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ABSTRACT: Thermal water oxidation by cerium(IV) 180H,
ammonium nitrate (CAN) was catalyzed by nonheme iron F‘f‘?o H,0 co,
complexes, such as Fe(BQEN)(OTf), (1) and Fe(BQCN)- o +CeV som eon. P s s
(0Tf), (2) (BQEN = N,N'-dimethyl-N,N’-bis(8-quinolyl)- F'fQ’DH CelV oand Free ligands
ethane-1,2-diamine, BQCN = N,N’-dimethyl-N,N'-bis(8- AETY Dissociation
quinolyl)cyclohexanediamine, OTf = CF;SO;”) in a non- F‘*IE:OH 2H* + 0,
buffered aqueous solution; turnover numbers of 80 + 10 and FeVzO co;plu 2H,0
20 =+ S were obtained in the O, evolution reaction by 1 and 2, @;j > ,
respectively. The ligand dissociation of the iron complexes was Z “Yons IFT:,?::MS_" ﬁ:(g%}s} i
observed under acidic conditions, and the dissociated ligands Iron hydroxides 4;1;

2

were oxidized by CAN to yield CO,. We also observed that 1
was converted to an iron(IV)-oxo complex during the water
oxidation in competition with the ligand oxidation. In addition, oxygen exchange between the iron(IV)-oxo complex and H,'*O
was found to occur at a much faster rate than the oxygen evolution. These results indicate that the iron complexes act as the true
homogeneous catalyst for water oxidation by CAN at low pHs. In contrast, light-driven water oxidation using [Ru(bpy);]** (bpy
= 2,2'-bipyridine) as a photosensitizer and S,04’" as a sacrificial electron acceptor was catalyzed by iron hydroxide nanoparticles
derived from the iron complexes under basic conditions as the result of the ligand dissociation. In a buffer solution (initial pH
9.0) formation of the iron hydroxide nanoparticles with a size of around 100 nm at the end of the reaction was monitored by
dynamic light scattering (DLS) in situ and characterized by X-ray photoelectron spectra (XPS) and transmission electron
microscope (TEM) measurements. We thus conclude that the water oxidation by CAN was catalyzed by short-lived
homogeneous iron complexes under acidic conditions, whereas iron hydroxide nanoparticles derived from iron complexes act as
a heterogeneous catalyst in the light-driven water oxidation reaction under basic conditions.

B INTRODUCTION

One of the most promising candidates for a sustainable energy
cycle is artificial photosynthesis that directly converts solar
energy into chemical energy.'~* Artificial photosynthetic
systems are composed of three functional parts, such as light-
harvesting and charge—separation,4 water oxidation,® and water
reduction.’ In these three parts, water oxidation is considered as
the most challenging part because the process is an uphill
energy transformation involving transfer of four electrons and
four protons (2H,0 — O, + 4H" + 4e”).”® Thus, extensive
efforts have so far been devoted to developing homogeneous
and heterogeneous water oxidation catalysts (WOCs).”"°
Many WOCs containing precious metals, such as ruthe-
11716 and iridium,"” > have been reported to exhibit high
activity in two major systems, such as thermal water oxidation
by cerium(IV) ammonium nitrate (CAN) under acidic
conditions and light-driven water oxidation under basic
conditions using [Ru(bpy);]** (bpy = 2,2"-bipyridine) and
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persulfate (S,04°7) as a photosensitizer and a sacrificial
electron acceptor, respectively. For practical applications, the
use of precious metals should be avoided because of its high
cost and limited stock. Thus, much attention has been paid to
the development of WOCs with earth-abundant metals such as
cobalt,*' ** copper,*® Among
these metals, iron is the most earth-abundant and environ-
mentally benign metal often used as a catalyst in various
oxidation reactions.’®*" It has been reported recently that a
series of homogeneous iron complexes with water coordination
sites exhibit high catalytic activity for water oxidation by CAN
with a maximum turnover value of 360.>> Iron complexes have
also been employed for light-driven water oxidation under basic
conditions using [Ru(bpy);]** and S,04” as a photosensitizer
and a sacrificial electron acceptor, respectively.”® In the light-
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driven water oxidation, iron complexes were converted to
Fe,0; as the true catalysts that conduct the water oxidation.>® It
has been suggested recently that the active iron catalysts for
water oxidation at low and high pHs are different.’®> The
oxidative degradation of ligands of metal complexes has been
reported to produce metal oxide nanozparticles, which act as the
true catalysts for water oxidation.”>***® However, conditions to
distinguish homogeneous iron complex catalysts versus
heterogeneous iron catalysts derived from the iron complexes
for the catalytic water oxidation have yet to be scrutinized.**
The degradation of homogeneous iron complex catalysts due to
the ligand oxidation during the catalytic water oxidation has
also remained elusive. These issues on the homogeneous versus
heterogeneous catalysis of iron-based materials as well as the
water oxidation catalytic mechanism should be certainly
clarified much more judging from the importance of the
potential use of earth-abundant iron catalysts in water
oxidation.

