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ABSTRACT: Catalytic water oxidation to generate oxygen was
achieved using all-inorganic mononuclear ruthenium com-
plexes bearing Keggin-type lacunary heteropolytungstate,
[Ru™(H,0)SiWy, 03] (1) and [Ru(H,0)GeWy, 03]
(2), as catalysts with (NH,),[Ce"(NO3)s] (CAN) as a one-
electron oxidant in water. The oxygen atoms of evolved oxygen
come from water as confirmed by isotope-labeled experiments.
Cyclic voltammetric measurements of 1 and 2 at various pH’s
indicate that both complexes 1 and 2 exhibit three one-electron
redox couples based on ruthenium center. The Pourbaix dia-
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grams (plots of E;,, vs pH) support that the Ru(IIl) complexes are oxidized to the Ru(V)—oxo complexes with CAN. The
Ru(V)—oxo complex derived from 1 was detected by UV—visible absorption, EPR, and resonance Raman measurements in situ as
an active species during the water oxidation reaction. This indicates that the Ru(V) —oxo complex is involved in the rate-determining
step of the catalytic cycle of water oxidation. The overall catalytic mechanism of water oxidation was revealed on the basis of the
kinetic analysis and detection of the catalytic intermediates. Complex 2 exhibited a higher catalytic reactivity for the water oxidation

with CAN than did complex 1.

B INTRODUCTION

Effective and sustained catalysts for water oxidation are
absolutely imperative to achieve the conversion of sunlight into
clean and accumulable chemical energy by artificial photosynth-
esis as typified by sunlight-driven water splitting into hydrogen
and oxygen (eqs 1, 2)." Thus, extensive efforts have so far been
devoted to the development of water oxidation catalysts (WOCs)
over the past three decades.” *

2H,0 — O, + 4H" + 4e”

(1)

4H' + 4~ — 2H,

(2)

WOCs can be classified into heterogeneous” and homoge-
neous™* types. Heterogeneous WOCs are generally robust and
easy to fabricate, providing potential applications. However, the
difficulty to identify the catalytically active species of hetero-
geneous catalysts has precluded clarifying the catalytic mechan-
ism of water oxidation.”” In contrast to heterogeneous catalysts,
homogeneous catalysts provide the better opportunity to study
the catalytic mechanism of water oxidation, which has yet to be

clarified.
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The first homogeneous WOC reported by Meyer et als % s
cis,cis-[ (bpy),(H,O)Ru" ORu" (H,0) (bpy),]** (bpy = 2,2-
bipgfridine), so-called “blue dimer”. To date, several bimetallic
Ru” ™" and Mn***' WOCs have been documented, and the
multinuclear structure similar to that in the oxygen evolving
complex (OEC) in Photosystem II** was regarded to be essential
for mediating four-electron process of water oxidation. However,
a number of mononuclear Ru**"** and Ir***® complexes have
also been reported as efficient WOCs. Although the catalytic
mechanisms of multinuclear WOCs as the functional model of
OEC have attracted considerable attention, there are a few
detailed mechanistic studies on binuclear Ru complexes due
presumably to the complexity of multinuclear catalysis.”" "'’
Mononuclear WOCs may be more suitable to elucidate the
catalytic mechanism of water oxidation because of their simple
structure. However, all of the single-site Ru complexes reported
so far contain organic ligands,237 * and oxidation of the organic
ligands under the water oxidation conditions would make it
difficult to obtain mechanistic insight into the catalytic water
oxidation. To avoid the oxidative damage of WOCs, the adoption
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Chart 1. Structures of Polyanions 1 and 2***

[Ru"(H,0)SiW110s6]5~  [Rul(H,0)GeW;05]>-
(1) (2)

“Ru, light green; W, purple; O, red; H, white; Si, light blue; Ge,
deep blue.

of inorganic ligands, which is stable under water oxidation condi-
tions, is suitable as demonstrated by a tetraruthenium complex with
silicodecatungstate [ {Ru;O4(OH),(H,0),4} (7-SiW16036)2] ",
which acts a robust water oxidation catalyst with one-electron
oxidants such as diammonium cerium(IV) nitrate, (NH,),-
[Ce(NOs3)s] (CAN), and [Ru(bpy);]** (bpy = 22"
bipyridine).>® *' A tetracobalt complex with phosphononatung-
state [Co,(H,0),(PWo034),]"" " was also reported to be capable
of oxidizing water with [Rum(bpy)3]3+.4z’43 However, the cata-
lytic mechanism of water oxidation with those all-inorganic
tetranuclear complexes has yet to be clarified, and there has so
far been no report on all-inorganic single-site WOC:s.

