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n coupled electron transfer events
from a tetraruthenium polyoxometalate in
photochemical water oxidation†

Elena Rossin, a Marcella Bonchio, a Mirco Natali *b and Andrea Sartorel *a

The tetraruthenium polyoxometalate {RuIV(H2O)4(m-OH)2(m-O)4[SiW10O36]2}
10− (Ru4POM) shows multiple

oxidative proton coupled electron transfer (PCET) events in a [Ru(bpy)3]
2+/S2O8

2− photochemical cycle

for catalytic water oxidation, with electrons conveyed to the photogenerated [Ru(bpy)3]
3+ oxidant and

protons transferred to aqueous bases. As shown by laser flash photolysis, in aqueous phosphate buffer

the consumption of the [Ru(bpy)3]
3+ oxidant by Ru4POM shows bi-exponential kinetics with a fast

component and a slow component that feed the Ru4POM catalyst with up to 6 oxidative equivalents

through PCET in ca. 50 ms. The apparent rates of both the fast and slow components depend linearly on

HPO4
2− and on the pH of the aqueous medium, suggesting the involvement of the buffer base, of water

and of OH− in assisting removal of the protons from Ru4POM. In particular, the beneficial role of HPO4
2−

is reflected in a proportional improvement in the oxygen evolution activity, reaching quantum efficiency

approaching 14%, although an excessive increase of buffer concentration is detrimental to the

[Ru(bpy)3]
3+ stability and leads to the abatement of the O2 evolution.
Introduction

Proton coupled electron transfer (PCET) is a pervasive process
in many biological and articial chemical transformations.1–4

PCET events are oen associated with photoinduced charge
separation,5–10 which is a primary step in chemical processes
associated with the photosynthetic conversion of small mole-
cules, while recently, its interest has broadened to synthetic
organic chemistry.11–15

In the eld of water oxidation, investigation of PCET was
pioneered by T. J. Meyer, who recognized that for the [RuII(H2-
O)(py)(bpy)2]

2+ coordination complex (where py = pyridine; bpy
= 2,20-bipyridine) two stepwise oxidative PCET events occurring
in a narrow potential window of 110mV lead to the formation of
a RuIV–oxo species;16 these ndings were pivotal in the design
of the blue dimer [(bpy)2Ru

III(H2O)(m-O)Ru
III(H2O)(bpy)2]

4+ as
the rst molecular water oxidation catalyst.17 The importance
of PCET was then recognised in many ruthenium based cata-
lytic manifolds,18–22 including the case of the tetraruthenium
polyoxometalate {RuIV(H2O)4(m-OH)2(m-O)4[SiW10O36]2}

10−

(Ru4POM) investigated in this work (Scheme 1). Ru4POM is the
rst structurally characterized polyoxometalate based water
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tion (ESI) available. See DOI:

of Chemistry 2024
oxidation catalyst,23,24 and has been extensively investigated
in electrochemical,25,26 photochemical27,28 and photo-
electrochemical systems;29–32 its tetraruthenium active core
[RuIV(H2O)4(m-OH)2(m-O)4]

6+ can indeed undergo stepwise
oxidation processes associated with the formation of high-
valent intermediates characterised spectroscopically or with
computational tools, up to the formation of Ru–oxo moieties
active towards oxygen evolution at low overpotential.

Despite ruthenium catalysts being reported to show excellent
performance in oxygenic photosynthetic systems,18,33–35 the
Scheme 1 Multiple and sequential proton coupled electron transfer
events from a tetraruthenium polyoxometalate Ru4POM to photo-
generated [Ru(bpy)3]

3+ investigated in this work through laser flash
photolysis, with HPO4

2−, H2O and OH− being responsible for proton
transfer.
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managing of the necessary PCET events under photochemical
conditions has been poorly investigated. Moreover, most of the
PCET studies in photosynthetic systems for water oxidation
refer to a single event,33 and thus represent only the primary
step in the water oxidation process.

