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Efficient conversion of solar radiation into chemical fuels is
important for the development of an energy economy less
dependent on fossil fuels. One of the key reactions involved in
the conversion of solar energy is the oxidation of water to
molecular oxygen with the use of transition-metal catalysts, as
highlighted previously.[1] We note a dramatic surge of activity
in the search for novel transition-metal (in particular,
ruthenium-based) molecular complexes able to catalyze
effectively the oxidation of water to molecular oxygen.[2] A
relevant task is the development of efficient schemes for the
oxygenation of hydrocarbons with water as both the oxygen
source and the solvent by using supported metal compounds
as catalysts. For example, a recent experimental study[3]

uncovered a number of highly efficient and selective catalytic
oxygenation reactions of various hydrocarbons in water. The
reactions were catalyzed by the complex [RuII(tpa)(H2O)2]

2+

(1), in which tpa is a tetradentate ligand (tpa = tris(2-
pyridylmethyl)amine), through the formation of high-valency
Ru=O intermediate species 1 by a series of proton-coupled
electron-transfer reactions (Figure 1a). The redox properties
of 1 and its intermediates were also reported.[3] Another
study[4] examined the synthesis and electrochemical proper-
ties of the complex [RuII(db)(H2O)]2+ (2) containing a penta-
dentate ligand (db = N,N-bis(2-pyridinylmethyl)-2,2’-bipyri-
dine-6-methanamine; Figure 1 b). Complex 2 exhibited even
higher catalytic activity for water oxidation than 1.[4]

We present herein theoretical reduction potential–pH
equilibrium diagrams (or Pourbaix diagrams[5]) for species
1 and 2 and their derivatives as based on density functional
theory–continuum solvation calculations of the correspond-
ing standard reduction potentials in aqueous solution (at
pH 0) and the pKa values corresponding to the deprotonation
of one or more ligating water molecules in the first
coordination shell. The goal of this study was to gain
a better understanding of the electrochemistry of these

compounds through the use of a specific computational
protocol and to demonstrate that the higher levels of accuracy
obtained in this way permit us not only to verify and
complement existing experimental data, but also to identify
and correct errors when they occur. Furthermore, the
computational protocol established in the present study for
predicting the reduction potentials of 1 and 2 will be of use for
future studies involving other coordination compound cata-
lysts in solution. We have also predicted the standard
reduction potential of the bare Ru3+ jRu2+ couple in aqueous
solution and the corresponding Pourbaix diagram, and have
thus improved the results of our previous theoretical study of
the aqueous Ru3+ jRu2+ reduction potential.[6]

We considered the following half-reaction (O = oxidized
reagent, R = reduced reagent, np = number of protons (H+),
ne = number of electrons (e�), aq = aqueous, g = gaseous):

OðaqÞ þ np HþðaqÞ þ ne e�ðgÞ ! RðaqÞ ð1Þ

The standard reduction (redox) potential of the O jR
couple was computed (in volts) relative to the standard
hydrogen electrode (SHE)[7] as

Eo
O Rj ¼

GoðO; aqÞ þ npGoðHþ; aqÞ þ neGoðe�; gÞ �GoðR; aqÞ
neF

� Eo
SHE

ð2Þ

where F is the Faraday constant equal to the unit charge e, the
quantities Go are the standard-state Gibbs free energies of the
corresponding species in electron volts (eV), and Eo

SHE is the
absolute reference potential of the SHE equal to 4.28 V.[8] We

Figure 1. Molecular structures of a) the [Ru(tpa)L1L2]
q+ complex and

b) the [Ru(db)L]q+ complex. Hydrogen atoms are not shown, carbon
atoms are gray, and nitrogen atoms are black. The ligands L, L1, and L2

are H2O, OH� , or O2�. The total charge q + varies from 0 to 3 + , and
the formal oxidation state of Ru varies from + 2 (II) to + 6 (VI).
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also used the following other reference values: Go(e� ,g) =

0.00 eV and Go(H+,aq) =�11.72 eV (see the Supporting
Information for how these values were obtained). One
advantage of using these reference data is that the contribu-
tion of the surface potential[9] need not be estimated.

All reduction potentials and pKa values were calculated
for standard conditions (298 K, ionic and neutral solutes at
1m, ideal gases at a partial pressure of 1 bar), as denoted by
a small circle superscript.