We report herein thermal and light-driven water oxidation
reactions by employing two water-soluble mononuclear non-
heme iron complexes, Fe(BQEN)(OTf), (1) and Fe(BQCN)-
(OTf), (2) (BQEN = N,N’-dimethyl-N,N’-bis(8-quinolyl)-
ethane-1,2-diamine, BQCN N,N’-dimethyl-N,N’-bis(8-
quinolyl)cyclohexanediamine, OTf = CF;SO;”) (Chart 1), to

Chart 1. Iron Complexes Used in Thermal and Light-Driven
Water Oxidation Reactions
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disclose the true catalysts involved in those catalytic systems.
Under acidic conditions, water oxidation by CAN was catalyzed
by 1 and 2 in competition with the ligand oxidation. Under
basic conditions, light-driven water oxidation by 1 showed the
formation of iron hydroxide nanoparticles as the true catalyst.
Thus, the true catalysts in the thermal and light-driven water
oxidation reactions are shown to be different depending on pH
conditions.

B EXPERIMENTAL SECTION

Materials. All chemicals obtained from Aldrich Chemical Co. were
the best available purity and used without further purification unless
otherwise noted. Cerium(IV) ammonium nitrate (CAN), Na,S,0s,
and iron(Il) sulfate were purchased from Wako Pure Chemical
Industries Ltd. H,'*0 (98% '®0O-enriched) was purchased from Taiyo
Nippon Sanso Co. [Ru(bpy);]Cl, was obtained from Tokyo Chemical
Industry Co., Ltd. [Ru(bpy);]SO, was synthesized by adding 1 equiv
of Ag,SO, to an aqueous solution of [Ru(bpy);]Cl,. Purification of
water (18.2 MQ cm) was performed with a Milli-Q system (Millipore,
Direct-Q 3 UV). Fe(OTf),-2CH,CN, Fe(BQEN)(OTf), (1), and
Fe(BQCN)(OTf), (2) were synthesized according to the literature
procedures.”™

Oxygen Evolution Quantified by Manometry. Online
manometric measurements were carried out on a Testo 521
differential pressure manometer with an operating range of 0.1—10
kPa and accuracy within 0.5% of the measurements. The manometer
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was coupled to thermostatic reaction vessels for dynamic monitoring
of the headspace pressure above each reaction solution. The
manometer’s secondary ports were connected to thermostatic reaction
vessels containing the same solvents and headspace volumes as the
sample vials. Each measurement for a reaction solution (2.0 mL) was
performed at 298 K.

Oxygen Evolution Quantified by GC. A vial (5.0 mL)
containing an aqueous solution of an iron complex (1.0 mM or 12.5
#M, 2.0 mL) and another vial containing CAN (0.20 or 0.25 mmol)
were sealed with a rubber septum. The two vials were carefully
deaerated by bubbling Ar gas for 10 min. The aqueous solution of the
iron complex (2.0 mL) in the vial was taken and injected into the vial
containing CAN via a syringe piercing through the rubber septum to
start the reaction with vigorous stirring. After each reaction time, 100
uL of Ar gas was injected into the vial, and then the same volume of
gas in the headspace of the vial was sampled by a gastight syringe and
quantified by a Shimadzu GC-17A gas chromatograph (GC) [Ar
carrier, a capillary column with molecular sieves (Agilent Technolo-
gies, 19095PMS0, 30 m X 0.53 mm) at 313 K] equipped with a
thermal conductivity detector (TCD).

The stoichiometric and repetitive experiments were performed as
follows: An aqueous solution of CAN (0.20 M, 1.0 mL) containing
HNO; (0.10 M) was prepared. An aliquot (40 uL) of the CAN
solution (8.0 ymol) was injected to a nonbuffered aqueous solution of
1 (1.0 mM, 2.0 mL) in a vial deaerated by bubbling Ar gas to start the
reaction (first run). Evolved oxygen gas in the headspace of the vial
was quantified by GC. After 30 min, another aliquot (40 uL) of the
CAN solution was injected to the solution of the first run deaerated
again by bubbling Ar gas (second run), and the same procedure was
applied for the third run.

Light-driven water oxidation was performed as follows: An iron
complex (5.0 M) was added to a borate buffer solution (100 mM, pH
8.0, 85 or 9.0, 20 mL) containing Na,5,0; (5.0 mM) and
[Ru(bpy);]SO, (025 mM) deaerated by bubbling Ar gas. The
solution was then irradiated with a xenon lamp (Ushio Optical, Model
X SX-UID 500X AMQ) through a color filter glass (Asahi Spectra Co.,
Ltd.) transmitting 1 > 420 nm at room temperature. Evolved oxygen
gas in the headspace of the reaction vial was quantified by GC.

CO, Detection. Samples were prepared with the same procedures
for the O, evolution measurements except for bubbling N, gas. After
each reaction time, SO uL of gas in the headspace was sampled and
quantified by a Shimadzu GC-14B gas chromatograph (N, carrier,
active carbon with a particle size of 60—80 mesh at 353 K) equipped
with a TCD.