We report herein that sin%le-site ruthenium complexes with
heteroundecatungstate, [Ru" (H,0)SiW;;030]°~ (1)** and
[Ru"(H,0)GeW;;035]°" (2) (Chart 1), act as robust water
oxidation catalysts with CAN. The catalytic mechanism of water
oxidation with 1 and 2 was revealed by electrochemical and
spectroscopic measurements as well as by the kinetic analysis.
The comparison of the catalytic reactivity between 1 and 2 for
water oxidation with CAN provides a valuable insight into the
further improvement of the catalytic reactivity for water oxidation.

B EXPERIMENTAL SECTION

Materials. Css[Ru™(H,0)SiW;,030] (Css-1) and Css[Ru™-
(H,0)GeW,;039] (Css-2) were prepared according to the literature
procedures and characterized by IR, UV—visible spectroscopic, and elec-
trochemical measurements.* Commercially available reagents, sodium
sulfate (Na,SO,), phosphoric acid (H;PO,), boric acid (H3;BO,), acetic
acid (CH3COOH), nitric acid (HNOs), diluted nitric acid (1.0 and 0.1 M
HNO);), diammonium cerium(IV) nitrate ((NH,),[Ce™(NO,)4], CAN),
diammonium cerium(II) nitrate ((NH,),[Ce™(NO;)s]) (Wako Pure
Chemical Industries), D,O (99.9% D), and H,'*0 (97% '*0) (Cambridge
Isotope Laboratories), were used without further purification.

General Methods. Purification of water (182 MQ cm) was
performed with a Milli-Q system (Millipore, Direct-Q 3 UV). UV—vi-
sible absorption spectra were recorded using a Hewlett-Packard 8453
diode array spectrophotometer with a quartz cuvette (the light path
length = 1 cm). The pH values of a solution were determined by a pH
meter (TOA, HM-20]) equipped with a pH combination electrode
(TOA, GST-5725C). The pH meter was calibrated relative to standard
phthalate (pH 4.0) and phosphate (pH 6.9) buffer solutions prior to
each use.

TGA Analysis. The number of crystal waters in 1 and 2 were
determined to be 6 and 8, respectively, based on the results of TGA
analysis recorded on an SII TG/DTA 7200 instrument. The samples
(~$ mg) were heated from 25 to 300 °C with a ramp rate of 2 °C/min.
The number of crystal water contained in the sample was evaluated from
the weight loss by heating the sample.

Catalytic Oxygen Evolution. The yield of oxygen was deter-
mined with a Shimadzu GC-17A gas chromatograph {Ar carrier, a
capillary column with molecular sieves (Agilent Technologies, 19095P-
MS0,30 m X 0.53 mm) at 313 K} equipped with a thermal conductivity
detector. An aliquot (100 uL) of a deaerated 0.1 M HNOj; aqueous
solution containing 1 (6.0 x 107 mol) was injected into a deaerated 0.1
M HNOj; aqueous solution (2 mL) containing CAN (1.2 X 10~° mol)
in the reaction vessel (4.9 mL) with a magnetic stirrer. At every 10 min,
100 uL of gas in headspace of the reaction vessel was taken using a
gastight syringe and analyzed by GC. The total amount of evolved
oxygen was determined on the basis of the calibration curve prepared for
various concentrations of oxygen in argon gas.

Isotope-Labeled Experiment. The ratio of '°0,, '°0"®0, and
'®0, was determined on the basis of the intensity of mass spectrum
(m/z =32, 34, and 36) obtained on a Shimadzu GC-17A gas chromato-
graph {He carrier, TC-FFAP column (GL Science, 1010-15242) at 313
K} equipped with a mass spectrometer (Shimadzu, QP-S000). An
aliquot (100 L) of a deaerated H,"®O solution (83.8% "*0) containing
1 (3.0 x 107 mol) and HNOj; (0.1 M) was injected to into 1 mL of a
deaerated H,'®O solution (83.8% '*0) containing CAN (6.0 x 10°¢
mol) and HNOj; (0.1 M) in the reaction vessel (2 mL). The air in the
headspace of sealed reaction vessel was replaced by He before the
reaction by bubbling He gas through syringe. After 1 h, S0 4L of gas in
headspace of the reaction vessel was taken using a gastight syringe and
analyzed by GC—MS.