In this study, we report multiple, sequential oxidative PCET
events from Ru4POM to a photogenerated [Ru(bpy)3]

3+ oxidant
(electron acceptor) highlighting the role of bases as the proton
acceptors (Scheme 1). We will show by laser ash photolysis
studies that the nature and concentration of the buffer impact
the dynamics and the number of oxidation processes at the
Ru4POM catalyst, showing a consistent effect in the O2

evolving rate.
Fig. 1 (Top panel) Kinetic traces at 450 nm obtained by laser flash
photolysis of 50 mM Ru(bpy)3Cl2, 5 mM Na2S2O8, 30 mM Na10Ru4POM,
0.1 M Na2SO4 in 5–50 mM phosphate buffer at pH 7.0. (Medium panel)
Bimolecular rate constant kI (in logarithmic scale) for the primary oxida-
tion of Ru4POM by [Ru(bpy)3]

3+ vs. pH (the different data at a specific pH
Results and discussion
Primary electron transfer from Ru4POM to [Ru(bpy)3]

3+

In the laser ash photolysis set-up, [Ru(bpy)3]
3+ is photo-

generated in a few ns upon laser excitation (lexc = 355 nm) of
a solution containing the [Ru(bpy)3]

2+ sensitizer and the S2O8
2−

sacricial acceptor (a quantum yield of 2 is reported for Ru(III)
formation, since two equivalents of Ru(III) are generated upon
one photon absorption according to the reaction steps in
Scheme S1 in ESI†). Formation of Ru(III) is conrmed by the
decrease of the absorbance at 450 nm (usually referred to as
“bleach”, Fig. 1).

In the presence of Ru4POM, the Ru(II) initial absorption is
restored in a few ms (“bleach recovery”, Fig. 1), indicating
consumption of the [Ru(bpy)3]

3+ oxidant by Ru4POM, thus
leading to the formation of the singly oxidized form of the
Ru4POM catalyst, Ru4POM

ox.‡
Under pseudo rst order conditions with [Ru4POM] [

[[Ru(bpy)3]
3+], tting of the bleach recovery traces leads to the

determination of the bimolecular rate constant kI for the
primary oxidative process in Ru4POM (eqn (1)), involving
oxidation of one RuIV–OH2 moiety into RuV–OH.

[Ru(bpy)3]
3+ + Ru4POM / [Ru(bpy)3]

2+ + Ru4POMox, kI (1)

In order to map the possible involvement of a PCET event in
this primary step, we performed the laser ash photolysis
investigation in aqueous solutions at different pH values (in the
range 2–7, conditions associated with the stability of Ru4POM in
aqueous solution) employing different buffer and buffer
concentrations. In Fig. 1, traces correspond to phosphate buffer
at pH 7, while traces under other reaction conditions are re-
ported in ESI (Fig. S1–S4).†

The main outcome of this analysis is that the primary
oxidation of Ru4POM by [Ru(bpy)3]

3+ occurs under diffusion

refer to the different concentrations of the buffer employed). (Bottom
panel) kI (in logarithmic scale) vs. buffer base concentration for all
experimental conditions tested (the different colours refer to the condi-
tions employed, with the base specified in brackets in the legend panel).

‡ In all the experiments, 0.1 M Na2SO4 was employed to guarantee a sufficient
ionic strength of the medium (I = 0.3 M), thus mitigating: (a) formation of
[Ru(bpy)3]

2+$Ru4POM ion pairs, where fast static quenching of the [Ru(bpy)3]
2+

photosensitizer hampers the occurrence of the envisaged photosynthetic cycle,27

and (b) ET rate constant variability associated with the change of the ionic
strength due to the change of buffer concentrations; the rate constant for
a diffusion based ET event between charged reactants (as in the present case) is
sensitive to the ionic strength according to the Debye–Eigen theory.49

Sustainable Energy Fuels
control under all the conditions explored (kI in the range 1.7 O

2.5 × 109 M−1 s−1).27 The classical model for bimolecular ET
reactions foresees the formation of the {[Ru(bpy)3]

3+$Ru4POM}
This journal is © The Royal Society of Chemistry 2024
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encounter complex, eqn (2), followed by ET to form the
successor complex {[Ru(bpy)3]

2+$Ru4POM
ox}, eqn (3), and

product diffusion, eqn (4); assuming a steady state condition for
the encounter and successor complexes the equation of the rate
constant kI can be expressed by eqn (5).36

[Ru(bpy)3]
3+ + Ru4POM # {[Ru(bpy)3]

3+$Ru4POM}, k1, k−1(2)

{[Ru(bpy)3]
3+$Ru4POM}#

{[Ru(bpy)3]
2+$Ru4POMox}, k2, k−2 (3)