ESI-MS Measurements. Electrospray ionization mass spectra
(ESI-MS) were collected on a Thermo Finnigan (San Jose, CA,
U.S.A.) LCQTM Advantage MAX quadrupole ion trap instrument, by
infusing samples directly into the source at 20 yL min™' using a
syringe pump. The spray voltage was set at 4.7 kV and the capillary
temperature at 353 K.

'80-Labeling Experiments. A volume of an aqueous solution (20
UL, H,**0) containing CAN (020 M) and HNO,; (0.10 M) was
injected into an aqueous solution (0.46 mL, H,'0) of 1 (2.0 ymol) in
a vial (2.0 mL) deaerated by bubbling He gas for 20 min. A deaerated
H,'®0 solution (0.50 mL) was then added to the H,'°O solution
followed by the additional injection of the CAN solution (20 uL, 4.0
umol). After 10 min, 100 uL of gas in the headspace of the vial was
sampled for gas analysis. The ratio of '*0'°0, 1°0™*0, and *0'*0 was
determined based on the intensities of mass peaks (m/z = 32, 34, and
36) obtained by a Shimadzu GC-17A gas chromatograph [He carrier, a
capillary column with molecular sieves (Agilent Technologies,
1909SPMS0, 30 m X 0.53 mm) at 313 K] equipped with a Shimadzu
QP-5000 mass spectrometer.

Spectroscopic Measurements. UV—vis absorption spectra were
recorded on a Hewlett-Packard 8453 diode array spectrophotometer.
Dynamic light scattering (DLS) measurements were performed with a
Zetasizer Nano ZS instrument (Malvern Instruments Ltd., U.S.A.).
The DLS instrument used in this study can detect the particle sizes
ranging from 0.6 to 6000 nm.
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Electrochemical Measurements. Cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) measurements were performed
on a CH Instruments 630B potentiostat using a glassy carbon
electrode (3.0 mm diameter) as a working electrode, a saturated
calomel electrode (SCE) as a reference electrode, and a Pt wire as an
auxiliary electrode. Analyte concentrations (iron complexes or ligands)
were 0.50 mM in water containing 0.10 M NaNOj;. The pH of a
solution was adjusted using aqueous HNO; or NaOH solutions. All
electrochemical measurements were carried out under nitrogen at
room temperature with the scan rate of 100 mV s' for CV and
amplitude of S0 mV and the pulse period of 0.2 s for DPV.

Characterization of Particles. Transmission electron microscope
(TEM) images of nanoparticles, which were mounted on a copper
micro grid coated with elastic carbon, were observed by a JEOL JEM
2100 operating at 200 keV. X-ray photoelectron spectra (XPS) were
measured by a Kratos Axis 165x with a hemispherical electron energy
analyzer. An incident radiation was Mg Ka X-ray (1253.6 eV) at 200
W, and a charge neutralizer was turned on for acquisition. Each sample
was attached on a stainless stage with a double-sided carbon scotch
tape. The binding energy of each element was corrected by the C 1s
peak (284.6 eV) from the residual carbon.

B RESULTS AND DISCUSSION

Water Oxidation by CAN Catalyzed by Iron Com-
plexes. The catalytic water oxidation by CAN was investigated
by adding an iron complex (12.5 yM) to an aqueous solution
(2.0 mL) containing CAN (125 mM). The time courses of O,
evolution quantified by gas chromatography (GC) are shown in
Figure 1 (see GC charts in Supporting Information, Figure S1).
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Figure 1. Time courses of O, evolution in the catalytic water oxidation
by CAN (125 mM) with 1 and 2 (12.5 4M) in a nonbuffered aqueous
solution (2.0 mL). O, was quantified by GC. TON is defined as the
total number of moles of O, per mole of the complex.

When 1 and 2 were used as catalysts, O, evolution was
observed with turnover numbers (TONs) of 80 + 10 and 20 +
S at 60 min determined by GC. No O, evolution was observed
in the absence of the iron complexes, indicating that the iron
complexes catalyzed water oxidation. However, the O, yield in
the reaction by 1 was less than 3.2% based on the stoichiometry
of the reaction (eq 1),

2H,0 + 4Ce" — 0, + 4Ce™ + 4H" (1)

in which one molecule of O, evolves from 4 equiv of CAN. The
O, evolution was also quantified by manometry (Supporting
Information, Figure S2); however, a slight amount of CO, was
also evolved under the catalytic conditions (Supporting
Information, Figure S3). Thus, TONs of O, evolution should
be determined based on the direct detection of O, by GC
together with the manometry.**
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CAN is a strong oxidant (E;,, = 1.61 V vs. NHE),”” and it
has been reported to oxidize ligands of metal complexes and
also to evolve CO, during the water oxidation reaction,'®*%**%
For this reason we analyzed the integrity of the BQEN ligand at
the end of the water oxidation by CAN. "H NMR spectroscopy
clearly demonstrated that the BQEN ligand was completely
oxidized in the water oxidation reaction (Supporting
Information, Figure S4). We also carried out CO, analysis by
GC under the same conditions using a high concentration of
iron complexes (1.0 mM). Figure 2 shows the time courses of
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Figure 2. Time courses of (a) CO, evolution and (b) O, evolution in
the catalytic water oxidation by CAN (0.10 M) with 1, 2, and FeSO,
(1.0 mM) in a nonbuffered aqueous solution and in an aqueous
solution containing 0.10 M HNOj; (2.0 mL). The product yields were
determined using GC.

