
 
 

 

BNL-99817-2013-CP 
 

 

Ruthenium(II)-Catalyzed Water Oxidation by a 

Direct [Ru
IV

=O]
2+

 Pathway 

 

 

Yosra M. Badiei,
1
 Dmitry E. Polyansky,

1
 James T. Muckerman,

1
 

David J. Szalda,
1
 Ruby Haberdar,

2
 Ruifa Zong,

2 

Randolph P. Thummel
1
 and Etsuko Fujita

1 

 
 

1
Chemistry Department, Brookhaven National Laboratory, Upton, NY 

2
Chemistry Department, University of Houston, Houston, TX 

 
Presented at the Gordon Research Conference 

Hotel Galvez 

Galveston, TX 

March 3-8, 2013 

 

 

February 2013 

 

 
Chemistry Department 

 

Brookhaven National Laboratory 
 

 

U.S. Department of Energy 
Office of Science 

 

 

 
Notice: This manuscript has been authored by employees of Brookhaven Science Associates, LLC under 

Contract No. DE-AC02-98CH10886 with the U.S. Department of Energy. The publisher by accepting the 

manuscript for publication acknowledges that the United States Government retains a non-exclusive, paid-up, 

irrevocable, world-wide license to publish or reproduce the published form of this manuscript, or allow others 

to do so, for United States Government purposes. 

 
This preprint is intended for publication in a journal or proceedings.  Since changes may be made before 
publication, it may not be cited or reproduced without the author’s permission. 

 



 
 

DISCLAIMER 

 
This report was prepared as an account of work sponsored by an agency of the 

United States Government.  Neither the United States Government nor any 

agency thereof, nor any of their employees, nor any of their contractors, 

subcontractors, or their employees, makes any warranty, express or implied, or 

assumes any legal liability or responsibility for the accuracy, completeness, or any 

third party’s use or the results of such use of any information, apparatus, product, 

or process disclosed, or represents that its use would not infringe privately owned 

rights. Reference herein to any specific commercial product, process, or service 

by trade name, trademark, manufacturer, or otherwise, does not necessarily 

constitute or imply its endorsement, recommendation, or favoring by the United 

States Government or any agency thereof or its contractors or subcontractors.  

The views and opinions of authors expressed herein do not necessarily state or 

reflect those of the United States Government or any agency thereof.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Ruthenium(II)-Catalyzed Water Oxidation by a Direct [RuIV=O]2+ Pathway
Yosra M. Badiei,†  Dmitry E. Polyansky,† James T. Muckerman,† David J. Szalda,† Ruby Haberdar,‡ Ruifa Zong,‡ Randolph P. 

Thummel‡ and Etsuko Fujita†

Proposed Mechanisms for Water Oxidation by a Single Ru
Center: Formation of O-O Bond

Pourbaix Diagrams

Acknowledgement

Mononuclear Ru(II)  Water Oxidation Catalysts

 Formation of a RuV oxo species, followed by an addition of a water molecule results in a Ru
peroxo intermediate proposed by Meyer et al. in 2008.

 Formation of a RuIVO–ORuIV peroxo dimer via coupling of two RuV=O centers by Privalov,
Llobet and Sun in 2012.

 Our new findings indicate that the formation of the O–O bond does not have to proceed
through the high oxidation state of RuV, but through [RuIV=O]2+ in neutral and basic solutions
by Polyansky et al. in 2012

Proposed Water Oxidation Mechanism for (1) and (2)

Pulse Radiolysis: Transient Oxidation Intermediates
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Oxygen Evolution Studies  Cathodic scans identified PCET couples of oxidation products such [RuIII–OOH]2+ and [RuIV–
OO]2+ with (1) and (2) indicated by the green and red lines  

 ESI-MS labeling experiments and Resonance Raman indicated that the source of O–O in 
[RuIV–OO]2+ is H2

18O
 A controlled-potential electrolysis experiment with [Ru(OH2)(tpy)(bpm)]2+ (3) at a held potential 

of 1250 mV (350 mV < RuV/RuIV) at pH 6 resulted in a net two-electron oxidation consistent with 
the formation of the [RuIV=O]2+ species and not the [RuIV–OO]2+ species

Electrochemistry of Oxidation Products: [RuIV(OO)]2+
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■ One- and two-electron oxidized species can be produced cleanly at pH 10 with carbonate
radicals (1.59 V vs NHE)