{[Ru(bpy)3]
2+$Ru4POMox} / [Ru(bpy)3]

2+ + Ru4POMox, k3 (4)

kI ¼ k1

½1þ ð1þ k�2=k3Þ � k�1=k2� (5)

A diffusion limited kI is expected when both k3 [ k−2 and
k2 [ k−1, in which case kI z k1; this occurs under all the
conditions explored for the process in eqn (1). This is benecial
towards the accumulation of the rst oxidation equivalent in
Ru4POM

ox (i.e. backward processes do not signicantly compete
with forward processes in eqn (2)–(4)), but limits a mechanistic
comprehension of the Ru4POM to Ru4POM

ox conversion, accord-
ing to the expected PCET event from electrochemistry data.37

We then focused our analysis on multiple accumulation of
oxidation equivalents in Ru4POM by photogenerated
[Ru(bpy)3]

3+.
Fig. 2 (Top panel) Kinetic traces at 450 nm obtained by laser flash
photolysis of 100 mM Ru(bpy)3Cl2, 5 mM Na2S2O8, 2.5 mM Na10Ru4-
POM, 0.1 M Na2SO4 in unbuffered water and in 5–100 mM phosphate
buffer at pH 7.0. The solid lines indicate the biexponential fittings of the
traces (monoexponential fitting in the trace in water). (Bottom panel)
Plot of the number of Ru4POM / [Ru(bpy)3]

3+ ET events in 50 ms vs.
the concentration of HPO4

2− (base of the buffer). The number of ET
events is estimated from the experimental recovery of the bleach in
the kinetic traces in the top panel. The error bars are given as semi-
dispersion of two separate experiments.
Multiple electron transfer events from Ru4POM to
[Ru(bpy)3]

3+: effect of pH, buffer, and buffer concentration

The fast accumulation of oxidation equivalents in Ru4POM by
photogenerated [Ru(bpy)3]

3+ can be investigated by performing
ash photolysis experiments using a low concentration of
Ru4POM to guarantee [Ru4POM] � [[Ru(bpy)3]

3+] conditions.27

With this setup, the amount of bleach recovery is associated
with the number n of ET events from Ru4POM to [Ru(bpy)3]

3+

occurring in the timeframe of the experiment (50 ms), and
generating a multiply oxidized form of the catalyst (eqn (6)),
while the single steps can be represented as in eqn (7).

n[Ru(bpy)3]
3+ + Ru4POM / n[Ru(bpy)3]

2+ + Ru4POMnox (6)

[Ru(bpy)3]
3+ + Ru4POMjox / [Ru(bpy)3]

2+ + Ru4POM(j+1)ox(7)

Experiments aimed at tracing multiple electron transfer
events were conducted under aqueous conditions at different
pH, buffer, and buffer concentrations. A representative example
is shown in Fig. 2 (pH 7, 5–100 mM phosphate buffer), see ESI†
for other traces (Fig. S5–S7†). The initial concentration of
photochemically generated [Ru(bpy)3]

3+ in Fig. 2 (top panel) is
ca. 2 × 10−5 M and is obtained from the D(OD)450 abatement;§
§ The photogenerated concentration of [Ru(bpy)3]
3+ is calculated from D3450

(Ru(II)/Ru(III)) = 1.3 × 104 M−1 cm−1 and the appropriate correction for the ratio
between the volume of solution probed by the analysing beam and that excited
by the laser pulse (1.35, as obtained from saturation techniques). As a result,
a D(OD) of 0.1 corresponds to a concentration of photogenerated [Ru(bpy)3]

3+ of
1.04 × 10−5 M.

This journal is © The Royal Society of Chemistry 2024
considering the concentration of 2.5 mM of Ru4POM employed
in the experiment, the traces indicate that the amount of
[Ru(bpy)3]

3+ being reduced by Ru4POM actually exceeds the
amount of Ru4POM and shows a dependence on the buffer
concentration. The role of Ru4POM in the reactivity of
[Ru(bpy)3]

3+ was conrmed by conducting experiments by
varying the concentration of Ru4POM (in the range 0.5–2.5 mM)
and keeping the buffer concentration constant at 100 mM: the
amount of D(OD) recovery of [Ru(bpy)3]

3+ depends linearly on
Ru4POM concentration (Fig. S8 in ESI† and further discussion).

