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An efficient water oxidation system is a prerequisite for developing solar energy
conversion devices. Using advanced time-resolved spectroscopy, we study the initial
catalytic relevant electron transfer events in the light-driven water oxidation system
utilizing [Ru(bpy)s]** (bpy = 2,2'-bipyridine) as a light harvester, persulfate as a sacrificial
electron acceptor, and a high-valent iron clathrochelate complex as a catalyst. Upon
irradiation by visible light, the excited state of the ruthenium dye is quenched by
persulfate to afford a [Ru(bpy)sl®**/SO4 ™ pair, showing a cage escape yield up to 75%.
This is followed by the subsequent fast hole transfer from [Ru(bpy)s]®* to the Fe'V
catalyst to give the long-lived Fe" intermediate in aqueous solution. In the presence of
excess photosensitizer, this process exhibits pseudo-first order kinetics with respect to
the catalyst with a rate constant of 3.2(1) x 10*° s~' Consequently, efficient hole
scavenging activity of the high-valent iron complex is proposed to explain its high
catalytic performance for water oxidation.

Introduction

Climate change, driven by the greenhouse effect and increasing global energy
consumption, has become the greatest challenge humanity has ever faced. Most
analysts believe that the world’s demand for energy will keep growing, providing
a strong motivation for research into the development of carbon-neutral and
carbon-negative energy sources." In this regard, artificial photosynthesis, har-
nessing sunlight and water as practically infinite resources, is becoming an
attractive way to achieve the sustainable energy goals.>™ To date, the development
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of efficient water oxidation catalysts remains a challenging task as oxidation of
water to dioxygen is a complicated process involving four electron transfer steps
coupled with the release of four protons.® The classic homogenous photocatalytic
water oxidation system consists of a water oxidation catalyst (WOC), a photosen-
sitizer and a sacrificial electron acceptor. Thus, in addition to the challenges
associated with bond making and breaking during catalysis, sustainable gener-
ation of a long-lived charge-separated state in aqueous solution is required to
perform the desired catalytic process.*” Moreover, the photosensitizer must be
able to oxidize the WOC, having a redox potential E;,, > 1.23 V versus the normal
hydrogen electrode (NHE). These requirements can be met by ruthenium poly-
pyridine complexes, and consequently they have been widely employed as effi-
cient visible light-driven photosensitizers in conjunction with various WOCs.**°
Among these complexes, tris(bipyridine)ruthenium ([Ru(bpy);]**) is the most
common light harvester, with a relatively high oxidation potential E;,, = 1.26 V
versus NHE for the [Ru(bpy);]**/[Ru(bpy);]** redox couple.'* Due to the long life-
time t ~ 107° s of its metal-to-ligand charge transfer (MLCT) excited state,
[Ru(bpy)s]** may be easily converted to [Ru(bpy)s]*" under illumination, by elec-
tron acceptors such as persulfate.’> However, there is still room for improving the
ability of the WOC to efficiently re-reduce [Ru(bpy);]** to [Ru(bpy);]** and perform
sustained water oxidation.

Over the past few decades various heterogeneous WOCs, generally considered
more suitable for practical use, and homogeneous analogues, often considered
more suitable for mechanistic studies, have been designed. Transition-metal
oxides of Groups 7, 8, and 9 were observed early on to have good catalytic prop-
erties for oxygen evolution.** Among these metals, a privileged position belongs to
manganese,** as it constitutes the cofactor of photosystem II in living organisms,
as well as ruthenium and iridium,*>*® located diagonally in the periodic table
relative to manganese. Oxides of these two noble metals have found their appli-
cation in commercial proton-exchange membrane electrolyzers due to their
stability over a wide pH range, despite their high price and harm to the envi-
ronment."” Like their heterogeneous counterparts, the best-characterized homo-
geneous WOCs are based on ruthenium and iridium.*" Due to the high costs
and low abundance of these metals, there is considerable interest in the use of
cheap base metal complexes for water oxidation. To date, a handful of cobalt,*
manganese,”** copper,” nickel** and iron compounds have been studied with
respect to their potential as WOCs. However, iron, being the most abundant and
cheap transition metal, is the least used in molecular WOCs, arguably due to the
low stability of iron complexes under oxidative conditions. Only a few molecular
iron compounds have been documented as catalysts for chemical,>®>° electro-
chemical®**** and photochemical water oxidation.*»** The most noteworthy iron-
based WOCs are TAML (tetraamido macrocyclic ligand) complexes, where
enhanced catalyst stability is achieved by utilizing a tetradentate macrocycle, and
high-valent iron catalytic intermediates are supported by deprotonated N donor
atoms.**?*** We recently reported fast light-driven water oxidation catalyzed by
the exceptionally stable iron(iv) cage complex [Fe™(L-6H)]*>~, whose structure is
depicted in Fig. 1a.* In the tris(bipyridine)ruthenium dye photo-oxidant system
(Fig. 1b), it shows catalytic performance with a turnover frequency (TOF) of 2.27
s~ ' and a maximum turnover number (TON) of 365.% Its high efficiency has been
attributed to the robust clathrochelate ligand that prevents the catalyst from rapid
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Fig. 1 (a) The molecular structure of the complex anion [Fe'V(L—6H)]?~ reported previ-
ously.* H atoms are omitted for clarity. (b) The photocatalytic cycle of water oxidation to
dioxygen by persulfate with [Ru(bpy)s]°* as the photosensitizer and WOC.

degradation, as has been shown by UV-vis, EPR, Mossbauer spectroscopy, ESI
mass spectrometry and DLS studies. The relatively high rate of water oxidation by
the catalyst is attributable to its mild water oxidation overpotential of 0.39 V,
compared with other iron-based WOCs. In this contribution, we report the hole
scavenging activity of the iron(wv) catalyst in the ruthenium dye water oxidation
system in order to shed further light on its catalytic efficiency.

