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We describe here a combined solution-surface-DFT
calculations study for complexes of the type [Ru(bda)(L),]
including X-ray structure of intermediates, their reactivity, as
pH-dependent electrochemistry and
spectroelectrochemistry. These studies shed light on the
mechanism of water oxidation by [Ru(bda)(L),], revealing
key features unavailable from solution studies with sacrificial

well as

oxidants.

Natural photosynthesis has sustained life on Earth for billions of years.
Water oxidation is a key component in this essential process. It
provides the redox equivalents and protons that ultimately lead to
accumulation of solar energy in chemical bonds. Many potential
solutions to cover our growing energy demands and to reduce
damage to the environment involve solar-driven water oxidation. But
this requires efficient and robust water oxidation catalysts.

The first designed, well defined molecular water oxidation catalyst
was the Ru “blue dimer” reported by Meyer and coworkers,
[(bpy).(OH.)RU"ORU"(OH,)(bpy).]*" where bpy is 2,2"-bipyridine,
([(OH,)RU"ORU"(OH,)]*").P rapid
deactivation due to electron-transfer-induced anation, mainly at the
[(OH,)RU"ORU"(OH,)I*" stage.® This process is the result of the
enhanced anion affinity of electron-deficient Ru" and the ease of
oxidation of [(OH,)Ru"ORU"(X)]*"
[(OH,)Ru"ORU"(OH,)I*".

Detailed studies with the Ru “blue dimer”* created the basis for the

Unfortunately, it undergoes

compared to

discovery that one side is enough for water oxidation catalysis, and
pathways involving single-site catalysts have emerged.™* Recently,
catalysts of the type [Ru(bda)(L),] (bda

dicarboxylic acid; L is 4-picoline, pic, or isoquinoline, isq) reported by
4a,b

is 2,2'-bipyridine-6,6'-

Sun and coworkers have received particular attention, Chart 1.
These robust catalysts can oxidize water with turnover frequencies

This journal is © The Royal Society of Chemistry 2012

reaching values close to those needed for practical applications.
According to these reports, O-O bond formation takes place by
bimolecular oxyl radical coupling of two [Ru'=0]" species generated
by PCET oxidation of [Ru"'—OH]".**

. (HO),0P.
o PO(OH),
=N, —ﬁo AN AN N
—r | |
0, N/ N/ N/
L pic isq

Py-py
Chart 1. A. Structures of [Ru"(bda)(L),] (L = pic, isq, and P,-py). See ESI for
synthetic details.

We report here a combined solution-surface-DFT calculations study of
the [Ru(bda)(L),] systems shown in Chart 1 that includes the X-ray
structure of some of the intermediates in the catalytic cycle as well as
pH-dependent electrochemistry in solution and with the catalyst
anchored to metal oxide electrodes. These studies reveal that the
bimolecular reaction takes place between two [Ru—OH]" species
rather than two [Ru'=071" molecules, generating a blue-dimer-like
intermediate that has a high molar absorptivity and appears to be the
active form of the catalyst.

Figure 1 shows cyclic voltammograms (CVs) for [Ru(bda)(pic).] in
solution and for [Ru(bda)(P,-py).] anchored on an FTO electrode in
0.1 M HCIO,. Two waves with equivalent peak currents are observed
for [Ru(bda)(pic),] followed by a catalytic water oxidation wave.
These were previously assigned as [Ru"-OH,T*/[RU"-OH,] , [Ru"-
OH]'/[RU"-OH,]" and [Ru'=0]"/[Ru"~OH]" by Sun and coworkers.*’
Note that [Ru'—OH,] and [Ru"-OH,] are 20 and 19-electron species,
respectively, and violate the 18-electron rule. For [Ru(bda)(P,-py).]
the CV is strikingly different. The Ru""

potential due in part to the pH-dependence introduced on this couple
vin

couple appears at lower

by the phosphonic acid groups. The Ru couple is kinetically
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inhibited and there is no catalytic water oxidation wave. Kinetic
inhibition of Ru""