These results speak in favour of the occurrence of multiple
PCET events from Ru4POM, with the HPO4

2− base of the buffer
being responsible for the transfer of the protons, while electrons
are conveyed to [Ru(bpy)3]

3+. The number of ET events increases
up to a HPO4

2− base concentration of ca. 15 mM, above which
a plateau value of ca. 6 events is reached (Fig. 2, bottom panel).
This concentration threshold is likely due to the availability of the
Sustainable Energy Fuels
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Scheme 2 Schematic representation of the accumulation of oxidation
equivalents on Ru4POM through sequential PCET involving
[Ru(bpy)3]

3+ and aqueous bases within two kinetic regimes.
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HPO4
2− base in proximity of the Ru4POM site reacting through

PCET. Indeed, in the case of Ru4POM, accumulation of 6
oxidizing equivalents is associated with the generation of RuVIoxo
states through RuIV(H2O)/Ru

V(OH)/RuVI(O) manifolds, subjected
to a water nucleophilic attack as the rst step nally releasing
dioxygen in the catalytic cycle (Scheme 2).38

In order to extract kinetic parameters from the experimental
traces in Fig. 2 we focused on the prole of consumption of
[Ru(bpy)3]

3+ and used bi-exponential functions to describe the
recovery of the D(OD) along the experiments, (eqn (8)):{

D(OD) = −AF × exp(−t/sF) − AS × exp(−t/sS) + D(OD)@50ms(8)

where sF and sS indicate a fast and a slow time constant,
respectively, AF and AS indicate the amplitudes of the two
components in the D(OD) recovery (Table 1), while D(OD)@50ms

is the residual D(OD) value aer 50 ms.
First, it is interesting to note that the relative amplitude

contributions of the fast and slow components to the reactivity
of [Ru(bpy)3]

3+ depend on the concentration of the buffer base
(Fig. 3 top panel). The relative contributions of the fast and slow
components – calculated as AF × 100/(AF + AS) and AS × 100/(AF
+ AS), respectively – at low HPO4

2− concentrations are indeed
33% and 67%, respectively, while at high HPO4

2− concentra-
tions the relative contributions reach plateau values of 45% and
55% for the fast and slow components, respectively.
{ In this case, a biexponential function was necessary to provide a suitable tting
of the experimental data. The use of a biexponential function to t the traces
where six sequential oxidation processes are postulated can be explained
considering the similar reaction rates of the Ru4POM oxidized intermediates
with [Ru(bpy)3]

3+. This is indeed not unexpected taking into account the close
spacing in potential associated with the oxidation of Ru4POM according to
electrochemical studies.37 The use of multiexponential functions is oen
exploited in the case of electron transfer involving metal oxide particles, due to
the presence of surface sites with different reactivity.39

Sustainable Energy Fuels
From the tting parameters we then derived two apparent
rates for the reactivity of [Ru(bpy)3]

3+ with Ru4POM due to the
fast and slow components (eqn (9) and (10); the 1.04 × 10−4

factor converts the D(OD) units of AF and AS into the corre-
sponding concentration of [Ru(bpy)3]

3+):k

App. RateFast (M s−1) = AF/sF × 1.04 × 10−4 (9)

App. RateSlow (M s−1) = AS/sS × 1.04 × 10−4 (10)

As shown in Fig. 3 (bottom panel and inset), the apparent
rates determined above depend linearly on the concentration of
the HPO4

2− base of the phosphate buffer (the log–log plot
analysis supports a rst order in [HPO4

2−] in both apparent
rates, see ESI Fig. S10†).

App. RateFast (M s−1) =

2.62 × 10−3 + 2.04 × 10−4 [HPO4
2−] (11)

App. RateSlow (M s−1) =

5.45 × 10−4 + 6.38 × 10−6 [HPO4
2−] (12)

The linear dependence of the rates on [HPO4
2−] conrms the

role of the base in assisting the removal of the protons from
Ru4POM along its conversion to highly oxidized states through
reactivity with [Ru(bpy)3]

3+ (both apparent rates are indeed
linearly dependent on Ru4POM concentration, see Fig. S11†).