Experimental
Synthesis

The general synthesis pathway of iron clathrochelates bearing the [Fe™(L-6H)]*~
complex anion has been described previously.*® In short, the compound
Na,[Fe'(L-6H)]-2H,0 used in the present work as the WOC, was synthesized as
follows. Fe(ClO,);-H,O0 (0.372 g, 1 mmol, dissolved in 5 ml of water) was added
to a warm solution of oxalodihydrazide (0.354 g, 3 mmol, dissolved in 15 ml of
water). Then, a solution of NaOH (0.2 g, 5 mmol in 5 ml of water) and an
aqueous formaldehyde solution (37%, 0.67 ml, 9 mmol) were added to the
resulting mixture. The reaction mixture was stirred for 2 h at room tempera-
ture, and then filtered off and the filtrate was removed on a rotary evaporator.
The resulting residue was washed with chloroform and ethanol, air dried, and
recrystallized from water. The composition of the complex was confirmed by
comparing its IR spectrum with that reported previously, and elemental
analysis.

Oxygen evolution

Oxygen evolution was detected polarographically using a standard Clark-type
oxygraph electrode (Hansatech Instruments) placed in a thermostated cell and
separated from the sample solution by an oxygen-permeable Teflon membrane.
The signal was recorded every 0.1 s using the Oxygraph software package. An air-
saturated aqueous solution was used for calibration of the electrode. All of the
experiments were carried out at 20 °C. The cell was purged with argon gas before
each experiment, and the solution in the cell (1 ml) was continuously stirred.
During light-driven oxygen detection experiments, the buffered solution (borate
buffer, 0.1 M, pH 8.0) in the working cell contained [Ru(bpy);](ClO,),, Na,S,04
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and Na,[Fe"(L-6H)], the concentrations of which were varied as described in the
next section. Visible light LEDs (A = 450(10) nm, 3 W) were used as illumination
sources in the photoinduced reactions. For Ru™-induced oxygen evolution, an
aqueous solution of Na,[Fe™(L-6H)] was added to the freshly prepared solutions
of [Ru(bpy);](ClO,); (1 mM) in borate buffer (0.1 M, pH 8.0).

Steady-state and time-resolved UV-vis spectroscopy

Steady-state UV-vis spectra were recorded using a Varian Cary 50 spectrometer in
a 1 mm cuvette. Time-resolved experiments were carried out using a nanosecond
laser spectroscopy setup. The solutions under study were measured in a 1 mm
quartz cuvette using a pump-probe methodology. Microsecond transient absorp-
tion kinetics were recorded by a Q-switched Nd:YAG laser (Quanta Ray Pro-230),
which produced tripled frequency pulses with 2 = 355 nm (13 ns). The laser was
coupled with an optical parametric oscillator to obtain the desired wavelength (460
nm) for the pump light. An excitation light power of 30 m] per pulse was used in all
of the experiments. The data were collected using an Edinburgh Instruments LP900
spectrometer equipped with a 450 W Xe lamp used as a probe light source. Light
was collected using an Andor CCD camera for TA spectra and a Hamamatsu R928
photomultiplier tube for kinetic traces. Kinetic traces of the optical density at
420 nm (shoulder of the absorption band of [Ru(bpy);]**) were studied for solutions
containing [Ru(bpy);](Cl0,), (0.04 mM), Na,S,05 (0.4 mM) and Na,[Fe"(L-6H)]
(1.0-3.0 uM). For [Ru(bpy);** luminescence studies, the transient emission spectra
and corresponding kinetic traces at 650 nm were recorded (a 580 nm long pass filter
was used to block the scattering of pump light).

Dynamic light scattering

DLS experiments were performed using a Zetasizer Nano S scattering system
(Malvern Instruments Ltd) that used a uni-phase He-Ne laser (633 nm; 4 mW)
working in cross auto-correlation mode. The scattering angle was set to 90° with
respect to the incident laser. The intensity correlation curves were analyzed with the
Zetasizer family software. The size measurement range was from 0.3 nm to 10 pm.

Results
UV-vis spectroscopy studies

At the outset, we performed a spectroscopy assay of the tris(bipyridine)ruthenium
dye photo-oxidant system without the Fe' catalyst. The UV-vis spectrum of the
aqueous solution containing [Ru(bpy);](ClO,4), (0.05 mM) and Na,S,0; (0.2 mM)
recorded in darkness is shown in Fig. 2a (black). It exhibits two overlapping MLCT
bands at 420 nm and 455 nm, characteristic of [Ru(bpy);]**. Illumination of this
assay solution using blue light LEDs (A ~ 450 nm) resulted in a rapid loss of color,
and in a few seconds nearly 90% of the [Ru(bpy)s;]*" converted to [Ru(bpy)s]**
(Fig. 2a, red):

[Ru(bpy)s]*" + v — [Ru(bpy)s]** )
[Ru(bpy)s]*"* + S,05°~ — [Ru(bpy)s]** + SO~ + SO, ~ 2
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Fig.2 (a) UV-vis spectra demonstrating the photochemical oxidation of [Ru(bpy)sl?* (0.05
mM ) to [Ru(bpy)sI®* by persulfate (0.2 mM) with the following reduction by the catalyst (0.5
uM). The spectrum of the catalyst (0.5 uM) is given for comparison in grey. (b) UV-vis
spectra demonstrating titration of the catalyst [Fe'V(L—-6H)]?~ (0.02 mM) by CAN.