Determination of pK, Values. The spectroscopic titrations were
performed to determine the pK, values of 1 and 2 in a 0.1 M Britton—
Robinson buffer ((CH;COOH] = 0.1 M, [H3P0,] = 0.1 M, [H;BO,] =
0.1 M) at 298 K. A small amount of 0.36—3.6 M NaOH aqueous
solutions was added to a 0.1 M Britton—Robinson buffer solution
containing 1 (5.0 x 10~ M) or 2 (5.0 x 10~* M). The absorption
spectra of 1 and 2 were changed with an increase in pH, and the plot of
absorbance at particular wavelengths (4 = 440 nm for 1, A = 430 nm for 2)
versus pH was fitted by eq 3:

A=A + K(Aw —Ao)/(K, + 10777) @)

where A, is the absorbance of the aqua complex, and A, is the
absorbance of the hydroxo complex. The pK, value was determined
from the fitting curve as the pH value when the absorbance was the
average value of Ag and A,. Derivation of eq 3 is described in the
Supporting Information.

Electrochemical Measurements. Cyclic voltammetry (CV) was
performed on an ALS 630B electrochemical analyzer using a glassy
carbon electrode as a working electrode, a saturated calomel electrode
(SCE) as a reference electrode, and Pt wire as an auxiliary electrode.
Cyclic voltammograms and differential pulse voltammograms of 1 (2.0 x
107> M) and 2 (2.0 x 107° M) were obtained in 0.1 M Brit-
ton—Robinson buffer solutions in the range of 1.5 < pH < 8.0 and in
0.1 M Na,SO,4 aqueous solutions in the range of 0 < pH < 1.5. The pH of
a solution was changed by using 0.36—3.6 M NaOH aqueous solutions
and HNO; (69%).

Spectral Titration. The UV—visible spectroscopic titration was
performed with a spectrophotometer. UV—visible spectra were taken
after every addition of a 0.1 M HNOj aqueous solution (20 uL)
containing CAN (6.0 X 107> M) to a 0.1 M HNO, aqueous solution
(2 mL) containing 1 (3.0 x 10~ * M). The absorbances at 4 = 380 and
550 nm were plotted against the ratio of [CAN] to [1].

Electron Paramagnetic Resonance (EPR) Measurements.
The EPR cell (3.0 mm i.d.) containing a deaerated 0.1 M HNO; aqueous
solution (0.5 mL) of 1 (1.0 X 107> M) or 2 (1.0 x 10> M) was
maintained at 77 K in a liquid-nitrogen dewar. The remaining gas in
headspace of the EPR cell was removed under vacuum, and then the EPR
cell was cooled to 4 K with use of liquid helium in the EPR cavity and
EPR spectrum was taken on a JEOL JEX-REIXE spectrometer under
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nonsaturating microwave power conditions. The magnitude of the
modulation was chosen to optimize the resolution and the signal-to-
noise (S/N) ratio of the observed spectra. The g values were calibrated
using Mn>* marker. The EPR spectrum of oxidized 1 was obtained as
follows. A deaerated 0.1 M HNOj aqueous solution (0.5 mL) of 1 (1.0 x
10> M) and a deaerated 0.1 M HNO5 aqueous solution (10 uL) of
CAN were mixed in an EPR cell. After a few seconds, the EPR cell was
cooled to 77 K in a liquid-nitrogen Dewar, and the remaining gas in
headspace of the EPR cell was removed under vacuum. The EPR
spectrum of the mixture was measured after cooling the EPR cell at 4
or 77 K. The EPR spectrum of oxidized 2 was measured in the same
manner as that of 1.

Resonance Raman (rR) Measurements. RR spectra were
measured using a 4 442 nm line of a HeCd laser (Kinmon, IK4401R-D).
The laser power at the sample point was 10 mW. The sample solution
was in an NMR tube and spun with a spinning cell device designed to
minimize off-center deviation during rotation. Raman scattered light was
collected at 135° with a pair of fused quartz lenses, f-matched to a 1.0 m
spectrograph (Ritsu Oyo Kogaku, MC-1000DG), which was equipped
with a holographic grating (2400 grooves mm ') and a liquid nitrogen-
cooled CCD detector. A depolarizer was used to scramble the polariza-
tion of collected light and thus eliminate intensity artifacts created
by polarization-dependent grating reflectivity. The spectra were calibrated
using the standard Raman spectra of acetone and indene. An aliquot
(10 uL) of an H,'°O or H,'®0 solution of CAN (1.5 x 10~ ° mol)
was added to a 500 4L H,'°O or H,"*O solution of 1 (5.0 x 10~7 mol)
and 2 (5.0 x 1077 mol). Formation of a precipitate was observed
immediately after mixing two solutions of 1 (or 2) and CAN. The
precipitate was removed with a membrane filter and the filtrate was
transferred to a quartz NMR tube, and then the NMR tube was supplied
for rR measurement.

Kinetic Measurements. All kinetic experiments were performed
using a spectrophotometer with 1 cm cell at 298 K. The absorbance at
A =420 nm assignable to CAN was monitored during water-oxidation
reaction under various conditions. Each of initial reaction rates was
obtained on the basis of the decay rate of absorbance at A = 420 nm.