For both the fast and slow apparent rates, the non-null
intercept in eqn (11) and (12) indicates that HPO4

2− is not the
only base assisting the reactivity of [Ru(bpy)3]

3+ towards
Ru4POM. When conducting the analysis at lower pH (100 mM
phosphate buffer pH 6) a signicant abatement of both
components of apparent rates was observed,** Table 1 and
Fig. 3, medium and bottom panels. Registration and tting of
a trace in water in the absence of any buffer (in this case
through a monoexponential tting) lead to the obtainment of
a single component of the apparent rate, which was signi-
cantly abated with respect to the values previously determined.
These results indicate that both OH− and H2O are involved in
the reactivity of [Ru(bpy)3]

3+ towards Ru4POM (Scheme 2).36,39††
The possibility for a base to assist PCET events is associated
with the libido rule40,41 and with the strength of the base,
expressed in terms of the pKa of the conjugate acid/base couples
(in this case: pKa = 7.2 for H2PO4

−/HPO4
2−, pKa = 0 for H3O

+/
H2O, pKa = 14 for H2O/OH

−). Although H2O is the least basic,
the possibility of preorganisation of water channels at the
k An alternative analysis considers the determination of an average time constant
hsi = (AF × sF + AS × sS)/(AF + AS), and the determination of average apparent rates
as: App. RateAverage (M−1 s−1) = (AF + AS)/hsi × 1.04 × 10−4. This leads to
a consistent dependence of the average App. Rate on [HPO4

2−], see ESI (Fig. S9
and Table S1).†

** At pH 6 (phosphate buffer), investigation of other buffer concentrations leads
to a marked abatement of [Ru(bpy)3]

2+ recovery, thus hampering the possibility of
exploring further the system. Reasonable data and ttings were obtained only for
the conditions reported in the main text.

†† The consumption of [Ru(bpy)3]
3+ by Ru4POM in the absence of buffer base

could also be consistent with a stepwise mechanism ET/PT, in which electron
transfer precedes proton transfer.

This journal is © The Royal Society of Chemistry 2024
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Table 1 Fitting parameters according to eqn (8) for the traces in Fig. 2, top and medium panels. AF and AS are the intensity of D(OD) recovery
associated with the fast and slow components, respectively, and can be converted into the total concentration of consumed [Ru(bpy)3]

3+

multiplying them by a 1.04 × 10−4 M factor, see footnote §

Different pH and phosphate buffer concentrationsa

pH ([buffer],
mM) AF (sF, ms) AS (sS, ms) App. RateFast × 103, M s−1 App. RateSlow × 103, M s−1

7 (5) 0.025 � 0.001 (0.85 � 0.04) 0.051 � 0.004 (9.7 � 0.1) 3.12 � 0.19 04.54 � 0.04
7 (10) 0.034 � 0.001 (0.99 � 0.06) 0.060 � 0.001 (10.7 � 0.2) 3.56 � 0.24 0.58 � 0.01
7 (20) 0.045 � 0.001 (1.05 � 0.04) 0.063 � 0.004 (10.7 � 0.2) 4.43 � 0.19 0.61 � 0.04
7 (50) 0.051 � 0.001 (0.92 � 0.05) 0.062 � 0.001 (10.1 � 0.2) 5.75 � 0.33 0.64 � 0.02
7 (100) 0.060 � 0.002 (0.57 � 0.03) 0.069 � 0.001 (8.9 � 0.1) 10.87 � 0.67 0.80 � 0.02
6 (100) 0.036 � 0.001 (2.15 � 0.12) 0.035 � 0.001 (11.6 � 0.5) 1.73 � 0.11 0.31 � 0.01
Water 0.022 � 0.001 (4.0 � 0.1) — 0.56 � 0.02 —

Different concentrations of Ru4POM (Fig. S8)b

[Ru4POM]
mM AF (sF, ms) AS (sS, ms) App. RateFast × 103, M s−1 App. RateSlow × 103, M s−1

2.5 0.060 � 0.002 (0.57 � 0.02) 0.069 � 0.001 (8.9 � 0.1) 10.87 � 0.67 0.80 � 0.20
1 0.043 � 0.001 (1.29 � 0.05) 0.058 � 0.001 (9.7 � 0.2) 3.44 � 0.13 0.62 � 0.17
0.5 0.038 � 0.002 (3.05 � 0.16) 0.039 � 0.002 (13.7 � 0.6) 1.30 � 0.10 0.30 � 0.20

a 100 mM Ru(bpy)3Cl2, 5 mM Na2S2O8, 2.5 mM Na10Ru4POM, 0.1 M Na2SO4 in 5–100 mM phosphate buffer at pH 7.0, 100 mM phosphate buffer pH
6.0 or water. b 100 mM Ru(bpy)3Cl2, 5 mM Na2S2O8, 0.5–2.5 mM Na10Ru4POM, 0.1 M Na2SO4 in 100 mM phosphate buffer at pH 7.0. In all cases the
photogenerated [Ru(bpy)3]

3+ estimated from the initial D(OD) is ca. 20 mM.