[Ru(bpy)s]** + S04~ — [Ru(bpy)s]*" + SO, (3)

The photochemically generated [Ru(bpy)s]*" is relatively stable in water, as can
be concluded from the follow-up spectroscopic observation. Subsequent addition of
0.01 equivalents of Na,[Fe™(L-6H)] (0.5 uM) to this solution resulted in immediate
restoration of the yellow color, as practically all of the [Ru(bpy);]** was re-reduced to
[Ru(bpy)s]** (Fig. 2a, blue). We proposed previously that the catalyst [Fe™(L-6H)]*~
is oxidized by [Ru(bpy);]>* to the intermediate state [Fe"(L-6H)], as a first step in
the catalytic process.*® Alternatively, [Fe"(L-6H)>~ can be gently oxidized by
(NH,),[Ce(NO;)s] (CAN), in which case it is possible to monitor the Fe based redox
process by UV-vis spectroscopy as CAN does not have absorption bands overlapping
with the bands characteristic of [Fe"™(L-6H)". After the addition of 0.25-1
equivalents of CAN to [Fe"(L-6H)]” in nitric acid (pH 1.5), an increase in
absorption is observed around 550 nm and 850 nm at the same time as the intensity
of the [Fe"(L-6H)]" band at 650 nm decreases (Fig. 2b). The newly formed
absorption bands can be assigned to [Fe"(L-6H)] ", as has been shown previously
using EPR and Méssbauer spectroscopy in a Ru™-induced oxidation assay.*

Photochemical and chemical water oxidation

Light-induced water oxidation was demonstrated in an aqueous solution con-
taining [Fe™(L-6H)]* ", [Ru(bpy)s]**, and S,05> in borate buffer (pH 8.0) in a cell
equipped with a Clark electrode.?® In this follow-up study, we have optimized the
conditions for photochemical water oxidation by varying the concentrations of
photosensitizer and sacrificial electron acceptor. The TOF values reach saturation
at 2.35 s ', at concentrations of [Ru(bpy);]** above 0.3 mM and concentrations of
S,04>~ above 2 mM (Fig. S1 in the ESIt). The evolution of dioxygen during the
photocatalytic water oxidation using [Fe'(L-6H)]*~ reaches a plateau after 150-
240 s, as the catalytic system becomes inactive after >300 turnovers. Our dynamic
light scattering (DLS) studies do not show any traces of nanoparticles after oxygen
evolution has stopped (Fig. S2 in the ESIT), it thus appears that the [Fe™(L-6H)]*~
catalyst degrades to other soluble iron complex(-es) unable to perform water
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oxidation. Still, since it is known that iron hydroxide is catalytically active,*” we
performed control photochemical water oxidation experiments under nearly
identical conditions, but using FeCl; instead of [Fe™(L-6H)]*~ as a precatalyst
giving hematite at pH 8.0. When 1 uM FeCl; is used, oxygen evolution is indeed
observed, but the TON and TOF are almost 80% lower than those observed for
[Fe™(L-6H)]*" (Fig. S31).

The kinetics of water oxidation using the catalyst [Fe"(L-6H)]*~ has been
evaluated using the one-electron oxidant [Ru(bpy);](ClO,);. Addition of [Fe™(L-
6H)]>~ (0.2-5 pM) to a solution of [Ru(bpy)s;]** (1 mM) at pH 8.0 leads to the
immediate formation of oxygen that can be detected using the Clark electrode
(Fig. 3a). At a catalyst concentration of 1.5 uM, the maximum TON of 45 was
reached. As in the photochemical water oxidation studies,* the initial rates of
water oxidation by [Ru(bpy);]*" exhibit a linear dependence on the catalyst
concentration (Fig. 3b) with a first-order rate constant of 3.3(1) s~ .

Transient absorption spectroscopy studies

To investigate in detail the light-driven hole transfer from the photo-oxidized
ruthenium dye to the iron-based catalyst in aqueous solution, nanosecond tran-
sient absorption measurements were performed using the laser pump-probe
method. An initial visible-light pump was used to excite [Ru(bpy);]** (eqn (1))
and start a photochemical reaction, and a probe pulse measured the absorbance
of the sample solution after different time delays on nano- and micro-second
timescales. For the bare ruthenium dye photo-oxidant system consisting of
[Ru(bpy);](ClO,4), (0.04 mM) and Na,S,0g (0.4 mM) without the catalyst, the
transient absorption spectra after the pump pulse (460 nm, 30 mJ, 13 ns) resulted
in a bleach at 455 nm (Fig. 4a). The intensity of the bleach decreases when the
time delay between the pump and probe pulses increases from a few nanoseconds
to 1 ps. Moreover, one can observe a shoulder of a new band in the UV region, the

(a) (b)
160 5

—— Chemical WO 104
—— Photochemical WO
—— Background 4

1204

F3
80+
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(,.8) 401
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Fig.3 (a) Traces of oxygen evolution obtained in photochemical (red trace: [Fe'V(L—6H)]?>~
(1 uM), [Ru(bpy)sl®>* (0.2 mM) and S,0g>~ (2 mM)) and chemical water oxidation experi-
ments (blue trace: [Fe"(L-6H)12~ (1.5 pM) and [Ru(bpy)sl®* (1 mM)). Oxygen evolution in
the absence of catalyst is given for comparison (grey trace: [Ru(bpy)sl®* (0.2 mM) and
5,082 (2 mM)). The arrow indicates the beginning of the reaction (the start of illumination
or addition of the oxidant, respectively). (b) Initial water oxidation rates (circles) and TOF
(diamonds) as a function of the catalyst concentration for chemical water oxidation using
[Ru(bpy)s]** (1 mM).
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Fig. 4 (a) Transient absorption spectra for the solution containing [Ru(bpy)zl(ClO4), (0.04
mM) and Na,S,0g (0.4 mM) recorded with different time delays after a pump flash. (b)
Transient absorption spectra for the solution containing [Ru(bpy)s]>* (0.04 mM), $,0g>~
(0.4 mM) and [Fe'V(L-6H)]?>~ (2 pM) showing the appearance of the bands characteristic of
[FeV(L—6H)]™. (c) Kinetic traces at 420 nm for the solutions containing [Ru(bpy)s](ClO,)»
(0.04 mM), Na5S,0g (0.4 mM) and a variable amount of [Fe"(L-6H)]?": black trace — 0 uM,
blue trace — 1.0 uM, red trace — 2.0 uM, green trace — 3.0 uM. Fits are shown in white. (d)
Dependence of the rate of [Ru(bpy)sl®* reduction by [Fe'V(L-6H)]?>~ derived from the
kinetic traces at 420 nm on the concentration of the catalyst.