■ [RuIII–OH]2+ observed by PR disproportionates to [RuII–OH2]2+ and [RuIV=O]2+ with
comparable kdisp (6.5 x 103 ± 0.5 M-1s-1 (1), 8.3 x 103 ± 0.05 M-1 s-1 (2))

Complex 2, pH 10.5

[Ru(II)] (1, 2) 60 mM, 0.1 M HNO3 (3) in 0.5 M HNO3
[CeIV] = 10 mM, Ocean fiber optics

rate = dO2/dt =  kO2[Ru(II)][CeIV]
kO2 = 2.2 (± 0.1)  M-1 s-1 , Complex (1)
kO2 = 1.6 (± 0.1) M-1 s-1 , Complex  (2)

Kinetics of Ce(IV) Oxidation
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■ In neutral and high pH, (1) and (2) proceed by a “direct pathway” that involves the reaction of
[RuIV=O]2+ with water via a PCET process and avoids the formation of [RuV=O]3+ “non-PCET
pathway”

■ Evidence for this mechanism:
1) pH-dependent onset catalytic potentials that are indicative of PCET driven catalysis
2) The electrochemical generation of O–O containing products (for e.g. [RuIV–OO]2+ and [RuIII–
OOH]2+) at an applied potential below E1/2(RuV/RuIV)

Catalytic Current Dependence on pH

†Chemistry Department, Brookhaven National Laboratory, Upton, NY 11973-5000
‡Chemistry Department, University of Houston, Houston, TX 77204-003

Polyansky et al. JACS 2011

■ Pourbaix diagrams for (1) and (2) are quite similar and indicate that the additional benzo
groups in (2) do not alter the electronic properties; the similarities include:
i. 2e – / 2H+ PCET process is observed for [RuII–OH2]2+ to [RuIV=O]2+ between pH (3–12)
ii. A wave with slope of –118 mV/pH due to a (1e – / 2H+) PCET process for [RuIII–OH2]2+ to

[RuIV=O]2+ is not observed
iii. A pH-independent oxidation process at 1420 mV is due to [RuV=O]2+/[RuIV=O]3+

iv. [RuIII–OH]2+ disproportionates to [RuII–OH2]2+ and [RuIV=O]2+, see Pulse radiolysis section.

0.5 mM [RuII(OH2)]2+, 10 mM Britton-Robinson buffer, 0.1 M CF3SO3
–, low pH was buffered with 0.1 M HNO3
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 In (1) and (2) the aqua ligand occupies
an equatorial position w.r.t. to the 1,8
nap ligand, H-bonding of H2O with a
single N atom is only seen for (1)
[RuII(1)─(OH2)]2+ (pKa > 13)
[RuII(2)─(OH2)]2+ (pKa > 12)
[RuII(OH2)(tpy)(bpm]2+ (pKa 9.7)

Thummel et al. J. Am. Chem. Soc. 2005, 127, 12802-12803 
Meyer et al. Inorg. Chem. 1984, 23, 1845-1851
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Cerium(IV) Oxidation to One- and Two-Electron Species
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O2 evolution is the first order in [Ru] and [CeIV ] 
with comparable rates
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The applied potential < E1/2 (RuV/RuIV couple)  
[RuIV=O]2+ + H2O → [RuIII–OOH]2+ + e- + H+ 

P1
“direct pathway”

■ Background subtracted CVs of [RuII(OH2)(tpy)(bpm)]2+ (3) and [RuII(OH2)(tpy)(bpy)]2+ (4)
between pH 5-11 show that the onset potentials of catalytic oxidation have negligible pH-
dependency with a constant magnitude near or above the RuV/RuIV couple.

H2O                 OH•, eaq,H•, H2, H2O2

N2O + eaq,H•, H2O →  N2 + OH + OH

OH + CO3
2 → CO3

 (E1/2 = 1.59 V, NHE)

CO3
 + [RuII–OH2]2+ →  HCO3

 + [RuIII–OH]2+

2 [RuIII–OH]2+ → [RuII–OH2]2+ + [RuIV=O]2+         kdisp

2CO3
 +  [RuII–OH2]2+ →  2HCO3

 +  [RuIV=O]2+
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Overall reaction:
2H2O + [RuII–OH2]2+ → 4H+ + 4e– + O2
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