with mono- or sub mono-layer coverage of complexes on planar

couples is common, and it is particularly noticeable

electrodes.>® The lack of catalysis by [Ru(bda)(P,-py).] in Figure 1
compared to [Ru(bda)(pic).] can be explained in terms of available
mechanistic pathways for water oxidation catalysis for the two
complexes. [Ru(bda)(P.-py).] is site-isolated on the surface and most
molecules only have access to single-site O-O bond formation for
water oxidation, which is thermodynamically uphill for this catalyst.
[Ru(bda)(pic),], on the other hand, has access to bimolecular

pathways between two catalyst molecules as proposed previously.**®

ifip

; Ru
vian

-2 Ru

14 12 10 08 06 04 02
Voltage (V vs NHE)

Figure 1. CVs for [Ru(bda)(pic),] (black trace) in solution with a glassy carbon
electrode and [Ru(bda)(P,-py).] (blue trace) on an FTO electrode in 0.1 M HCIO,.
The currents have been normalized for v2 and v, respectively, and then for the
Ru"" peak current.

The X-ray structure of [Ru(bda)(pic).] has been reported by Sun et
al.*® There is a six coordinate, 18-electron environment around the Ru
center. It could be argued that [Ru”(K3-bda)(pic)z(OHz)] is in
equilibrium with [Ru"(k*-bda)(pic),], although the *H NMR for
[Ru(bda)(P.-py).] in D,O ([Ru(bda)(pic).] is not soluble in pure D,0) is
symmetric, consistent with only [Ru”(K"-bda)(pic)z] in solution, see
ESI. On the other hand, [Ru"(k3-bda)(pic),(OH.)]" is 1.2 kcal/mol lower
in energy than [RU"'(K"-bda)(pic)z]+ + H,O based on DFT calculations
for [Ru(bda)(pic).] (Figure Sy, see ESI for details of DFT calculations).
Bulk electrolysis in 0.1 M HCIO, past the first oxidation wave for
[Ru(bda)(pic).] in Figure 1 resulted in passage of ~ 1 eq of charge,
consistent with a one-electron redox process. The resulting Ru"
intermediate was isolated as the perchlorate salt and characterized by
single-crystal X-ray diffraction as [RU"'(bda)(pic)z](CIO,,), Figure S8. It
is also a six coordinate structure, with no coordinated water molecule.
Apparently, an equilibrium exists between [Ru"'(K3-bda)(pic)2(OH2)]*
and [RU"'(K"-bda)(pic)z]+ + H,O in solution but less soluble
[RU"'(bda)(pic)z](CIO,,) crystallizes preferentially. Table Si shows a
comparison [Ru”(bda)(pic)z]
[RU"'(bda)(pic)z]*. The X-ray structure of [RU"'(bda)(isq)z](CIO,,),
prepared by a similar procedure, is shown in Figure Sg.

A CV of [Ru(bda)(pic).] in pH 8.0 phosphate buffer is shown in Figure
S10. A single reversible wave is followed by a catalytic water oxidation

of bond distances between and

wave. Note that the onset potential is significantly lower and the
catalytic current is significantly larger compared to pH 1.0. The latter

6a-c

is indicative of base-assisted catalysis™“ and arises because of the
involvement of proton or proton-coupled electron transfer (PCET) in
the rate determining step of the catalytic cycle. Figure S10 also shows

a CV for [Ru(bda)(P,-py).] on FTO under the same conditions, see
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figure caption for details. The inset shows an expansion of the Ru""

and Ru™" waves. In contrast to the homogeneous version, the
“heterogeneous” anchored catalyst shows no catalysis. This result
supports the involvement of a bimolecular step or steps in the
catalytic cycle. On a planar surface, with site-isolated catalyst
molecules, such pathways are inaccessible or significantly inhibited.