intensity of which also decreases on the nanosecond timescale. This trans-
formation can be attributed to the excitation of [Ru(bpy)s]** (Aabs = 455 nm) to the
triplet state [Ru(bpy);]*"* (Aaps ~ 370 nm)*® followed by its relaxation. Due to the
low oxidation potential of —0.62 V versus NHE,* the excited triplet state is
oxidatively quenched by S,04>" in aqueous solution yielding [Ru(bpy)s;]** (eqn
(2)). However, we cannot observe generation of [Ru(bpy);]’" in the transient
absorption spectra directly, as the extinction coefficient for the broad absorption
band of [Ru(bpy)s]*" (Aabs = 670 nm) is much lower than that for [Ru(bpy);]**
(Aaps = 455 nm) (Fig. 2a). After 1 us, the intensity of the bleach at 455 nm increases
since [Ru(bpy);]** is oxidized by the generated sulfate radical (SO," ) species (eqn
(3))-*° Under optimized conditions and in the absence of the iron catalyst, SO,"
quantitatively produces the second equivalent of the oxidized ruthenium species,
as ascertained from the transient absorption kinetic traces derived at 420 nm
(Fig. 4c, black). The trace reflecting reaction between [Ru(bpy),;]** and SO,"~ in the
solution can be fitted using exponential decay:

AOD = AOD, exp(—/1), (4)
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where OD stands for optical density, ¢ is the delay between the pump and probe
pulses, and 7 is the lifetime of the transient state, resulting in T = 4 ps. From the
OD at 420 nm, the yield of charge-separated products, or cage escape yield, can be
calculated using relative actinometry, as previously described.** The cage escape
yield for the [Ru(bpy);]**/SO, ™ pair is estimated to be 0.75, i.e. 75% of the total
initial photoinduced electron transfer products are available for subsequent
reaction.

The addition of the catalyst [Fe™(L-6H)]*~ to the flash-quench mixture fol-
lowed by excitation with 460 nm laser pulses results in two bleaches at 455 nm
and 650 nm and two bands at 550 nm and ~830 nm observed on the microsecond
timescale (Fig. 4b). When comparing these spectral features with the steady-state
UV-vis spectra of the catalyst shown in the Fig. 2b and reported previously,***® two
positive transient absorbance signals are consistent with the formation of [Fe"(L-
6H)] ", while the negative AOD signal at 650 nm corresponds to [Fe"(L-6H)]*":

[Fe"V(L-6H)]*~ + [Ru(bpy)s]’* — [Fe¥(L-6H)]™ + [Ru(bpy)s]** (5)

The transient absorption kinetic traces derived at 420 nm for the
aqueous solutions containing [Ru(bpy);](ClO,), (0.04 mM), Na,S,04 (0.4 mM) and
Na,[FeV(L-6H)] (1.0-3.0 uM) are presented in Fig. 4c. The initial growth of the
negative AOD signal and its following decrease observed between 10 ns and 1 ps
reflect the excitation and relaxation of the photosensitizer, respectively, and occur
independently of the presence/concentration of the catalyst. The subsequent
decrease in the negative AOD on the microsecond timescale can be plausibly
fitted with a sum of two exponential functions with parameters 7, and t,, where 7,
is fixed to 4 ps (derived from eqn (4)). From the fit of the kinetic traces, the
pseudo-first order rate constant k = 3.2(1) x 10'® s* of the reaction between the
reduced photosensitizer and the catalyst (eqn (5)) has been extracted (Fig. 4d).

Since the triplet excited state of the photosensitizer, [Ru(bpy)s]*"*, is a very
reactive species, one can assume its direct oxidative or reductive quenching by the
catalyst, circumventing the persulfate reaction. To investigate this possible
scenario, we performed transient emission spectroscopy of the aqueous solution
containing [Ru(bpy);](ClO,), (0.04 mM) and Na,S,0g (0.4 mM). The photosensitizer
was selectively excited by the pump pulse (460 nm), and the luminescence trace at
Jem = 650 nm was recorded (Fig. S4 in the ESIT). When the catalyst Na,[Fe"/(L-6H)]
(2 M) was added to this mixture, a similar emission trace was obtained. Both traces
can be nicely fitted with an exponential decay (eqn (4)) giving lifetimes for the triplet
state [Ru(bpy);]*"* of 275 ns and 236 ns, respectively. The observed difference
suggests that the direct quenching of [Ru(bpy);]*** by [Fe™(L-6H)]>~ is possible but
as a minor side process at the given concentrations of catalyst, photosensitizer and
persulfate. This phenomenon needs to be investigated in future work.