CO, and O, evolution with 1, 2, and FeSO, performed in a
nonbuffered aqueous solution and in an aqueous solution
containing 0.10 M HNO;. CO, evolution was observed with
both 1 and 2 even at the initial reaction stage either in the
nonbuffered solution or in the 0.10 M HNO; aqueous solution
(Figure 2a, see GC charts in Supporting Information, Figure
SS). This result clearly demonstrates that the ligands of 1 and 2
are completely degraded to CO, by CAN. The amount of CO,
evolution observed with 2 (4.1 umol) after 60 min is ~3 times
larger than that observed with 1 (1.4 ymol), indicating BQCN
ligand is more easily oxidized by CAN. The CO, evolution in
the ligand oxidation of 1 and 2 competes with the O, evolution
in the water oxidation by CAN. As shown in Figure 2b, O,
evolution was also observed with 1 and 2 at the high
concentration in the nonbuffered solution. The O, evolution
with 1 was stopped at 20 min with a small TON of 5 and with
an O, yield of 20% in the nonbuffered solution. The total
amounts of O, and CO, evolution obtained with 1 agreed with
the amount of evolved gas quantified by manometry
(Supporting Information, Figure S6). The smaller amount of
O, evolution with 2 could be ascribed to the larger amount of
CO, evolution resulted from the ligand oxidation. The CO,
evolution continued even after the O, evolution ceased in 20
min; this suggests that the deactivation of the WOC resulted
from the ligand oxidation of the iron complexes by CAN.
When the reaction of 1 with CAN was performed in an
aqueous solution in the presence of 0.10 M HNOj, the amount
of CO, evolution was twice larger than that in an aqueous
solution without HNO; (Figure 2a). On the other hand, no O,
evolution was observed with 1 and 2 in the presence of 0.10 M
HNO; in water (Figure 2b). The ligand oxidation of 1 and 2
was accelerated, whereas the water oxidation was decelerated
under highly acidic conditions. The ligands may be dissociated
from iron complexes at low pHs to generate free iron ions,
which have no catalytic activity for the water oxidation as no O,
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Figure 3. (a) UV—vis spectral changes by titration of nitric acid to a nonbuffered solution (2.0 mL) containing 1 (1.0 mM). (b) The absorbance

changes at 450 and 365 nm observed with the titration.
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Figure 4. (a) Differential pulse voltammetry (DPV) of 1 (0.50 mM, black dotted line) or free BQEN ligand (0.50 mM, red line) in an aqueous
solution (pH 2.4, 0.10 M NaNOj). (b) pH dependence of distribution of 1 (black circles) and dissociated BQEN ligand (red square) determined by
DPV measurements. The speciation curves were calculated by considering an equilibrium in aqueous medium: Fe(BQEN)(OTf), = “Fe(OTf),” +
“BQEN” [% complex = {area of Fe™/Fe" curve/(area of Fe™/Fe" curve + area of first-step ligand oxidation curve)} X 100]. The areas of DPV
curves were calculated by using software built in a CHI630b Electrochemical Analyzer. See Supporting Information, Figure S9 for DPV data obtained

under different pH conditions.

evolution was observed from the reaction solution containing
FeSO, (Figure 2b).

The ligand dissociation of 1 was examined with various
concentrations of HNOj in an aqueous solution containing 1.0
mM of 1 as shown in Figure 3, where the absorption band at
450 nm due to 1 decreased with increasing concentration of
HNO;, accompanied by an increase in the absorption band at
365 nm due to free BQEN ligand (Supporting Information,
Figure S7). The addition of NaOH to the resulting solution
resulted in no recovery of the absorption band at 450 nm
(Supporting Information, Figure S8). Thus, the ligand
dissociation by HNO; is an irreversible process. The
absorbance at 365 nm was plotted against the pH values
together with the absorbance change at 450 nm as shown in
Figure 3b. The BQEN ligand started to dissociate from 1
around pH 3.5 and completely dissociated at pH 1.5. This
result explains why no O, was evolved with 1 in the presence of
0.10 M HNO; (Figure 2b).

The ligand dissociation of 1 at different pHs was also
examined by differential pulse voltammetry in an aqueous
solution containing 1 (0.50 mM) as shown in Figure 4 and
Supporting Information, Figure S9. Under the acidic conditions
(e.g, pH 2.4), the oxidation peaks due to both 1 and free
BQEN ligand were observed (Figure 4a). The pH dependence
on the ratio of the oxidation peaks due to 1 (~0.5 V vs SCE)
and free BQEN ligand (~0.75 V) is shown in Figure 4b, which
agrees with the absorbance changes depending on pH in Figure
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3b. A cyclic voltammogram of 1 at pH 3.4, where the BQEN
ligand is not dissociated significantly, exhibits the catalytic
current for O, evolution in addition to the small oxidation
peaks due to 1 and free BQEN ligand (Supporting Information,
Figure S10).