For [Ru(bda)(pic).] at low pH, the first redox process is a one-electron
oxidation from six coordinate, 18-electron *[Ru"] to six coordinate, 17-
electron Z[Ru'"(K"—bda)(pic)z]*, Figure S11. Based on DFT calculations,
the latter is in equilibrium with *[Ru"(k3-bda)(pic),(OH,)]", which
oxidizes at lower potential than Z[Ru"'(K"—bda)(pic)z]* and thus
dominates the electrochemistry. This is followed by a PCET process
from six-coordinate, 17-electron 2[Ru"'(K3—bda)(pic)2(OH2)]+ to seven
coordinate, 18-electron *[Ru"~OHJ", eq 1, up to ~ pH 5. Coordination
expansion is enabled by a two-electron vacancy in d* [Ru"“]*
compared to d® [Ru"] and d° [RU"]* and by the wide N-Ru-N angle.
The structure and ground state of *[Ru"~OH]" has been confirmed by
Sun and coworkers by single-crystal X-ray diffraction and *H-NMR
spectroscopy, respectively.*® The last redox process in Figure S11 has
been previously assigned as the PCET oxidation of 18-electron *[Ru'"'-
OHJ" to 17-electron *[Ru’=0]".*" A different assignment is presented
here, see below. An interesting transition takes place in the Pourbaix
diagram above pH 5 that also differs from a previously reported
result.*” The dominant species becomes 3[Ru"=0] (more stable than
IRUV=0] by 23.9 kcal/mol based on DFT calculations) instead of
*[Ru"—OH]" and the second redox process becomes a 1e’/2H" process
with a slope of ~ -118 mV/pH unit between pH 5 and 6. Around pH 6,
The pH-dependent
oxidation of *[Ru"—0OH,]" to 3[Ru"=0] crosses below pH-independent

another interesting transition takes place.
oxidation of *[Ru"] to *[Ru"]" and a single 2e-/2H" process takes *[Ru"]
to 3[Ru"“=0] with the slope again becoming —59 mV/pH unit. A
significant implication of this transition is that *[Ru"]" becomes
unstable with respect to disproportionation to *[Ru"] and 3[Ru"=0].
Solutions of *[Ru"]" in 0.2 M TFA (pH < 2) are stable for minutes to
hours, but increasing the pH to 7.0 by mixing with 0.2 M, pH 7.0
phosphate buffer results in a very fast reaction (presumably

disproportionation of *[Ru"

1") followed by slower competing reactions
that lead to a mixture of products. Interestingly, the spectroscopic
signature of the dominant product (Amax = 688 nm with high
absorptivity) closely resembles the absorption spectrum of the llI-IlI
form of the blue dimer, [(OH,)RU"ORU"(OH,)]*, particularly that of
the carboxylated analogue with 2,2"-bipyridine-4,4'-dicarboxylic acid
reported by Gréatzel and coworkers (Amax = 678 nm).” The culprit in the
generation of these species appears to be Ru'", either as *[Ru"~OH]" (<
pH 5) or as 3[Ru"'=0] (> pH 5, see the spectroelectrochemistry section
below).

The Pourbaix diagram for [Ru(bda)(P,-py).] on FTO is shown in Figure
S12. It is topologically similar to the one for [Ru(bda)(pic).] with some
minor differences. The first difference is the slight pH-dependence in
the Ru"" couple. This behavior has been observed before for
phosphonated [Ru(bpy),]** complexes® and for chromophore-catalyst
[Ru(bpy),]**-like
Two pK, values (1.0 and 4.0) are discernible for the

assemblies incorporating

9a,b

phosphonated
chromophores.
phosphonate groups of the P,-py ligand. The second difference is the
absence of a change in slope for the highest potential wave.

This journal is © The Royal Society of Chemistry 2012
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Figure 2 shows CVs for [Ru(bda)(P,-py).] on high surface area nano-
ITO* and planar FTO in 0.1 M HCIO,. For the latter the current has
been multiplied by a factor of 10 to account for differences in current
due to surface coverage. For the first wave, the only noticeable
difference between the two electrodes is the peak to peak separation
between the anodic and cathodic waves. This is a reflection of the
higher conductivity of the planar electrode. For the second and third
waves, the differences between the two electrodes are remarkable,
with significant current enhancements in the higher surface area

v

electrode. Current enhancements for the Ru™""" wave on nano-ITO vs

planar electrodes have been reported previously.™

0.20-
0.10

0.00
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Figure 2. CVs for [Ru(bda)(P,-py).] on nano-ITO (black trace) and on FTO
electrodes (blue trace) in 0.1 M HCIO,4. The current has been multiplied by a
factor of 10 for the latter.