‡‡ The kinetic model considering 6 consecutive oxidative events was applied also
for the other experimental traces in the Fig. 2 top panel, but in these cases it led to
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hydrophilic surface of polyoxometalates may favour its role in
assisting the transfer of protons during oxidation of Ru4POM.36

Finally, superimposable kinetic traces and unchanged tting
parameters were obtained when registering the experiment in
deuterated medium (Fig. S12 in ESI,† obtained by laser ash
photolysis of 100 mM Ru(bpy)3Cl2, 5 mM Na2S2O8, 2.5 mM
Na10Ru4POM, 0.1 M Na2SO4 in 100 mM deuterated phosphate
buffer at pD 7.0), indicating a negligible H/D isotopic effect in
the multiple ET dynamics. In single PCET events, small H/D
isotope effects are indicative of a low modication of the over-
lap integrals of the donor–acceptor states along the proton
transfer coordinate, when replacing H with D.42

The whole mechanistic scenario is represented in Scheme 2,
where [Ru(bpy)3]

3+ feeds Ru4POM with 6 oxidizing equivalents
up to RuVI]O states, with the assistance of aqueous bases in
two distinct kinetic regimes. We nally attempted to estimate
rate constants for the stepwise PCET processes by employing
a kinetic model that considers 6 consecutive bimolecular events
involving [Ru(bpy)3]

3+ and Ru4POM (previous eqn (7)), each one
associated with a bimolecular rate constant kj (j = 1–6). Under
the optimal conditions investigated (100 mM phosphate buffer,
pH 7, purple trace in Fig. 2 top panel), the tting provides values
in the range 1.3 × 108 O 2 × 109 M−1 s−1 for k1–k3 (associated
with the fast component of the reactivity of [Ru(bpy)3]

3+ and
with the generation of the primary oxidized intermediates of
Ru4POM) and 1.2 × 107 O 4.5 × 107 M−1 s−1 for k4–k6 (associ-
ated with the slow component of the reactivity of [Ru(bpy)3]

3+

and with the generation of the highly oxidized intermediates of
Ru4POM). The slowing down of the rate for reaching highly
oxidized Ru4POM intermediates is expected based on less
This journal is © The Royal Society of Chemistry 2024
favorable thermodynamics, according to the higher potentials
associated with such species.37,38‡‡

Impact of the PCET mechanism in light driven O2 evolution

We nally investigated the implication of the PCET mechanism
and the effect of the buffer concentration on the O2 evolution of
the system, by irradiating 15 mL of an aqueous buffered solution
containing 0.1 M Na2SO4, 1 mM Ru(bpy)3Cl2, 5 mM Na2S2O8 and
5 mM of Na10Ru4POM with a blue LED (lem = 450 nm, FWHM 10
nm). The O2 evolution traces are reported in Fig. 4, and show an
initial linear production of O2, before reaching a plateau aer 1–
2 h irradiation. The key performance indicators are collected in
Table 2; in this case, we considered the maximum O2 evolving
rate, Rate(O2)MAX, as the most signicant one to evaluate the
efficiency of the system and the effect of the buffer concentra-
tion. The main outcome can be summarised as follows:

(i) The system shows O2 evolution activity also in the absence
of buffer, with a Rate(O2)MAX of 6.56 × 10−4 mmol(O2) s

−1; upon
addition of the phosphate buffer (5–10 mM), an increase in
Rate(O2)MAX is observed up to 1.61 × 10−3 mmol(O2) s

−1 (Fig. 4
bottom panel; for consistency with previous data, we reported
the HPO4

2− base concentration in the abscissa). In oxygen
evolution, the effect of the buffer can be related to multiple
factors, including the aid in generating oxidized intermediates
of the catalyst (vide supra), assisting the water nucleophilic
attack and the oxygen–oxygen bond formation,38 managing the
protons released in the water oxidation process.
overtting of the data, see details in ESI.†
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Fig. 3 (Top panel) Relative contribution of the two components to the
recovery of the traces, calculated as AF × 100/(AF + AS) and AS × 100/
(AF + AS), respectively. (Medium panel) Plot of apparent rates for
[Ru(bpy)3]

3+ consumption vs. the concentration of base of the buffer
for the fast contribution at different pH. (Bottom panel) Plot of
apparent rates for [Ru(bpy)3]

3+ consumption vs. the concentration of
base of the buffer for the slow contribution at different pH.