B RESULTS AND DISCUSSION

Catalytic Water Oxidation. The catalytic water oxidation was
investigated by an addition of 20 equiv of Ce" to an aqueous
solution containing 1 (3.0 X 10~*M) and 0.1 M HNO;, and the
evolution of oxygen was confirmed by gas-chromatographic
analysis (see Experimental Section and Figure S1 in the Support-
ing Information). The loss of Ce" was monitored by a photo-
diode array UV—visible spectrophotometer (4 = 400 nm), and
the amount of evolved O, was determined by gas chromatogra-
phy. The result of a typical experiment is shown as the time
profiles of the decay of Ce'" and the evolution of O, in Figure la.
The decrease in the concentration of CAN in the solution
virtually coincides with the O, evolution (Figure 1b), and 2.7
umol of oxygen was finally produced from 12 umol of CAN. The
efficiency of oxygen evolution is approximately 90% based on the
initial amount of oxidant, indicating that nearly stoichiometric
water oxidation by Ce' occurred with 1; that is, 4 equiv of Ce' is
consumed for 1 equiv of O, evolution based on eq 1. TONs of
oxygen evolution catalyzed by 1 and 2 reach up to 20 and S0,
respectively.

The oxygen evolution was not observed upon additions of
RuCl;-3H,0, Ru(acac)s, and Kg[SiW;,03] instead of 1 to an
aqueous solution containing CAN and 0.1 M HNOs;. The
addition of 2 to the same aqueous solution led to more efficient
oxygen evolution as compared to 1. Thus, it should be noted that
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Figure 1. (a) UV—vis spectral changes in the course of the reaction of 1
(3.0 x 10~*M) with CAN (6.0 x 10 >M) in 0.1 MHNOj; at 298 K. (b)
Time course of the amount of evolved oxygen (red @) and CAN (—) in
the reaction of 1 (3.0 x 10™* M) with CAN (6.0 x 107> M) in 0.1 M
HNO; at 298 K.

Table 1. Observed and Theoretical Relative Abundances of
'®0-Labeled and Unlabeled Oxygen Evolved during the
Oxidation of H,'®O-Enriched Water (83.8% H,'®0) Cata-
lyzed by 1 (3.0 x 10 * M) with CAN (6.0 X 10 >M) in 0.1 M
HNO; at 298 K

relative abundance, %

150, 16018 180,
observed 34 26.7 69.9
theoretical” 2.6 27.2 70.2

“Theoretical values were calculated by assuming that evolved oxygen
comes only from water.

only 1 and 2 were able to act as a water oxidation catalyst with
CAN, and the ruthenium sources and the ruthenium-free ligand
of 1 had no effect on the catalysis.

We conducted GC—MS analysis of oxygen evolved during
water oxidation using H,'®O to clarify the oxygen source of
evolved oxygen. The evolved oxygen in the oxidation of water
with CAN in H,"®O-enriched aqueous solution (83.8% '°0)
containing 1 and 0.1 M HNOj; was analyzed by GC—MS (Figure
S2 in the Supporting Information). In the mass spectrum, the
molecular ion peak at m/z = 36 assignable to 180, exhibited the
largest intensity among the molecular ion peaks at m/z = 32, 34,
and 36 (Table S1 in the Supporting Information). The relative
abundance of oxygen isotopes, which were determined from the
intensities of those three molecular ion peaks, is listed in Table 1.
The theoretical ratio of oxygen isotopes in Table 1 was calculated
by assuming that both oxygen atoms of oxygen come only from
water. The observed ratios agree well with the calculated ratios,
indicating that evolved oxygen comes exclusively from water.

Redox Properties of 1 and 2. To get insight into the
catalytically active species for water oxidation with CAN, we
have examined the comprehensive redox and acid—base proper-
ties of 1 and 2 by electrochemical and pK, measurements. The
electrochemical behavior and the pK, values of 1 and 2 were
studied in a broad pH range. The aqua complexes 1 and 2 are
converted to the corresponding hydroxo complexes, that is,
(L)Ru™—OH (L = [SiW,;035]%" for 1 or [GeW;,030]*"
for 2) by increasing pH as shown in Figure 2. The pK, values
of the aqua complexes of 1 and 2 are determined by fitting eq 3
(Experimental Section) to the data of UV—visible spectroscopic
titration in Figure 2 to be 6.4 and 6.2, respectively.
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Figure 2. Absorption spectral changes in the course of titration of (a) 1
(5.0 x 107*M) and (b) 2 (5.0 x 10~ * M) with NaOH aqueous solution
in 0.1 M Britton—Robinson buffer at 298 K. Inset: Plot of the
absorbance at 4 = 440 nm for 1 and A4 = 430 nm for 2 versus pH.