The quantities Go(X, aq) (X = O and R) were determined
by a quantum-mechanical calculation:

GoðX; aqÞ ¼ EðX; gÞ þ eZPEðX; gÞ þGo
298KðX; gÞ þ DGo

SðXÞ ð3Þ

The first term on the right-hand side of Equation (3) is the
electronic energy (including nuclear repulsion), the second
term is the zero-point vibrational energy, and the third term is
the thermal contribution to the Gibbs free energy for
compound X in the gas phase. The last term in Equation (3)
is the solvation free energy of X as defined as the free energy
of transfer of the solute from the gas phase at a solute partial
pressure of 1 bar to a 1m aqueous solution at 298 K.

We used two new density functionals, M11-L[10] and
M11,[11] and the SMD[12] implicit solvation model (the SMD
model was chosen because it gives mean unsigned errors in
the absolute solvation free energies of ions of approximately
4 kcalmol�1, as compared to approximately 7–12 kcalmol�1

with PCM and COSMO-type models[12]). The electronic
energy and vibrational frequencies for all studied species
(except H+ and e�) were calculated
with the Gaussian09 software[13] by
using M11-L with the MG3S basis
set at the gas-phase geometry opti-
mized with the same density func-
tional and basis set (the use of
solution-phase vibrational frequen-
cies would be expected to cause
only a small change[14]). The nota-
tion MG3S denotes the 6-311 + G-
(2df,2p) basis set[15] on H, C, N, O
along with the effective core poten-
tial ECP-28[16] on Ru (to replace 28
core electrons) and the ma-TZVP
valence basis set on Ru. This last
basis set was derived from the
corresponding def2-TZVP basis
set[17] according to a previously de-
scribed procedure.[18] The solvation
free energies Go

SðXÞ were calcu-
lated by using the SMD/M11-L/
MG3S and SMD/M11/MG3S meth-
ods at fixed M11-L/MG3S geome-
tries of the solute molecules as
optimized in the gas phase. We
considered multiple molecular con-
formations for each complex, and
we included all low-energy confor-
mations and spin states in a Boltz-

mann average. Further details are provided in the Supporting
Information.

We computed the first, the second, and the third term of
Equation (3) in the gas phase by using the M11-L/MG3S
method, whereas the fourth term was computed by using
either M11-L/MG3S or M11/MG3S. We chose M11-L and
M11 because these new density functionals provide improved
accuracy in comparison with other functionals against a broad
database of energetic chemical properties.[10, 11] The M11-L
functional employs dual-range local exchange[10] and is
a preferable choice for geometry optimization and frequency
calculations because it has a smaller computational cost than
M11, which employs range-separated-hybrid meta-general-
ized gradient approximation exchange.[11]

Table 1 shows the standard redox potentials for the
studied half-reactions involving the Ru(tpa) and Ru(db)
complexes (Figure 1) in comparison with available experi-
mental data from Refs. [3] and [4], respectively. Table 1 also
shows predicted values for the aqueous Ru3+ jRu2+ redox
potential involving bare Ru2+ and Ru3+ cations, whereby the
metal cations were modeled as the [Ru(H2O)18]

2+/3+ complex
with 18 explicit water molecules (representing the first and
second hydration shell) surrounded by continuum solvent.
Table 2 shows the predicted pKa values for several dissocia-
tion reactions of interest in comparison with experimental
data from Refs. [3] and [4].

Pourbaix diagrams were constructed by using the Nernst
equation[5] and computed values of the standard redox
potential (at pH 0), and the corresponding pKa values were

Table 1: Standard reduction potentials Eo
O Rj .

Redox reaction Eo
O Rj [V]

M11-L[a] M11[b] exp.[c]

Ru(tpa) complexes
(1) RuIII(H2O)(OH)2+ + H+ + e�!RuII(H2O)2

2+ 1.04 0.94 0.85
(2) RuIV(H2O)(O)2+ + H+ + e�!RuIII(H2O)(OH)2+ 1.18 1.16 1.12
(3) RuV(OH)(O)2+ + H+ + e�!RuIV(H2O)(O)2+ 1.34 1.36 1.41
(4) RuIII(OH)2

+ +H+ + e�!RuII(H2O)(OH)+ 0.66 0.59 0.85
(5) RuIV(OH)(O)+ + H+ + e�!RuIII(OH)2

+ 1.20 1.17 1.12
(6) RuV(O)2]