Discussion

The clathrochelate complex [Fe™(L-6H)]>", which is indefinitely stable in
aqueous solutions at pH 1.0-13.0, acts as a homogeneous catalyst for photo-
catalytic water oxidation by persulfate with [Ru(bpy);]** as photosensitizer,
affording a high TON = 365.%® In both chemical-driven and light-driven water
oxidation, most iron complexes are known to decompose easily into catalytically
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active iron oxide nanoparticles.*”** However, the use of strong acidic media,*”* or

modification of the working system may prevent formation of FeO, nanoparticles.
For example, surface anchoring,*® the use of robust polydentate ligands,**** or
isolation of a molecular catalyst in a cage of the metal-organic framework (MOF)**
has been shown to stabilize the molecular structure of transition metal-based
catalysts under oxidative conditions. In our work, the iron ion is encapsulated
in a clathrochelate cage that allows sustained water oxidation at nearly neutral
PH, in both chemical and photochemical assays. To the best of our knowledge,
the complex [Fe™(L-6H)]>" exhibits relatively high catalytic efficiency compared
to other molecular iron-based WOCs reported to date (Table 1).

Our transient absorption measurements corroborate the generally accepted
scheme of photochemical water oxidation.*>*’ Thus, the excited triplet state of the
photosensitizer [Ru(bpy);]*"* is quenched by persulfate via irreversible electron
transfer yielding [Ru(bpy);]** species. The radical anion SO,"~ generated after the
quenching reacts with another, non-excited [Ru(bpy);]** molecule yielding
a second equivalent of [Ru(bpy);]**. The oxidized photosensitizer injects its
electron vacancy to the catalyst molecule restoring [Ru(bpy);]**, which can give
rise to the next cycle of photosensitization and quenching. In the simplified
mechanistic model, the hole scavenging reaction must be repeated four times in
a row, as the active state of the catalyst must be four-times oxidized to evolve
dioxygen from two water molecules. It is usually proposed that a water molecule

Table 1 Comparison of the catalytic performance for selected iron compounds for
homogeneous chemical and photochemical water oxidation

Catalyst Oxidant pH TON TOF(s') Ref.
Fe-TAML® CAN 1.0 18 1.3 25

Fe-TAML? CAN 1.0 93 - 27

Fe-TAML® NalO, 1.0 44 — 27

Fe-TAML* NalO, 70 3 — 27

Fe-TAML? CAN 1.0 17 0.03 33

Fe-TAML® Ru+S,05>" +w” 85 220 0.76 33
[Fe(Pytacn)(OTf),]" CAN 07 180 0.2 29
[Fe(Mcp)(OTf),]* CAN 0.8 360  0.28 28
[Fe(Py50H)CI| ™ CAN 1.5 5 0.53 34
[Fe(Py50H)CI]| ¢ [Ru(bpy)s]** 8.0 265 2.2 34
[Fe(Py50H)CI] Ru+8S,04° +m® 80 435 0.6 34
[Fe(Py50H)(MeCN)]>°  CAN 1.5 16 0.75 34
[Fe(Py50H)(MeCN)™®  [Ru(bpy)s]** 80 7 0.9 34
[Fe(Py50H)(MeCN)" °  Ru+8,04° +m” 8.0 20 0.6 34
[Fe,(Hbb)(OMe)(0Ac)]Y  [Ru(bpy)s]** 72 4 0.012 26
[Fe™(L-6H)]>~ [Ru(bpy)s]** 8.0 45 3.3 This work, *°
[Fe™(L-6H)]>~ Ru + 8,08+’ 8.0 365 2.27 This work, *°
FeCl,# Ru+ 5,062 +m” 8.0 63 0.6 This work

“ Different tetraamido macrocychc ligand (TAML) complexes were reported (see orlglnal
publications for details). ” Photochemical water OdeatIOI’I using [Ru(bpy);]** as
photosensitizer and S,04>" as sacrificial electron acceptor. ° Pytacn = 1-(2/-pyridylmethyl)-
4,7-dimethyl-1,4,7-triazacyclononane; OTf = triflate anion. Y Mcp = N,N'- dlmethleN'—
bis(2-pyridylmethyl)-1,2-cis-diaminocyclohexane; OTf = triflate anion. °Py50H =
pyridine-2,6-diylbis(di(pyridin-2-yl)methanol). /Hbb =  2,2’-(2-hydroxy-5-methyl-1,3-
phenylene)bis(1H-benzo[d]imidazole-4-carboxylic acid). ¢ FeCl; was used as a precatalyst
giving iron oxide nanoparticles.
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or hydroxide anion adds to the metal center followed by one- or multi-electron
oxidation, addition of a second water molecule and then further oxidation.?*
In addition, some deviations from the standard scheme are possible, for example
direct oxidation of the catalyst by SO, . In any case, according to eqn (1)-(3) and
(5), two holes are transferred to the catalyst per one absorbed photon; and two
photons are needed to drive four-electron oxidation of water to dioxygen in the
system, where persulfate is used as the electron acceptor.

One of the factors determining the overall efficiency of the water oxidation
system is the rate of the hole transfer reaction shown in eqn (5).* The oxidized
form of the photosensitizer [Ru(bpy);]** is relatively stable in water, but
undergoes irreversible decomposition in the presence of SO,"~ or other reactive
species produced during photocatalysis.***>*® Thus, the primary hole scavenging
competes with the degradation of [Ru(bpy)s;]**. In certain systems, the loss of
photocatalytic activity has been attributed to the decomposition of the photo-
sensitizer.”” Despite the presence of excess amounts of S,05°", the catalysis
usually lasts for a few minutes and stops long before the sacrificial electron
acceptor is fully consumed owing to decomposition of the light absorber. In the
case of the system using [Fe™ (L-6H)]* ", the catalyst reduces [Ru(bpy);]** relatively
quickly compared to other systems.***** Though there are a limited number of
reported studies devoted to investigation of the hole scavenging activity of
molecular WOCs published to-date, the reported TOF is comparatively high
(Table 1). We have also found that addition of a fresh portion of [Ru(bpy);]** to the
photocatalytic mixture after >350 turnovers does not reactivate oxygen evolution,
indicating that it is not the light absorber, but rather the catalyst, that degrades in
the course of water oxidation.