(a) (b)
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Figure 3. Cyclic voltammograms of (a) [Ru""Siw;; 03] (1, 2.0 x
10 *M) and (b) [Ru™GeW,;,035]°" (2,2.0 x 10~ M) depending on
pH with a scan rate of 0.1 V/s in 0.1 M Britton—Robinson buffer at 298
K. The pH of the solution was adjusted by NaOH aqueous solution.

Cyclic voltammograms of 1 and 2 depending on pH were mea-
sured in the range of 0 < pH < 8 (Figure 4).% Both 1 and 2
undergo three one-electron oxidation processes, each of which
exhibited ca. 90 mV of a peak separation at a sweep rate of
0.1 Vs~ ', indicating that three one-electron redox couples are
chemically reversible. The first one-electron reduction process
starting from the Ru(III) complexes is ascribed to the Ru(III)/
Ru(II) redox couple, whereas the first and second one-electron
oxidation processes are ascribed to the Ru(IV)/Ru(Ill) and
Ru(V)/Ru(IV) redox couples, respectively. The three one-electron
redox potentials are shifted to a positive direction with decreasing
pH (Figure 3).46

Figure 4 illustrates the Pourbaix diagrams (E, /, vs pH)*’ for 1
and 2 in the range of 0 < pH < 8 in water. When E,/, is
independent of pH, no proton is coupled in the one-electron
redox process.44a'48 On the other hand, when E, /, decreases with
increasing pH with a slope of 59 and 118 mV, one and two protons
are coupled with the one-electron redox process, respectively.*’

(a) 1.0 (b) 1.0
\ - \ -
il (L1)RuY=0 il \17. (L2)Ru¥=0
b ki veiegddi 2.7
w06 3 D 0.6 =
@ @ (L2)RuV-OH,  pmsiecitd
w0 g 04}
= s (L2)RuV-OH
H 025 | 1)RuM-OH, : & 02 (L2)Ru"-OH, :
G ol wimreon, EVRUCOR| ol oL ooy,  (WIRUOH
(L1)Ru'-OH, | ! :
-02 ol ‘i6a
B 77 IS S,/ S e
€ 12 8 W8 6T 8 01 2 38 4 5 6 7 8

pH pH

Figure 4. Pourbaix diagrams for (a) 1 and (b) 2. The blue, green, and
red points correspond to the Ru(III)/Ru(II), Ru(IV)/Ru(Ill), and
Ru(V)/Ru(IV) redox potentials, respectively. All four pK, values are
shown by the vertical dashed lines. L1 and L2 denote the ligand of 1 and
2, respectively.

Thus, all of the species depending on the E; /, and pH values can
be identified as shown in Figure 4. For example, the (L)Ru™—
OH, (L = [SiW;030]* for 1 or [GeW;;035]% for2) complex
is oxidized to the (L)Ru"'—OH, complex at pH 1 at an applied
potential between 0.62 and 0.90 V (vs SCE) without losing
proton when the E; /, value remains constant with the change in
pH around 1. In contrast, the (L)Ru"' —OH, complex is oxidized
to the (L)Ru"=0 complex at pH 1 at an applied potential above
0.90 V with removal of two protons, when the E;,, value
decreases with increasing pH from 1 with a slope of 118 mV.
Thus, 1 and 2 are expected to be oxidized by CAN (E;,, =121V
vs SCE at pH 1.0,>*" and E, /, = 1.61 V vs NHE (= 1.34 V vs SCE)
at lower pH with 0.5—5 M HNO3)** to the (L)Ru'=0
complexes of 1 and 2, respectively. The complexes 1 and 2 are
not stable at pH higher than 8.

All four pK, values of 2 (6.2 for [Ru™'(H,0)GeW,,05,]°",
1.7 for [Ru"(H,0)HGeW;;03]°, 2.7 for [Ru"“(H,0)-
GeW,,030]*", and 1.7 for [Ru" (OH)GeW,;039]° ") are smal-
ler than the corresponding values of 1 (6.4 for [Ru""(H,0)-
SiW;;03,]°7, 2.5 for [Ru™(H,O)HSiW,,030]°", 34 for
[Ru"'(H,0)SiW,,030]*", and 2.6 for [Ru"(OH)SiW,,030]°").
This indicates that the ruthenium site and the ligand of 2 are
more difficult to be protonated due to the electron-withdrawing
effect of germanium, core-atom of the ligand, because of the
larger electronegativity of germanium (2.01) than silicon (1.90).%
The Ge that is more electronegative than Si withdraws electron at
higher degree from the framework of polytungstate anion, which
causes the lower basicity of the heteropolytungstate anion. The
weaker coordination of the heteropolytungstate anion resulted in
the higher acidity of the Ru metal center, which induces the
higher acidity of the coordinated aqua ligand with lower pK.,.