The pH of a 0.10 M CAN aqueous solution was 0.80, which
enabled the BQEN ligand to dissociate completely from 1 as
shown in Figures 3b and 4b. However, O, was evolved in water
oxidation by 0.10 M CAN with 1 in a nonbuffered aqueous
solution (Figure 2b). This indicates that the catalytic water
oxidation by CAN with 1 occurs in competition with the ligand
dissociation of 1. Indeed, the ligand dissociation by an acid was
observed to occur within several seconds (Supporting
Information, Figure S11); however, high-valent iron complexes
formed in the presence of CAN prohibited the ligand
dissociation because of the strong binding of the ligands to
the high-valent metal center, which resulted from the strongly
electron-withdrawing ability of the high-valent iron. The
oxidation of 1 by CAN resulted in rapid production of a
high-valent iron complex, which is continuously formed by
excess CAN during the water oxidation (vide infra). The O,
evolution was stopped at 20 min, since the ligand was
completely dissociated from 1. Thus, the use of a nonbuffered
aqueous solution is important to achieve the catalytic water
oxidation with 1 to evolve O, because the ligand was
dissociated in a buffered acid solution before the addition of
CAN.
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Figure S. (a) UV—vis spectral changes observed in the stoichiometric water oxidation by 1 (1.0 mM) upon addition of different amounts of CAN
(1.0—4.0 mM) in a nonbuffered aqueous solution (2.0 mL). (b) ESI-MS spectra of [Fe''(BQEN)(O)(OTf)]* formed in the reaction of 1 (1.0 mM)
with peracetic acid (1.2 mM) in the presence of H,'®0 (20 uL, black dots) and H,'*0O (20 yL, red line) in MeCN (2.0 mL). The peaks at m/z 563.0
and 565.0 correspond to [Fe™(BQEN)(**0)(OTf)]" and [Fe™(BQEN)(**0)(OTf)]* (caled m/z = 563.1 and 565.1, respectively). (c) UV—vis
spectral changes of Fe'V=0 (1.0 mM, red line) upon addition of various amounts of H,O (gray lines: 0.20 mL, 0.60 mL, 1.0 mL, 1.4 mL, and orange
line: 2.0 mL) into an MeCN solution (2.0 mL) of Fe™=0 at 273 K. The Fe™'=0 intermediate was generated in the reaction of 1 (1.0 mM) with

peracetic acid (4.0 mM) in MeCN at 273 K.

DLS measurements were performed to examine the
formation of nanoparticles during the O, evolution as shown
in Supporting Information, Figure S12; no formation of
nanoparticles was observed. Generally, particles of iron oxides
are rarely derived from iron ions under acidic conditions at
ambient temperature.*®

Intermediates for Water Oxidation by 1 and CAN. The
stoichiometric oxidation of 1 by CAN was investigated in a
nonbuffered aqueous solution to detect the intermediate(s)
formed in the catalytic water oxidation. When 2 equiv of CAN
were added to the solution, an absorption band at 760 nm
appeared (Figure Sa). The same absorption band was observed
when excess CAN (0.10 M) was used (Supporting Information,
Figure S13). The absorption band at 760 nm can be assigned to
[FeV(BQEN)(0)]** (Fe'™=0) by comparison with that of
[Fe™V(BQEN)(O)]** prepared independently by the reported
method, in which 1 was reacted with peracetic acid in
MeCN.*"*" The ESI-MS peak due to [Fe'V(BQEN)(*°O)-
(OTf)]*, which was produced by the reaction of 1 with
peracetic acid in MeCN in the presence of H,'°0, was observed
at m/z = 563.0, which was shifted to m/z = 565.0 when the
reaction was performed in MeCN in the presence of H,'*O
(Figure Sb). The latter result is in line with our recent result
that an intermediate containing oxygen atom exchanges its
oxygen with H,'®O to produce [Fe'Y(BQEN)(**0)(OTf)]2.*
The absorption band observed at 740 nm due to
[FeV(BQEN)(O)]** in MeCN was shifted to 760 nm upon
addition of H,O (Figure Sc), probably because of the
coordination of H,O (vide infra) or protonation, in agreement
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with the absorption band observed in the oxidation of 1 by 2
equiv of CAN (Figure Sa).