A key challenge for us is to decipher the mechanism of water oxidation cata-
lyzed by the clathrochelate complex [Fe"™(L-6H)]*> . Our kinetic studies suggest
that one molecule of catalyst is involved in oxygen evolution (Fig. 3b). Thus, the
typically rate-determining O-O bond formation takes place intramolecularly.
According to the generally accepted mechanistic pathway for water oxidation by
molecular iron based catalysts, oxidation of an Fe-aqua complex leads to the
formation of an oxo-complex Fe=O0; then, nucleophilic attack of a second water
molecule at the oxo O atom gives rise to the O-O bond.** This mechanism is
feasible for complexes of Fe, the coordination spheres of which are not saturated
(e.g., square planar Fe-TAML complexes). For [Fe(Py5OH)Cl]|” featuring a hex-
acoordinated metal ion, it was proposed that the binding mode of the ligand
changes during catalysis so that a vacant coordination site opens to form an Fe-
aqua complex.** However, such a mechanism would not be relevant to [Fe"(L-
6H)]>~ with the robust clathrochelate ligand. On the other hand, one might
assume a heptacoordinated Fe-aqua intermediate, as was found for Ru-based
molecular WOCs.** Additionally, we could not completely exclude the outer-
sphere electron transfer mechanism, as has been proposed for the related
cobalt(u) clathrochelates, which catalyzed water reduction to hydrogen in the
[Ru(bpy);]*" photo-reductant system.** Finally, one could consider an alternative
pathway involving «,B-dicarbonyl OH adducts, which could react further to
generate intermediate dioxetanes or endoperoxides. This implies that O-O bond
formation occurs on the ligand, whereas the iron ion acts as an electron shuttle
(since Fe in [Fe(L-6H)]"~ may possess oxidation states from +3 till +5, and
apparently even till +6 as can be seen in electrochemical experiments).*® This kind
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of mechanism was first suggested for the ruthenium “blue dimer”, where the O-O
bond was proposed to be formed on carbon as a fragment of the four-membered
endoperoxide ring C,0,.** Though we could characterize one of the possible
intermediates [FeY(L-6H)]”, the mechanism of water oxidation using the cla-
throchelate catalyst remains elusive. Intermediate species beyond Fe" seem to be
very reactive, and hence have so far not been observable experimentally. To help
to understand the catalytic mechanism, future work will include changes to the
ligand structure in combination with computational studies.

Summary

The visible light-driven hole transfer from tris(bipyridine)ruthenium dye to the
catalyst [Fe"™(L-6H)]*~ in an aqueous solution occurs with a pseudo-first-order
rate constant 3.2(1) x 10" s™'. To our knowledge, this is the most efficient
hole scavenging reported for molecular WOCs in the system utilizing [Ru(bpy);]**
as the light absorber and S,05>~ as the electron acceptor at nearly neutral pH. Due
to the fast hole injection, the oxidized photosensitizer does not accumulate,
allowing it to avoid oxidative decomposition. This finding is in harmony with the
record high TON reached in photochemical water oxidation by using [Fe™(L-
6H)]>~.*° The efficiency of this catalyst might be further improved by introducing
bulky substituents at the methylene groups of the ligand to achieve higher
stability. Together with the mechanistic studies, this work is currently ongoing.

Conflicts of interest

There are no conflicts of interest to declare.

Acknowledgements

We would like to thank Prof Leif Hammarstrom for helpful discussion. SIS
acknowledges support provided by the Swedish Institute through individual
fellowship (Grant No 23913/2017). IOF acknowledges support from the European
Community’s Framework Programme (H2020-MSCA-RISE-2017) under grant
agreement No 778245.

Notes and references

1 G. A. Jones and K. J. Warner, Energy Policy, 2016, 93, 206-212.

2 L. Hammarstrom, Acc. Chem. Res., 2015, 48, 840-850.

3 N. S. Lewis and D. G. Nocera, Proc. Natl. Acad. Sci. U. S. A., 2006, 103, 15729-
15735.

4 L. Hammarstrom, Faraday Discuss., 2017, 198, 549-560.

5 J. D. Blakemore, R. H. Crabtree and G. W. Brudvig, Chem. Rev., 2015, 115,
12974-13005.

6 F. D’Souza and O. Ito, Chem. Soc. Rev., 2012, 41, 86-96.

7 M. Yamamoto, J. Fohlinger, J. Petersson, L. Hammarstrom and H. Imahori,
Angew. Chem., Int. Ed., 2017, 56, 3329-3333.

8 D. L. Ashford, M. K. Gish, A. K. Vannucci, M. K. Brennaman, J. L. Templeton,
J. M. Papanikolas and T. J. Meyer, Chem. Rev., 2015, 115, 13006-13049.

172 | Faraday Discuss., 2019, 215, 162-174 This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8fd00167g

Open Access Article. Published on 05 April 2019. Downloaded on 12/4/2025 12:18:09 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Faraday Discussions

9 M. Borgstrom, N. Shaikh, O. Johansson, M. F. Anderlund, S. Styring,
B. Akermark, A. Magnuson and L. Hammarstrom, J. Am. Chem. Soc., 2005,
127, 17504-17515.

10 L. Favereau, A. Makhal, Y. Pellegrin, E. Blart, J. Petersson, E. GOransson,
L. Hammarstrom and F. Odobel, J. Am. Chem. Soc., 2016, 138, 3752-3760.

11 D. Paul Rillema, G. Allen, T. J. Meyer and D. Conrad, Inorg. Chem., 1983, 22,
1617-1622.

12 S. Fukuzumi, J. Jung, Y. Yamada, T. Kojima and W. Nam, Chem.-Asian J., 2016,
11, 1138-1150.

13 A. Harriman, I. J. Pickering, J. M. Thomas and P. A. Christensen, J. Chem. Soc.,
Faraday Trans. 1, 1988, 84, 2795-2806.