Spectroscopic Redox Titrations. The UV—visible spectral
titration of 1 with CAN in an acidic medium showed that the
oxidation of 1 led to the formation of corresponding Ru(IV) and
Ru(V) complexes as shown in Figure S. The formation of
respective Ru(IV) and Ru(V) species was observed with the
isosbestic points (4 = S00 nm for first one-electron oxidation, A =
358, S00 nm for second one-electron oxidation) by adding
stoichiometric equivalents of CAN to aqueous solution contain-
ing 1 (3.0 x 10 * M) and 0.1 M HNO;. According to the
Pourbaix diagram for 1 in Figure 4a, the respective Ru(IV) and
Ru(V) species in the range of 0 < pH < 2.6 can be assigned
to [Ru"(H,0)SiW,,030]* and [Ru"(0)SiW;,030]° . The first
and second electron-transfer processes between 1 and CAN are
thermodynamically favorable due to the high reduction potential
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Figure 5. (a) UV—visible spectral changes of 1 upon addition of CAN in 0.1 M HNOj3 at 298 K. The initial concentration of 1, [1]o, was 3.0 X 107 M.
Each spectrum was monitored after every addition of 0.2 equiv of CAN. (b) Plots of the absorbance at 4 = 380 (®) and 550 nm () relative to the ratio of

[CANT] to [1],.

of Ce(IV)/Ce(1III), which is 1.61 V vs NHE (1.34 V vs SCE).>*
Because the oxidation potentials of [Ru"'(H,0)SiW;;030]°~
and [Ru'Y(H,0)SiW,,035]* at pH 1.0 were determined to be
0.64 and 0.91 V, respectively, the reduction potential of CAN is
high enough to oxidize these complexes under the catalytic
conditions. The driving forces of the first and second electron-
transfer processes are estimated to be 0.57 and 0.30 eV, respec-
tively. Thus, the first and second electron-transfer oxidation
processes are expected to proceed at the diffusion-limited rate.
Actually, the rates of electron-transfer oxidation of 1 and 2 with
CAN were too fast to be determined even by using a stopped-
flow method. This mdlcates that the electron-transfer rate
constant is larger than 10° M~ " s~ 1%

In cryogenic EPR measurements at 4 K, 1 exhibited a two-axis
anisotropic signal with g, = 2.4 and g = 2.0 (Figure 6a). The spin
state of 1 can be assigned to S = 1/2, and the oxidation number of
ruthenium in 1 is Il judging from the g, value higher than 235!
The addition of 2 equiv of CAN to the solution of 1 resulted in a
sharp two-axis anisotropic signal at g; = 2.1 and g = 1.9
(Figure 6b) at 77 K. This indicates that the spin state of 1 under
catalytic conditions is also S = 1/2. The anisotropic EPR s1gnal at
g =2.land dgi = 1.9—2.0 is not characteristic of the Ru""" species,
but the RuV=0 species as reported in the literature.*”** On the
other hand, the EPR signal due to Ce"" ion observable at 4 K
(Figure S4) was not observed at 77 K due to the strong
spin—orbit coupling and the short relaxation time of the 4f'
state above 30 K.>* Thus, these EPR results together with rR
spectral data (vide infra) rationalize the steady state formation of
[(L)RuY=0]"" of 1in the catalytic cycle. In the case of 2, the EPR
spectra of 2 and its oxidized species showed tendency similar to
those of complex 1; see Figure S3 in the Supporting Information.

The characterization of the catalytically active species derived
from 1 for water oxidation was also performed by the resonance
Raman (rR) measurements. Figure 7 shows the result of the rR
measurements of oxidized 1 produced by the addition of CAN
(3 equiv, 3.0 x 1073 M) in water with excitation at A = 442 nm.
The Raman scattermg at 800 em ~! was observed, and this was
shifted to 785 cm ™' when H,'®0 was employed as a solvent.
Similar Raman bands were observed for oxidized 2 with CAN

_-g,=20
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Magnetic Field, mT

(b)

g =21

Bl\

\gﬂ =19

0 100 200 300 400 500
Magnetic Field, mT
Figure 6. (a) X-band EPR spectrum of 1 (1.0 x 10~ M) measured at 4
Kin a frozen 0.1 M HNOj solution. (b) X-band EPR spectrum of 1 (1.0
x 107 M) observed upon addition of 2 equiv of CAN to a 0.10 M

HNO; solution measured at 77 K. The scale in longitudinal axis of (b) is
15 times larger than that of (a).