To obtain a better understanding at the mechanistic level of the

electrochemical behavior of these systems, we turned to

10,11

spectroelectrochemistry on  nano-ITO. Figure 3  shows
spectroelectrochemical results for [Ru(bda)(P,-py).] on nano-ITO in
0.1 M HCIO,. The potential was scanned in the anodic direction at 10
mV/s from o to 1.4 V and then cathodically back to o V with
simultaneous absorption spectrum measurements every second. The
pink trace shows the CV expressed as current vs time. Absorbance
changes vs time at 3 selected wavelengths (382, 562 and 678 nm) are
shown in black, red and blue, respectively. The absorbance at 382 and

562 nm decreases sharply as the Ru" is oxidized to Ru"

(wave | in
Figures 2 and 3, 20 to 75 s) consistent with the disappearance of MLCT
absorptions associated with Ru". Simultaneously, the absorbance at
678 nm increases with an isosbestic point at 617 nm. This absorption

band is not due to Ru"

but rather to a Ru"ORuU" species. It is formed
by disproportionation of Ru" into Ru" and Ru'"-OH, followed by
generation of RuVORuU" from 2RuU"-OH and reduction to Ru"ORu"
by Ru", see below. Spectral changes for this process are shown in
Figure S13. Oxidation of Ru" to "Ru"—OH" (wave Il in Figures 2 and 3,
75 to 110 s) leads to unexpected spectral changes, Figure Si4. A
decrease in absorption at 678 nm is accompanied by an increase in
absorption at 562 nm with the appearance of intense absorption
bands at 440 and 562 nm and isosbestic points at 331, 387 and 640 nm.
These spectral changes are not consistent with the formation of a Ru'"
monomeric species, see below and Figure Sis, but with the formation
of a Ru"V-0-Ru" dinuclear species. TD-DFT calculations predict a band
at 562 nm for the latter with similar molar absorptivity to the
experimentally observed band (Figure Si5). The last oxidation process
(wave Il in Figures 2 and 3, 110 to 140 s) results in a decrease in the

This journal is © The Royal Society of Chemistry 2012

absorbance at 562 nm and disappearance of the bands at 440 and 562
nm, Figure S16. It also marks the onset potential for O, generation, as
determined by rotating ring-disc experiments, Figure S21.”* These
bands are recovered in the first reduction of the reverse scan from 141
to 170 s (return wave Ill) as shown by the growth of the absorbance at
562 nm in Figure 3. Their disappearance in the following reduction
step from 172 to 216 s (return wave Il) is accompanied by a steep
increase in the absorbance at 678 nm and the growth of an intense
band at 680 nm with an isosbestic point at 615 nm, Figure Si17. This
intense band at 68o nm is reminiscent of the absorption band
observed for [Ru(bda)(pic).] in solution following disproportionation
of the Ru" species. It also resembles the spectrum of the IlI-Ill form of
the blue dimer, [(OH,)Ru"ORU"(OH,)1** (Amax = 678 nm).

Absorbance
Current (mA)

T T T T
0 50 100 150 200 250
Time (s)

Figure 3. Spectroelectrochemical data for [Ru(bda)(P,-py).] on nano-ITO in 0.1 M
HClO,. See text for explanation.

Finally, the last reduction step (217 to 280 s, return wave I) leads to a
decrease of the absorbance at 678 nm and recovery of the absorbance
at 382 nm and the MLCT bands of monomeric Ru" with an isosbestic
point at 588 nm. Spectral changes associated with this process are
shown in Figure S18. Reduction of [(OH,)Ru™ORU"(OH,)]*" in the blue
dimer also leads to generation of two equivalents of monomeric Ru".
Nevertheless, the behavior shown in Figure 3 for [Ru(bda)(P,-py).] is
completely reversible and the dinuclear species can be regenerated
upon an anodic scan.

