 2.
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least 15 min before being used in the experiments. In a typi-
cal run [RuĲbpy)3]ĲPF6)3 (3.0 mg, 3.0 μmol) was placed in the
reaction chamber and the reaction chamber was evacuated
with a rough pump. 42 mbar He was then introduced into
the system. After a couple of minutes the catalyst solution
(0.50 mL, 3.3 μM) was injected into the reaction chamber.
The generated oxygen gas was then measured and recorded
versus time by MS.

Computational details

The geometry optimizations in the present study were
performed using the density functional B3LYP68 as
implemented in the Gaussian 09 package.69 The 6-31G(d,p)
basis set was used for the C, N, O, F, H elements and the
SDD70 pseudopotential for Ru. In order to obtain more accu-
rate energies, single-point calculations using these optimized
geometries were done employing a larger basis set, where all
elements, except Ru, were described by 6-311+GĲ2df,2p) at
both the B3LYP and the B3LYP* (15% exact exchange)
levels.71 Solvation effects from the water solvent were calcu-
lated using the SMD72 continuum solvation model with the
larger basis set at both the B3LYP and the B3LYP* levels.
Analytic frequency calculations were carried out at the same
level of theory as the geometry optimization to obtain the
Gibbs free energy corrections and to confirm the nature of
the various stationary points. The concentration correction of
1.9 kcal mol−1 at room temperature (derived from the free-
energy change of 1 mol of an ideal gas from 1 atm (24.5 L
mol−1, 298.15 K) to 1 M) was added for all species except
water, for which the corresponding value is 4.3 kcal mol−1 as
the standard state of water is 55.6 M. For water, the experi-
mental solvation free energy (−6.3 kcal mol−1) is used.73

Unless otherwise specified, the B3LYP*-D2 energies are
reported, including Gibbs free energy corrections from B3LYP
and dispersion corrections proposed by Grimme.74 For com-
parison, the calculations of the Pourbaix diagram of complex
2b were also performed on the B3LYP-D2 level.

The absorption spectra of the ground states, which are
doublets, were calculated for Ru complexes 3a, 3b and 3c.
The 30 lowest doublet–doublet transitions were calculated in
a water solvent using the TDDFT method in combination
with the SMD72 continuum solvation model.

To set up the energy diagram for the full catalytic cycle,
the absolute redox potential of the [RuĲbpy)3]

3+/[RuĲbpy)3]
2+

couple (1.26 + 4.281 V) was used as the reference,75 which
corresponds to 127.8 kcal mol−1 for one-electron oxidation,
and 407.9 kcal mol−1 for proton-coupled one-electron oxida-
tion at pH 7.2 (for more details on the methodology, see ref.
76). To calculate the pKa values of various species, the gas
phase free energy of a proton (−6.3 kcal mol−1) and the exper-
imental solvation free energy of a proton (−264.0 kcal mol−1,
corresponding to 1 atm in the gas phase and 1 M in the solu-
tion phase) was used.73 The uncertainties of density func-
tional methods for calculating absolute redox potentials and
pKa values have been shown to be around 0.2 V and 3 units,

respectively.66,77 Our previous studies on OEC and a number
of synthetic water oxidation catalysts39,59–62 showed that
B3LYP*-D2 performs better in describing redox potentials,
therefore only B3LYP*-D2 data are presented here.
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