To understand the role of Fe'V=0 in the catalytic water
oxidation by CAN, the relation between O, evolution and the
formation and decay of Fe'V=0 was investigated by comparing
the time courses of the absorbance at 760 nm due to Fe™'=0
and O, evolution as shown in Figure 6. When 4 equiv of CAN
were added to a nonbuffered aqueous solution of 1, the
absorption band at 760 nm assigned to Fe'"=0 immediately
appeared, and decreased gradually as the O, evolution occurred
and then ceased. The O, yield was determined to be 24% in the
first run. Upon second and third addition of 4 equiv of CAN,
the absorption band at 760 nm due to Fe'V=0 increased again
immediately (Figure 6a), but each at initial absorbance was
lower than that of previous run because of the ligand
dissociation due to the gradually pH decrease in each time.
The initial pH was 5.4 and decreased to 2.1, to 1.8, and then to
1.7 at the end of the first, second, and third runs, respectively.
The yields of O, evolved at the second and third runs were 28%
and 18%, respectively, which may be caused by two opposite
factors, such as the higher oxidizing ability of CAN and
increasing ligand dissociation at lower pH (Figures 3 and 4).
The prohibition of the ligand dissociation from the iron
complex was confirmed by the rapid formation of the Fe'"=0
complex, because the decay of absorbance at 760 nm due to
FeV=0 was much slower than the ligand dissociation by the
addition of an acid (Supporting Information, Figure S11). The
formation of Fe"=0 prevented ligand dissociation; however,
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Figure 6. (a) Time courses of the absorbance at 760 nm in the water
oxidation by addition of 4 equiv of CAN (4.0 mM) to 1 (1.0 mM) in a
nonbuffered aqueous solution (2.0 mlL, first run, black line), and
further additions of CAN (4.0 mM) to the resulting solution for the
second run (blue line), and the third run (red line). (b) Time courses
of O, evolution quantified by GC in those reactions.

the Fe"=0 decomposed during the reaction in a similar way
to the decomposition of Fe'' complexes under acidic conditions.

When the stoichiometric reaction of CAN with 1 was
performed in the presence of 0.10 M HNO; in water (pH 1.2),
neither O, evolution nor the absorption band at 760 nm due to
Fe'¥=0 was observed because of the complete ligand
dissociation from 1 (Supporting Information, Figure S15).
These results indicate that the catalytic water oxidation by CAN
with 1 occurs via formation of Fe'V=0.

Mechanistic Insight into Water Oxidation by 1 and
CAN. To gain mechanistic insight into the O—O bond
formation in the catalytic water oxidation by CAN with 1,
the oxygen exchange in [Fe'V(BQEN)('°0)]** with H,"0O
(98% '%0-enriched) was further examined by GC-MS (Figure
7). First the reaction of 1 with 2 equiv of CAN was performed
in H,'"O to produce Fe'Y="°0 and then 2 equiv of CAN in
H,"O was added to the resulting solution to detect the
isotopes of evolved O,. The evolved O, was detected by GC-

100
H;'%0 : H;'%0 = 51.5 : 48.5
80 - Ratio, % 160180 18Q18Q 18Q18Q
Observed 27.3 47.7 25.0
2eor
° Observed ]
©
o 40
20
0
32 34 36
miz

Figure 7. Comparison of relative abundance of '®O-labeled and
unlabeled oxygen evolved during the stoichiometric oxidation of
H,'#0-enriched water (48.5% H,'*0) by addition of 2 equiv of CAN
to 1 (2.0 umol) in H,'O followed by the addition of H,"®0O and
additional 2 equiv of CAN.
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MS, which revealed that the isotope ratio of *0'0: '80'¢0:
80"0 was 27.3: 47.7: 25.0 (Figure 7), which agrees with the
theoretical ratio (26.5: 50.0: 23.5) calculated by assuming that
the oxygen exchange between [Fe'(BQEN)('*0)]** and
H,'"®0 is much faster than the oxygen evolution under the
reaction conditions. If the oxygen exchange between
[Fe"(BQEN)(*°0)]*" and H,®0O is much slower than the
oxygen evolution, no 8080 would be evolved. Thus, the
oxygen exchange between [Fe(BQEN)('°0)]** and H,"0O
(48.5%) occurs rapidly via [Fe'(BQEN)('*OH)(**OH)]
following coordination of H,'®O to produce the same amount
of [Fe"V(BQEN)(*°0)]*" and [FelY(BQEN)(**0)]** as in-
dicated in Figure Sb (Scheme 1b and c). Both [Fe'(BQEN)-

Scheme 1. Proposed Mechanism of Oxygen Exchange in
Fe'V(*0) with H,'®0 in Relation with the Mechanism of the
0O-0 Bond Formation in the Catalytic Water Oxidation by
CAN with 1

2Ce + 2H* 2Ce* + Hy'%0
f o, |
(a) FeIV(Iﬁo] N Hziao —— |:‘3|\_§|I Fe!l
160
2Ce* 2Ce¥ + 2H* + 320,
180H,
(b) Fel¥(160) + H,180 = Fe'\l"6 Fel
160
ﬁ 2Ce* 2Ce? 4+ ZH* + 30,
180H
Fel
$
180H,
(c) FelV(180) + Ho180 —> FelV Fell
180
2Ce* 2Ce® 4+ ZH* + 390,
180H,

(d) FeV('80) + H,'80 Fe!

2Ce**t 2Ce’ + 2H* + 360,

(*%0)]** and [FeV(BQEN)(**0O)]** are further oxidized with
CAN in H,%0 (51.5%) and H, 0 (48.5%) as solvent to
produce O, with the theoretical isotope ratio of '°O'O:
180160: 800 = 26.5: 50.0: 23.5 (Scheme 1a—d).