+ + H+ + e�!RuIV(OH)(O)+ 1.45 1.45 1.41
(7) RuV(O)2

+ +e�!RuIV(O)2
0 �0.44 0.02 0.98

(8) RuVI(O)2
2+ +e�!RuV(O)2

+ 1.13 1.29 1.22
MUE[d] 0.27 0.20

Ru(db) complexes
(9) RuIII(OH)2+ +H+ + e�!RuII(H2O)2+ 1.11 0.99 0.92
(10) RuIV(O)2+ +H+ + e�!RuIII(OH)2+ 1.30 1.27 1.23
(11) RuIII(OH)2+ + e�!RuII(OH)+ 0.27 0.34 0.35
(12) RuV(O)3+ + e�!RuIV(O)2+ 1.89 1.95 1.66
MUE[d] 0.14 0.10

Ru(H2O) complexes
(13) RuIII(H2O)18

3+ + e�!RuII(H2O)18
2+ 0.19 0.20 0.23

[a] The SMD/M11 L/MG3S method was used for solvation calculations. [b] The SMD/M11/MG3S
method was used for solvation calculations. [c] Experimental data for Ru(tpa) complexes were obtained
from the Pourbaix diagram in Ref. [3] by extrapolating the original potentials (versus SCE) to pH 0 and
applying the SCE!SHE conversion to them. The data for Ru(db) were obtained from Ref. [4] by
extrapolating the potentials (versus SHE) to pH 0. The value for Ru(H2O) is from Ref. [6]. [d] Mean
unsigned error relative to experimental reference values.
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predicted by using SMD/M11/MG3S for solvation calcula-
tions (Figures 2–4).

The theoretical standard redox potentials for the half-
reactions of the Ru(tpa) and Ru(db) complexes as expressed
by Equation (1), including the corresponding proton-coupled
electron-transfer reactions (np = 1), agree reasonable closely
(within 0.1–0.3 V) with the experimental data, with the
exception of reaction (7) in Table 1, for which our prediction
is in serious disagreement with the reference value of Eo

O Rj
(0.98 V). The latter is derived from the value of approx-
imately 0.74 V that corresponds to the RuIV(O)2/RuV(O)2

horizontal line in the experimental Pourbaix diagram of 1 in
Ref. [3], as measured relative to the saturated-calomel-
electrode (SCE) potential at room temperature.[3] (In this
study, we applied an SCE!SHE conversion of 0.24 V.[7]) Our
results suggest that the experimental assignment (i.e., the
RuIV(O)2/RuV(O)2 horizontal line, which was based on only
two measurements, see Figure 2 in Ref. [3]) should be
revisited. Our confidence in the theoretical value over the
experimental value was bolstered by the correct prediction of
the value of Eo

O Rj for a similar reaction (1.13–1.29 versus
1.22 V for reaction (8); see Table 1) by our computational
method. We also predicted quantitatively correct Eo

O Rj poten-
tials (within 0.10–0.14 V on average) for reactions involving
the Ru(db) complexes,[4] which are structurally similar to the
Ru(tpa) complexes (Figure 1b).

The predicted pKa value of 2, which corresponds to
a deprotonation of the H2O ligand, is in reasonable agreement
with the measured value[4] (Table 2), and the Pourbaix
diagram of 2 (Figure 3) is supported by the experimental
diagram.[4] However, the theory does not predict correctly the
pKa(1) and pKa(2) values measured in another experimental
study for 1.[3] On the other hand, the experimental pKa(1)
value[3] of 1 (2.1 log units) is surprisingly small when
compared to the analogous pKa value[4] of 2 (11.8 log units).
This large difference may indicate that an alternative assign-
ment of pKa = 2.1[3] merits consideration. For example, this
pKa value could be associated with a deprotonation of the
H2O ligand in [RuIII(tpa)(H2O)2]

3+, for which a pKa value
between �2.1 and 1.0 log units was predicted (Table 2). The
experimental Pourbaix diagram[3] of 1 supposes that the pKa

Table 2: Values of pKa.