14 M. M. Najafpour, T. Ehrenberg, M. Wiechen and P. Kurz, Angew. Chem., Int.
Ed., 2010, 49, 2233-2237.

15 C. C. L. McCrory, S. Jung, ]J. C. Peters and T. F. Jaramillo, J. Am. Chem. Soc.,
2013, 135, 16977-16987.

16 T. Audichon, T. W. Napporn, C. Canaff, C. Morais, C. Comminges and
K. B. Kokoh, J. Phys. Chem. C, 2016, 120, 2562-2573.

17 W. Smith, J. Power Sources, 2000, 86, 74-83.

18 L. Duan, F. Bozoglian, S. Mandal, B. Stewart, T. Privalov, A. Llobet and L. Sun,
Nat. Chem., 2012, 4, 418-423.

19 J. M. Thomsen, D. L. Huang, R. H. Crabtree and G. W. Brudvig, Dalton Trans.,
2015, 44, 12452-12472.

20 M. V. Pavliuk, E. Mijangos, V. G. Makhankova, V. N. Kokozay, S. Pullen, J. Liu,
J. Zhu, S. Styring and A. Thapper, ChemSusChem, 2016, 9, 2957-2966.

21 M. M. Najafpour, G. Renger, M. Holynska, A. N. Moghaddam, E.-M. Aro,
R. Carpentier, H. Nishihara, J. ]J. Eaton-Rye, J.-R. Shen and
S. I. Allakhverdiev, Chem. Rev., 2016, 116, 2886-2936.

22 M. V. Pavliuk, V. G. Makhankova, V. N. Kokozay, I. V. Omelchenko, J. Jezierska,
A. Thapper and S. Styring, Polyhedron, 2015, 88, 81-89.

23 S. J. Koepke, K. M. Light, P. E. VanNatta, K. M. Wiley and M. T. Kieber-
Emmons, J. Am. Chem. Soc., 2017, 139, 8586-8600.

24 J-W. Wang, W.-L. Liu, D.-C. Zhong and T.-B. Lu, Coord. Chem. Rev., 2019, 378,
237-261.

25 W. C. Ellis, N. D. McDaniel, S. Bernhard and T. J. Collins, J. Am. Chem. Soc.,
2010, 132, 10990-10991.

26 B. Das, B. L. Lee, E. A. Karlsson, T. Akermark, A. Shatskiy, S. Demeshko,
R. Z. Liao, T. M. Laine, M. Haukka, E. Zeglio, A. F. AbdelMagied,
P. E. Siegbahn, F. Meyer, M. D. Kérkés, E. V. Johnston, E. Nordlander and
B. Akermark, Dalton Trans., 2016, 45, 13289-13293.

27 W.-P. To, T. W.-S. Chow, C.-W. Tse, X. Guan, J.-S. Huang and C.-M. Che, Chem.
Sci., 2015, 6, 5891-5903.

28 J. L. Fillol, Z. Codola, I. Garcia-Bosch, L. Gomez, J. J. Pla and M. Costas, Nat.
Chem., 2011, 3, 807-813.

29 Z. Codola, I. Garcia-Bosch, F. Acufa-Parés, 1. Prat, J. M. Luis, M. Costas and
J. Lloret-Fillol, Chem. - Eur. J., 2013, 19, 8042-8047.

30 M. Okamura, M. Kondo, R. Kuga, Y. Kurashige, T. Yanai, S. Hayami,
V. K. K. Praneeth, M. Yoshida, K. Yoneda, S. Kawata and S. Masaoka,
Nature, 2016, 530, 465-468.

This journal is © The Royal Society of Chemistry 2019  Faraday Discuss., 2019, 215, 162-174 | 173


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8fd00167g

Open Access Article. Published on 05 April 2019. Downloaded on 12/4/2025 12:18:09 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Faraday Discussions Paper

31 M. K. Coggins, M.-T. Zhang, A. K. Vannucci, C. J. Dares and T. J. Meyer, J. Am.
Chem. Soc., 2014, 136, 5531-5534.

32 S. Pattanayak, D. R. Chowdhury, B. Garai, K. K. Singh, A. Paul, B. B. Dhar and
S. S. Gupta, Chem. - Eur. J., 2017, 23, 3414-3424.

33 C.Panda, J. Debgupta, D. Diaz Diaz, K. K. Singh, S. Sen Gupta and B. B. Dhar, J.
Am. Chem. Soc., 2014, 136, 12273-12282.

34 B. Das, A. Orthaber, S. Ott and A. Thapper, ChemSusChem, 2016, 9, 1178-1186.

35 S. Tomyn, S. I. Shylin, D. Bykov, V. Ksenofontov, E. Gumienna-Kontecka,
V. Bon and I. O. Fritsky, Nat. Commun., 2017, 8, 14099.

36 S. L. Shylin, M. V. Pavliuk, L. D’Amario, F. Mamedov, J. Sa, G. Berggren and
I. O. Fritsky, Chem. Commun., 2019, 55, 3335-3338.

37 X.J. Wy, F. Li, B. B. Zhang and L. Sun, J. Photochem. Photobiol., C, 2015, 25,71~
89.

38 R. S. Khnayzer, V. S. Thoi, M. Nippe, A. E. King, J. W. Jurss, K. A. El Roz,
J. R. Long, C. J. Chang and F. N. Castellano, Energy Environ. Sci., 2014, 7,
1477-1488.

39 P. Diamantis, J. F. Gonthier, I. Tavernelli and U. Rothlisberger, J. Phys. Chem.
B, 2014, 118, 3950-3959.

40 G. La Ganga, F. Puntoriero, S. Campagna, 1. Bazzan, S. Berardi, M. Bonchio,
A. Sartorel, M. Natalic and S. Franco, Faraday Discuss., 2012, 155, 177-190.