Fig. 4 (Top panel) O2 evolution kinetics (see Table 2 for conditions).
(Bottom panel) Plot of Rate(O2)MAX vs. the concentration of HPO4

2−

buffer base. Error bars result from repetitive runs.
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(ii) A further increase of buffer concentration in the reaction
conditions leads to a progressive abatement of Rate(O2)MAX

(Fig. 4). This effect is ascribed to a rapid deactivation of the
[Ru(bpy)3]

2+ photosensitizer,43–45 conrmed by UV-vis analysis of
the reaction solution, which visibly turns from brilliant orange
Sustainable Energy Fuels
to brownish along the rst minutes of irradiation (Fig. S13†).
Recently, two decomposition pathways were elucidated for
[Ru(bpy)3]

2+ when combined with light and persulfate: a dark
one, occurring at pH > 6, in which photogenerated [Ru(bpy)3]

3+

reacts with OH− to form OHc radicals which then attack the bpy
ligands, and a light-induced one, starting from excitation of the
[Ru(bpy)3]

3+ oxidised state, promoting its reactivity with
S2O8

2−.45 Given the specic conditions employed in our study
(pH 7, irradiation at 450 nm corresponding to the MLCT band
of [Ru(bpy)3]

2+) it is plausible that the dark decomposition
pathway prevails, with HPO4

2− being also involved in the radical
reactivity.46 Detrimental effects of high buffer concentration in
water oxidation catalysis were previously documented under
both light driven39 and electrochemical conditions.47

(iii) Finally, under the optimized buffer conditions (10 mM),
we explored the effect of light intensity on O2 generation. When
reducing the photon ux from 8.28× 10−8 to 3.33× 10−8 and to
0.87 × 10−8 einstein s−1, a progressive decrease of Rate(O2)MAX

was observed from 1.61 × 10−3 to 1.16 × 10−3 and to 5.93 ×

10−4 mmol(O2) s
−1, indicative of light being a limiting reagent

(Fig. S14†). Lowering the light intensity leads to an optimization
of photon exploitation, as demonstrated by the quantum yield
f(O2) of the process reaching 6.8; this corresponds to
a quantum efficiency for oxygen evolution of 13.6%, given that
This journal is © The Royal Society of Chemistry 2024
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Table 2 Key performance parameters of the O2 evolution kinetics. General conditions: 15 mL of an aqueous solution containing 0.1 M Na2SO4,
1 mM Ru(bpy)3Cl2, 5 mMNa2S2O8 and 5 mMof Na10Ru4POM. Irradiation with a blue LED (lem= 450 nm, FWHM 10 nm), photon flux= 8.28× 10−8

einstein s−1. The maximum rate is evaluated from a linear fitting of the initial part of the traces (between 10 and 30 minutes). Turnover frequency
(TOF) and turnover numbers (TONs) are calculated with respect to Ru4POM

[Buffer]
mM Rate(O2)MAX mmol(O2) s

−1 TOF × 102 s−1 mmol(O2) TON QE%

— 6.56 × 10−4 0.87 � 0.1 2.8 � 0.3 37 � 3 1.6 � 0.2
5 1.30 × 10−3 1.73 � 0.1 4.3 � 0.4 57 � 6 3.2 � 0.2
10 1.61 × 10−3 2.15 � 0.2 8.0 � 0.8 107 � 9 3.8 � 0.4
25 1.55 × 10−3 2.07 � 0.2 9.5 � 0.9 127 � 12 3.8 � 0.4
50 7.62 × 10−4 1.02 � 0.1 5.1 � 0.5 68 � 6 1.8 � 0.2
100 3.24 × 10−4 0.43 � 0.04 1.2 � 0.1 16 � 1 0.8 � 0.1
10a 1.16 × 10−3 1.55 � 0.1 8.4 � 0.8 112 � 11 6.8 � 0.6
10b 5.93 × 10−4 0.79 � 0.1 6.4 � 0.6 85 � 8 13.6 � 1.2

a Photon ux = 3.33 × 10−8 einstein s−1. b Photon ux = 0.87 × 10−8 einstein s−1.