Redox reaction pKa [log units]
M11-L[a] M11[b] exp.[c]

Ru(tpa) complexes
(1) RuII(H2O)2

2+$RuII(H2O)(OH)+ + H+ 13.2 10.6 2.1
(2) RuII(H2O)(OH)+$RuII(OH)2

0 + H+ 19.4 15.9 8.5
(3) RuIII(H2O)2

3+$RuIII(H2O)(OH)2+ + H+ �2.1 1.0 –
(4) RuIII(H2O)(OH)2+$RuIII(OH)2

+ + H+ 6.7 4.7 (2.1)
(5) RuIV(H2O)(O)2+$RuIV(OH)(O)+ +H+ 7.0 4.8 (2.1)
(6) RuIV(OH)(O)+$RuIV(O)2

0 +H+ 32.0 24.2 (7.0)
(7) RuV(OH)(O)2+$RuV(O)2

+ + H+ 8.9 6.5 –

Ru(db) complexes
(8) RuII(H2O)2+$RuII(OH)+ +H+ 14.2 11.0 11.8

Ru(H2O) complexes
(9) RuII(H2O)18

2+$RuII(OH)(H2O)17
+ + H+ 13.8 13.1 –

(10) RuIII(H2O)18
3+$RuIII(OH)(H2O)17

2+ +H+ 4.3 2.2 2.9

[a] The SMD/M11 L/MG3S method was used for solvation calculations.
[b] The SMD/M11/MG3S method was used for solvation calculations.
[c] The pKa values for reactions (1) and (2) were measured by UV/Vis
spectrophotometric titration;[3] the values given in parentheses were
taken from the Pourbaix diagram in Ref. [3]. The reference pKa value for
Ru(db) complexes was measured by UV/Vis spectrophotometric titra-
tion,[4] and the reference pKa value for Ru(H2O) complexes is explained in
the text.

Figure 2. Pourbaix diagram for the Ru(tpa) complexes in aqueous
solution. Vertical lines show the corresponding pKa values.

Figure 3. Pourbaix diagram for the Ru(db) complexes in aqueous
solution. A vertical line shows the corresponding pKa value.

Figure 4. Pourbaix diagram for the Ru(H2O) complexes in aqueous
solution. Vertical lines show the corresponding pKa values.
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values corresponding to reactions (1), (4), and (5) in Table 2
should all be identical. Our theoretical protocols predict that
the pKa values of reactions (4) and (5) are similar but that
they differ from that of reaction (1).

The standard reduction potential predicted in this study
for the bare Ru3+ jRu2+ couple in aqueous solution (Table 1)
by the use of mixed discrete–continuum solvation models
(0.2 V) is in excellent agreement with the experimental
reference values for the reaction Ru3+(aq) + e�!Ru2+(aq)
(0.23� 0.02 V;[6, 19] 0.2487 V[19]). In our previous study,[6] we
obtained an Eo

O Rj value for the Ru3+ jRu2+ couple in the range
between �0.6 and + 1.0 V by testing various density func-
tionals (but not the newer M11, M11-L, or any other
Minnesota density functional) combined with the SM6
implicit solvation model based on the generalized Born
approximation and CM4 charges derived from Lçwdin
population analysis.[20] Lçwdin population analysis may fail
for molecules containing transition metals. In the present
study, we found that the SMD model based on continuous
charge density[12] (in conjunction with M11 and M11-L density
functionals) is able to predict the studied properties more
accurately. This model is much less sensitive to the choice of
density functional, a characteristic we attribute to the treat-
ment of the solute electronic density as a continuous distri-
bution as opposed to its representation by partial atomic
charges.

The Pourbaix diagram of the aqueous Ru2+/3+ cations
(Figure 4) with 18 water molecules added explicitly to
represent the first and second hydration shell surrounded
by continuum solvent is in close agreement with the
experimental measurements[21] of ERu3þ Ru2þj as a function of
the pH value, and in particular with the measured value of
pKa = 2.90� 0.05 log units assigned to [Ru(H2O)6]

3+ in water
and the value of Eo

O Rj ¼0.217 V (versus SHE) assigned to the
[Ru(H2O)6]

3+/2+ couple; the value of ERu3þ Ru2þj is independent
of the pH value at pH< 2.9.[21]

Our calculations were made possible by a significant
advance in methodology. Moreover, theory has now improved
to the point at which it can provide sufficiently reliable results
to identify potential errors in experimental assignments. The
resulting improved accuracy for transition-metal complexes
opens new opportunities for the use of theory in the under-
standing and design of catalysts containing transition metals,
especially when experimental values of the redox potentials
and pKa values are missing or uncertain owing to the difficulty
of experimental studies on these complex systems.
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