41 M. Ruthkosky, F. N. Castellano and G. J. Meyer, Inorg. Chem., 1996, 35, 6406—
6412.

42 G. Chen, L. Chen, S.-M. Ng, W.-L. Man and T.-C. Lau, Angew. Chem., Int. Ed.,
2013, 52, 1789-1791.

43 B. M. Klepser and B. M. Bartlett, J. Am. Chem. Soc., 2014, 136, 1694-1697.

44 B. Nepal and S. Das, Angew. Chem., Int. Ed., 2013, 52, 7224-7227.

45 B. Limburg, E. Bouwman and S. Bonnet, ACS Catal., 2016, 6, 5273-5284.

46 M. Hara, C. C. Waraksa, J. T. Lean, B. A. Lewis and T. E. Mallouk, J. Phys. Chem.
A, 2000, 104, 5275-5280.

47 U.S. Akhtar, E. L. Tae, Y. S. Chun, I. C. Hwang and K. B. Yoon, ACS Catal., 2016,
6, 8361-8369, and references therein.

48 A. Company, G. Sabenya, M. Gonzalez-Bejar, L. Gomez, M. Clemancey,
G. Blondin, A. J. Jasniewski, M. Puri, W. R. Browne, J. M. Latour, L. Que Jr,
M. Costas, J. Perez-Prieto and ]. Lloret-Fillol, J. Am. Chem. Soc., 2014, 136,
4624-4633.

49 X. Du, Y. Ding, F. Song, B. Ma, J. Zhao and J. Song, Chem. Commun., 2015, 51,
13925-13928.

50 I. Gamba, Z. Codola, J. Lloret-Fillol and M. Costas, Coord. Chem. Rev., 2017,
334, 2-24.

51 Q. Daniel, P. Huang, T. Fan, Y. Wang, L. Duan, L. Wang, F. Li, Z. Rinkevicius,
F. Mamedov, M. S. G. Ahlquist, S. Styring and L. Sun, Coord. Chem. Rev., 2017,
346, 206-215.

52 1. I. Creaser, L. R. Gahan, R. J. Geue, A. Launikonis, P. A. Lay, ]J. D. Lydon,
M. G. McCarthy, A. W. H. Mau, A. M. Sargeson and W. H. F. Sasse, Inorg.
Chem., 1985, 24, 2671-2680.

53 J. K. Hurst, J. L. Cape, A. E. Clark, S. Das and S. Qin, Inorg. Chem., 2008, 47,
1753-1764.

174 | Faraday Discuss., 2019, 215, 162-174 This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8fd00167g

	Photoinduced hole transfer from tris(bipyridine)ruthenium dye to a high-valent iron-based water oxidation catalystElectronic supplementary information (ESI) available. See DOI: 10.1039/c8fd00167g
	Photoinduced hole transfer from tris(bipyridine)ruthenium dye to a high-valent iron-based water oxidation catalystElectronic supplementary information (ESI) available. See DOI: 10.1039/c8fd00167g
	Photoinduced hole transfer from tris(bipyridine)ruthenium dye to a high-valent iron-based water oxidation catalystElectronic supplementary information (ESI) available. See DOI: 10.1039/c8fd00167g
	Photoinduced hole transfer from tris(bipyridine)ruthenium dye to a high-valent iron-based water oxidation catalystElectronic supplementary information (ESI) available. See DOI: 10.1039/c8fd00167g
	Photoinduced hole transfer from tris(bipyridine)ruthenium dye to a high-valent iron-based water oxidation catalystElectronic supplementary information (ESI) available. See DOI: 10.1039/c8fd00167g
	Photoinduced hole transfer from tris(bipyridine)ruthenium dye to a high-valent iron-based water oxidation catalystElectronic supplementary information (ESI) available. See DOI: 10.1039/c8fd00167g
	Photoinduced hole transfer from tris(bipyridine)ruthenium dye to a high-valent iron-based water oxidation catalystElectronic supplementary information (ESI) available. See DOI: 10.1039/c8fd00167g

	Photoinduced hole transfer from tris(bipyridine)ruthenium dye to a high-valent iron-based water oxidation catalystElectronic supplementary information (ESI) available. See DOI: 10.1039/c8fd00167g
	Photoinduced hole transfer from tris(bipyridine)ruthenium dye to a high-valent iron-based water oxidation catalystElectronic supplementary information (ESI) available. See DOI: 10.1039/c8fd00167g
	Photoinduced hole transfer from tris(bipyridine)ruthenium dye to a high-valent iron-based water oxidation catalystElectronic supplementary information (ESI) available. See DOI: 10.1039/c8fd00167g
	Photoinduced hole transfer from tris(bipyridine)ruthenium dye to a high-valent iron-based water oxidation catalystElectronic supplementary information (ESI) available. See DOI: 10.1039/c8fd00167g

	Photoinduced hole transfer from tris(bipyridine)ruthenium dye to a high-valent iron-based water oxidation catalystElectronic supplementary information (ESI) available. See DOI: 10.1039/c8fd00167g
	Photoinduced hole transfer from tris(bipyridine)ruthenium dye to a high-valent iron-based water oxidation catalystElectronic supplementary information (ESI) available. See DOI: 10.1039/c8fd00167g
	Photoinduced hole transfer from tris(bipyridine)ruthenium dye to a high-valent iron-based water oxidation catalystElectronic supplementary information (ESI) available. See DOI: 10.1039/c8fd00167g
	Photoinduced hole transfer from tris(bipyridine)ruthenium dye to a high-valent iron-based water oxidation catalystElectronic supplementary information (ESI) available. See DOI: 10.1039/c8fd00167g