Paper Sustainable Energy & Fuels

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 4
/5

/2
02

4 
11

:2
5:

19
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
a theoretical maximum quantum yield f(O2) = 0.50 is expected
with the [Ru(bpy)3]

2+/S2O8
2− cycle, where the production of one

oxygen molecule theoretically requires the absorption of two
photons (see Scheme S1 in ESI†).48 A value of 9% for quantum
efficiency was previously reported in the literature under similar
reaction conditions but with 420–520 nm irradiation.28
Conclusions and perspectives

We investigated the accumulation of oxidizing equivalents on
the Ru4POM water oxidation catalyst through PCET events in
a [Ru(bpy)3]

2+/S2O8
2− photochemical cycle. Laser ash photol-

ysis experiments indicate the occurrence of 6 oxidative PCET
events on Ru4POM in ca. 50 ms, leading to the generation of
competent RuVI–oxo intermediates. While electrons are
conveyed from Ru4POM to the [Ru(bpy)3]

3+ oxidant, protons are
transferred to aqueous bases. The ash photolysis traces show
indeed two components of the rate of [Ru(bpy)3]

3+ reactivity,
both linearly dependent on the HPO4

2− buffer base concentra-
tion; a contribution of H2O and OH− in managing protons was
also highlighted. The effect of HPO4

2− buffer base was evident
also in O2 evolving kinetics, inducing a progressive increase of
O2 rate up to 5–10 mM, above which the system loses activity
due to [Ru(bpy)3]

2+ photosensitizer fast decomposition. Under
optimal buffer composition, managing light intensity led to
reaching a quantum efficiency up to 13.6%.

This work highlights the importance of considering the
molecular nature of PCET events under photochemical condi-
tions, since this can signicantly impact the efficiency of the
overall process. The investigation of this aspect is expected to be
general and broad, given the fact that PCET events are pervasive
in many chemical transformations.
Experimental part
Instrumentation and procedures

Na10{Ru
IV(H2O)4(m-OH)2(m-O)4[SiW10O36]2} (Na10Ru4POM) was

synthesised as previously reported.29–31

Nanosecond transient absorption measurements were per-
formed with a custom laser spectrometer consisting of
This journal is © The Royal Society of Chemistry 2024
a Continuum Surelite II Nd:YAG laser (FWHM 6–8 ns) with an
option to double (532 nm) or triple (355 nm) the frequency, an
Applied Photo-physics xenon light source including a mod. 720
150 W lamp housing, a mod. 620 power-controlled lamp supply
and a mod. 03-102 arc lamp pulser. Laser excitation was provided
at 90° with respect to the white light probe beam. Light trans-
mitted by the sample was focused onto the entrance slit of
a 300 mm focal length Acton SpectraPro 2300i triple grating, at
eld, double exit monochromator equipped with a photo-
multiplier detector (Hamamatsu R3896) and a Princeton Instru-
ments PIMAX II gated intensiedCCD camera, using an RBGen II
intensier, an ST133 controller and a PTG pulser. Signals from the
photomultiplier (Hamamatsu R928) were processed by means of
a Teledyne LeCroy 604Zi digital oscilloscope (400MHz, 20 GS s−1).

Light driven catalytic tests for water oxidation were con-
ducted in a home-made glass reactor, equipped with a TROX-
ROB10 oxygen probe inserted in the headspace, and connected
with a FirestingO2 ber-optical oxygen meter for real time
monitoring of evolved O2. 15 mL of aqueous buffer was intro-
duced into the reactor, which was then closed and purged under
a dark atmosphere with nitrogen for 20 minutes: aer purging,
the solution was allowed to equilibrate in the dark for 5 minutes
and then illuminated with a series of six monochromatic LEDs
emitting at 450 nm, photon ux = (8.28O 0.87) × 10−8 einstein
s−1. The irradiation power of the LEDs was measured with an
AvaSpec-2048 Fiber Optic Spectrometer from Avantes.
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