A very similar behavior is observed for [Ru(bda)(pic).] in solution.
Controlled potential electrolysis at 1.2 V vs NHE (just past the Ry
couple) in 0.15 M TFA results in the formation of a species | with
relatively intense absorption bands in the visible with Am.x = 445 and
550 nm after passage of ~ 2 equivalents of charge, Figure S19. As for
[Ru(bda)(P,-py).] on nano-ITO, these absorption bands cannot be
assigned to a monomeric Ru" species because the latter display very
weak absorptions in the visible region. Instead, these features are
consistent with the formation of a dinuclear species structurally
similar to the Ru""'—-0-Ru" form of the blue dimer. DFT calculations
show that these dinuclear species are accessible without significant
steric encumbrance, Figure Si5. To corroborate the formation of a
dinuclear RuV—O-Ru" species, controlled potential electrolysis was

carried out at +0.97 V, a potential more negative than the Ry"™

couple but more positive than the Ru""

couple. Passage of ~1
equivalent of charge resulted in a color change from purple to blue-
green with growth of an intense band at 672 nm. This is consistent
with reduction of the Ru""—0—-Ru" form of the dinuclear species to the

corresponding Ru"-0-Ru" form, Figure S2o0.
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The combined solution and surface studies presented here provide
new and unexpected insight into the mechanism of water oxidation by
[Ru(bda)(L),] and point to a very different mechanism from that
previously proposed.*® These results are consistent with one-electron
oxidation of six-coordinate [Ru"(k“-bda)(L),] to six-coordinate [Ru" (k*-
bda)(L),]". The latter is in equilibrium with six-coordinate [Ru"(k3-
bda)(L),(OH,)]" which oxidizes preferentially to seven coordinate
[Ru"(k*-bda)(L),(OH)I". [Ru"-OH]*
bimolecular reaction (k, in Scheme 1) to give the Ru"“—RU" form of a

Generation of leads to a

blue-dimer-like species. The proposed structure is based on
spectroelectrochemistry, pH-dependent electrochemistry and DFT
calculations. The intense absorption band at 672 nm in solution and
680 nm on nano-ITO can only be explained by invoking a strongly-
coupled RU"ORU" core.” One-electron oxidation of this dinuclear
species will result in a Ru'"—Ru" species in a PCET process. As in the
case of the blue dimer, the Ru"V-Ru" intermediate can be further
oxidized to generate the corresponding Ru'—Ru" species, presumably
followed by fast O—O coupling with oxygen release. The steps with
rate constants k, and k; in Scheme 1 can be accelerated by bases
owing to their PCET nature and this explains the base-assisted

catalysis experimentally observed.

2H, 2¢
. P ¢
o 2+
-
reY Ograv | 2 [RuV-OH]*
N
0
e k2
ky a
S L (VS
Ru 0/ u “\O/
e

Scheme 1. Proposed water oxidation mechanism for [Ru(bda)(L;)].

The two catalysts considered in this study appear to be the precursors
of blue-dimer-like intermediates that are very active towards water
oxidation catalysis. The interconversion between mono and dinuclear
species is fast and reversible with [Ru“Y—OH]" or [Ru"Y=0] being the
species involved in the bimolecular step. The anation problems
responsible for deactivation of the catalytic activity of the blue dimer
are avoided by having carboxylate groups around the metal centers
that screen the charges of the high oxidation states and donate
" Ru" and Ru". These studies

also highlight both the mechanistic insight that can be gained by

electron density to electron deficient Ru

comparing solution and surface studies and the importance of

with anchored device
the

important insight for new catalysts design and protocols for

catalysis studies catalysts in a true

configuration. In addition, results presented here provide
incorporation of existing catalysts into solar cell devices for optimal
performance.
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