(Figure SS in the Supporting Information). The rR band ap-
pearing at 800 cm™ ' is assignable to the typlcal Ru'=0
species as identified in the previous papers.>*** In comparison
with other Ru=O complexes together with the results of the
redox titration and the EPR spectrum, this band is ass1gned to the
stretching of the Ru(V) oxo double bond (Ru'=0) of
[Ru¥(0)SiW,;035]°". The smaller isotopic shift (15 cm™")
than the theoretical value for the '®O substitution in a Ru=0
harmonic oscillator (Av =40 cm™") may result from the bmdmg
of Ce(IV) to the oxo complex as suggested by the literature.>
The UV —visible spectrum of 1 observed during the catalytic
oxidation with CAN in an aqueous solution containing 0.1 M
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Figure 7. (a) Resonance Raman spectrum of [Ruv(mO)SiWnO39]57
generated in the reaction of [Ru"™(H,'°0)SiW,;045]°~ with CAN in
H,'®0 solution at room temperature with an excitation wavelength of 4
= 442 nm. (b) Resonance Raman spectrum of [Ru" ("*0)SiW,;055]°
generated in the reaction of [Ru"™(H,"®0)SiW;;050]°~ with CAN in
H,"®0 solution at room temperature with an excitation wavelength of 1
= 442 nm. (c) Difference spectrum between (a) and (b).

300 400 500 600 700
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Figure 8. UV—vis absorption spectrum of 1 (3.0 x 10 * M) during
water oxidation (black) and that of [Ru"(0)SiW;;03]°~ (3.0 x 10™*
M) obtained by the titration with CAN as shown in Figure Sa (red).

HNO; (Figure 8) agrees well with the spectrum of [Ru"(O)-
SiW,,035]° in Figure 5a. Because the formation of [Ru"(O)-
SiW,;030]° " by the electron-transfer oxidation of 1 with CAN is
very fast (vide supra), the Ru"=0 complex remains the cataly-
tically active species for the water oxidation. The more
detailed mechanistic insight is provided by the kinetic anal-
ysis (vide infra).

Kinetics and Catalytic Mechanism. Kinetic studies on the
catalytic oxidation of water by CAN with 1 and 2 were
conducted with an excess amount of CAN in acidic media
to clarify the catalytic mechanism. The rates of water oxida-
tion were determined from the decay rates of CAN, which
agree with the rates of oxygen evolution (see Figure 1b). The
decay rate of CAN was determined by monitoring the decay
of absorbance at 4 = 400 and 420 nm due to CAN using a
photodiode array UV—visible spectrophotometer (see Ex-
perimental Section). The initial rates of water oxidation (R;)
were used to analyze the kinetics under catalytic turnover
conditions to avoid the effect of decomposition of 1 and 2
under strongly acidic conditions.

The initial rates of water oxidation were investigated with
various concentrations of 1 and 2 in an aqueous solution con-
taining 100 equiv of CAN and 0.55 M HNO;.*° The relatively
high concentration of HNOj, that is, 0.55 M, was employed
because the solubility of catalyst 2 was limited in the presence of
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8t 8l o
b b
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- [ ] -
. L
-3 2t
0 : . : : 0 s : : -
o 2 4 6 8 10 o 2 4 & 8 10
105 [1], M 105 [2], M
(¢)-5.0 (d 6
CAN 10 mM
-52 | CANS5.0mM St
— e M — - |
b 54 b ¢
= L= ]| gl pH 1.0
L3 [ g o pH0.48
F 56 CAN 2.5 mM 2,| pH 0.26
CAN 1.0 mM
58 | al
-6.0

0 02 04 06 08 1.0 12 0 02 04 06 08 1.0 1.2
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Figure 9. (a) Dependence of the initial rate (R;) on [1] in the water
oxidation catalyzed by 1 with CAN (100 equiv, (2.0—6.0) X 10> M) in
0.55 M HNO; at 298 K. (b) Dependence of R; on [2] in the water
oxidation catalyzed by 2 with CAN (100 equiv, (2.0—6.0) x 10> M) in
0.55 M HNOj at 298 K. (c) Dependence of log R; on pH in the water
oxidation catalyzed by 1 (5.0 x 10~° M) with CAN ((0.10—1.0) x 10>
M) in 0.10—0.55 M HNO; at 298 K. (d) Dependence of R; on [CAN] in
the water oxidation catalyzed by 1 (5.0 x 10> M) with CAN
((0.10—1.0) x 10~* M) in 0.10—0.55 M HNOj at 298 K.