The formation of an O—O bond in [Fe!V(BQEN)(O)-
(OH,)]*" may be a key step, though it would be difficult to
distinguish whether an O—O bond is formed by intramolecular
interaction between the Fe'"=0 and Fe'"—OH groups or the
nucleophilic attack by water to Fe'"=O from the labeling
experiments. If H,O, is produced from the O—O bond
formation, it will be oxidized by 2 equiv of CAN to evolve O,.
Thus, we have investigated the H,0O, oxidation by CAN to
confirm the rate-determining step in the water oxidation by
CAN. When 2 equiv of CAN were added to H,0, in an
aqueous solution containing HNO; (0.10 M), the absorbance
at 420 nm assigned to CAN completely disappeared within 20 s
accompanied by O, evolution (Figure 8). The O, yield for the
H,0, oxidation reached 55% at 60 s and 90% at 300 s
according to the stoichiometric reaction of eq 2. This result
suggests that O, was evolved rapidly when H,0, was oxidized
by 2 equiv of CAN.

H,0, + 2Ce" — 0, + 2Ce™ + 2H" )

dx.doi.org/10.1021/ic401180r | Inorg. Chem. 2013, 52, 9522—-9531
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Figure 8. (a) Time course of the decay of CAN monitored at 420 nm in the reaction of H,0, (2.0 mM) with CAN (4.0 mM) in the presence of
HNO; (0.10 M) in an aqueous solution (2.0 mL). Inset shows the UV—vis spectral changes of the reaction solution. (b) Time course of O,
evolution for H,0, oxidation quantified by GC during the reaction of H,0, (2.0 mM) with CAN (4.0 mM) in the presence of HNO, (0.10 M) in a

nonbuffered aqueous solution (2.0 mL).

The subsequent oxidation of H,0, would also be taking place
in the iron metal center during the catalytic water oxidation.
Thus, H,0, cannot be involved in the rate-determining step for
the four-electron oxidation of H,O. The rate-determining step
of the water oxidation by CAN may be the O—O bond
formation in the oxidation of [Fe'V(BQEN)(O)(OH,)]*" by
CAN (see Scheme 1). The oxidation of [Fe!V(BQEN)(O)-
(OH,)]*" by CAN may produce the Fe" species as suggested
by Costas, Fillol, and co-workers.*> In this study, only
[Fe"(BQEN)(O)(OH,)]** was observed during the water
oxidation, although the formation of the Fe" species cannot be
excluded in the mechanism of water oxidation.

Light-Driven Water Oxidation by Iron Hydroxides
Derived from 1. Under basic conditions, CAN is not a
suitable oxidant for water oxidation, because hydrolysis of CAN
occurs and reduces its oxidation power.>” Thus, we examined
the light-driven water oxidation under basic conditions using
[Ru(bpy);]** and S,04>" as a photosensitizer and a sacrificial
electron acceptor, respectively. The catalytic cycle of the light-
driven water oxidation is shown in Scheme 2. Photoinduced

Scheme 2. Catalytic Cycle of Light-Driven Water Oxidation
with Na,$,0; and [Ru(bpy),]** Using an Iron-Based
Catalyst

4 [Ru(bpy)a]?**
%hv
4 [Ru(bpy)al?*

2NayS,0g
2H,0

4Nat + 480,

4 [Ru(bpy)a]3* 4H* + Oy

electron transfer from [Ru(bpy);]*** (where * denotes the
excited state) to S,04*~ occurs to produce [Ru(bpy);]**, which
can oxidize water in the presence of a WOC to evolve O,. The
light-driven water oxidation was performed in a borate buffer
solution (0.10 M, 2.0 mL, initial pH 8.0, 8.5, or 9.0) containing
1 (5.0 uM), Na,S,04 (5.0 mM), and [Ru(bpy);]SO, (0.25
mM). The light-driven water oxidation reaction was started by
irradiating the solution with a Xe lamp (500 W) through a
transmitting glass filter (4 > 420 nm) with vigorous stirring at
room temperature. Time courses of O, evolution at different
initial pHs are shown in Figure 9a. The evolution of O, was not
observed in the absence of 1 under the reaction conditions. The
amount of O, obtained after 20 min photoirradiation at initial
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pH 9.0 (2.6 ymol, TON = 259) was larger than those at initial
pH 8.5 (2.4 ymol, TON = 238) and 8.0 (0.67 pumol, TON =
67). The stoichiometric amount of O, evolution is 5.0 gmol in
the present reaction systems based on the stoichiometry of eq
3, where Na,S,0g acts as a two-electron acceptor.42

2H,0 + 2Na,$,04 — O, + 4H' + 4Na™ + 450,>~

©)
A high O, yield (52%) was obtained at initial pH 9.0. DLS
measurements were performed to investigate the formation of
nanoparticles in the reaction solution, since it has been
reported that iron oxides formed durin§ the reaction catalyze
light-driven water oxidation by $,04>~.>> Nanoparticles were
detected by the DLS measurements as shown in Supporting
Information, Figure S16. Figure 9b shows the time courses of
average size of particles formed in the solution. Formation of
nanoparticles even at the initial stage of photoirradiation
indicates that nanoparticles derived from 1 act as a true catalyst
in the light-driven water oxidation. In fact, the titration of
sodium hydroxide to 1 monitored by UV-—vis spectra
demonstrated that the ligand of 1 was dissociated to release
Fe’* ions under basic condition (Supporting Information,
Figure S17). As a result, nanoparticles derived from Fe?* ions
released from 1 by the ligand dissociation under the basic
conditions act as the true catalyst in the light-driven water
oxidation. When the concentration of 1 was increased to 1.0
mb, the ligand oxidation to CO, was also observed under the
basic conditions (Supporting Information, Figure S18).

Nanoparticles also formed during the light-driven water
oxidation with 2 at initial pH 9.0 (Supporting Information,
Figure S19).

When the initial pH was 9.0, the final pH after the reaction
slightly decreased to 8.6 (red line in Figure 9a) and the size of
nanoparticles increased with the photoirradiation time to reach
the size of 100 nm but slightly decreased as the pH decreased
(red line in Figure 9b). When the initial pH was 8.5, the final
pH decreased to 7.6 (blue line in Figure 9a), and the size of
nanoparticles increased with the photoirradiation time. In the
case of the initial pH 8.0, the final pH decreased significantly to
1.3 (green line in Figure 9a), and the nanoparticles formed
initially disappeared at pH 1.3 (green line in Figure 9b). Under
such an acidic condition, the O, yield decreased significantly as
compared with those obtained under basic conditions.

When a phosphate buffer solution (50 mM, pH 8.0) was
employed for the light-driven water oxidation, no O, evolution

dx.doi.org/10.1021/ic401180r | Inorg. Chem. 2013, 52, 9522—-9531
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Figure 9. Time courses of O, evolution under photoirradiation (4 > 420 nm) of a borate buffer solution (0.10 M, 2.0 mL) containing Na,S,04 (5.0
mM), [Ru(bpy);]SO, (0.25 mM), and 1 (5.0 uM) at different initial pH conditions (green circles: pH 8.0, blue squares: pH 8.5, red rhombi: pH
9.0). (b) Time courses of average particle size formed in the photocatalytic reaction. See Supporting Information, Figure S13 for particle size
distribution determined by dynamic light scattering (DLS) measurements.
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Figure 10. X-ray photoelectron spectra in the energy regions of (a) Fe 2p and (b) O 1s of the isolated particles formed in a borate buffer solution
(100 mM, 2.0 mL) containing Na,$,0; (5.0 mM), [Ru(bpy);]SO, (0.25 mM), and 1 (1.0 mM). The binding energy of each element was corrected

by the C 1s peak (284.6 eV) from the residual carbon.

Scheme 3. Iron Catalysts Derived from a Nonheme Iron Complex in Catalytic Water Oxidation at Different pHs
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1%0
FelV 2H* + O,
160H A
FeV=0 complex 2H0

Iron [Ru(bpy)s]2+
. | 3
== 4H+ + O,

was observed by GC. In the phosphate buffer solution,
dissolved Fe" ions were precipitated by phosphate anions.*®
The nanoparticles formed after the light-driven water oxidation
by S,04>” with 1 at the initial pH 9.0 were isolated, and they
were found to be iron hydroxides by X-ray photoelectron
spectroscopy (XPS) measurements (Figure 10) and trans-
mission electron microscopy (TEM) measurements (Support-
ing Information, Figure $20), because higher binding energy of
O 1s observed in Figure 10 indicates formation of hydroxide
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species rather than the oxide species.* Thus, the true catalyst in
the light-driven water oxidation by S,04*” is iron hydroxide
nanoparticles derived from 1 at the initial stage of the reaction.

B CONCLUSIONS

We have shown that the true catalysts that affect the water
oxidation by iron complexes, 1 and 2, are different in acidic and
basic conditions, as shown in Scheme 3. The iron complexes act
as homogeneous catalysts in the water oxidation by CAN under

dx.doi.org/10.1021/ic401180r | Inorg. Chem. 2013, 52, 9522—-9531
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acidic conditions. The Fe'=0 species formed by the two-
electron oxidation of 1 and 2 by CAN in competition with the
ligand dissociation under acidic conditions are involved in the
catalytic water oxidation. The O—O bond formation may occur
by the reaction of Fe'™=0 species with H,O in the presence of
2 equiv of CAN or by the coupling of two Fe'"=0 species.
The dissociated ligands are oxidized by CAN to yield CO,,
resulting in the decrease in the O, yield. In contrast to the
homogeneous catalysis under acidic conditions, light-driven
water oxidation using [Ru(bpy);]** as a photosensitizer and
S,04°" as a sacrificial electron acceptor occurs under basic
conditions, where 1 and 2 are converted to iron hydroxide
nanoparticles that act as the true catalyst for the water
oxidation. The iron complexes used here cannot act as efficient
WOCs in their original forms, however, they provided an
important mechanistic insight into actual form of molecular
iron complexes in water oxidation. Although the intermediate
on the surface of iron hydroxides in the photocatalytic system
has yet to be identified, the present study provides valuable
insights into the development of efficient WOCs using earth-
abundant iron at different pHs.
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