CAN at higher pH in the presence of 0.1 M HNO3; due to the
countercation exchange. The rate law is determined to be
first order with respect to the concentrations of 1 and 2 as
shown in Figure 9a and b, respectively. If two Ru¥=0
molecules, that is, two [Ru"(0)SiW,;035]°" for 1 or two
[Ru¥(0)GeW;,039]°" for 2, are involved for O—O bond
formation in O, evolution, the rate law would be second order
with respect to the catalyst concentration. Thus, the most
likely reaction pathway for the O—O bond formation may be
the reaction of the Ru’=0 complex with water to produce
the Ru"™'—OOH complex.”*** The water oxidation rate
slightly increases with increasing pH (Figure 9¢), and it also
increases with increasing concentration of CAN to approacha
constant value (Figure 9d). If the reaction of the Ru'=0
complex with water is solely the rate-determining step for the
water oxidation, the water oxidation rate would be constant
with change in pH or concentrations of CAN, because the
formation of the Ru¥=0 complex by the electron-transfer
oxidation of 1 with CAN occurs at the diffusion-limited rate
(vide supra). The saturation behaviors of the water oxidation
rate with increasing pH and concentration of CAN indicate
that the subsequent oxidation of the Ru'"—~OOH complex by
CAN competes with the back reaction from the Ru''—~OOH
complex, which undergoes the O—O bond cleavage to
regenerate the Ru'=0 complex as shown in Scheme 1.
The driving force of dissociation of H™ and O, from
[(L)RuY—OOH]*" could be attributed to the deprotonation
coupled with the oxidation of the peroxo ligand (O,>~) with
high valent Ru". This may be the reason why the deprotona-
tion occurs in such a highly acidic medium.
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According to Scheme 1, the water oxidation rate (R,) is given
by eq 4:

R = kyke[RuY=0][H,0][CAN]/(k_,,[H]
+ ko[CAN]) (4)

where k, is the rate constant of the reaction of the Ru¥=0
complex with H,O to produce the Ru™—O0OH complex, k. is
the rate constant of electron transfer from the Ru" —OOH com-
plex to CAN, and k_,, is the rate constant of the back reaction
from the Ru""—~OOH complex with H* to regenerate the
Ru"=0 complex. Equation 4 agrees with experimental observa-
tions in Figure 9: the first-order depvendence on the catalyst con-
centration that corresponds to [Ru’ =0], the saturation depen-
dence on pH, and the CAN concentration. Thus, the catalytic
water oxidation by CAN with the Ru™—~OH, complex (1 and 2)
proceeds via the Ru"=0 complex, which is immediately formed
by the fast two-electron oxidation of the Ru'"—OH, complex
coupled with deprotonation. The reaction of the Ru"=0 com-
plex with H,O to produce the Ru""—~OOH complex is the rate-
determining step, but the electron transfer oxidation of the
Ru""—OOH by CAN leading to the oxygen evolution competes
with the back reaction from the Ru"'—~OOH complex with H" to
regenerate the Ru"=0 complex. Because the further oxidation of
the Ru"OOH complex may be fast (not the rate-determining
step), the Ru' OOH intermediate in Scheme 1 is putative.

It should be noted that the rate of 2 (Figure 9b) is 1.5 times
higher than that of 1 (Figure 9a). The higher catalytic reactivity of
2 may result from the electron-withdrawing effect of germanium
(core atom of the ligand), which are reflected by the smaller pK,
values of 2 as compared to 1 (vide supra).”” Thus, the present
study provides valuable insight into the further improvement of
the catalytic reactivity for water oxidation.

B CONCLUSIONS

In this study, catalytic water oxidation was demonstrated using
two types of all-inorganic mononuclear ruthenium complexes, 1
and 2. TONs of oxygen evolution catalyzed 1 and 2 reach up to
20 and 50, respectively. The origin of evolved oxygen was
revealed to be water by '*O isotope-labeling experiments in
H,'%0, where '®0'0 was mainly obtained by measuring
GC—MS. The intermediate Ru"=0 complex of 1 was detected
by a characteristic anisotropic EPR signal at g; =2.1 and gj = 1.9
at 77 K and a resonance Raman peak, which show the significant
isotopic shift when the measurement has been done in H,'*O.
The (L)Ru"=0 complex is the two-electron oxidized species of
1 and 2 assignable to an active intermediate for oxidizing water in
the rate-determining step of the whole catalytic cycle to give
(L)Ru™OOH via the O—O bond formation step, where the
reverse O—O bond cleavage process might be in competition
with the follow-up two electron oxidation processes to generate
oxygen. Actually the rate-determining equilibrium between

(L)Ru'=0 and (L)Ru™OOH was confirmed by the observa-
tion of saturated dependence of the oxygen evolution rate on pH
and the concentration of CAN. When the catalytic reactivity of 1
was compared to that of 2, the improvement of the catalytic
reactivity was made possible by changing the core-atom of the
heterpolytungstate ligand from Si to Ge.
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