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ABSTRACT: Light-driven water oxidation is achieved with the
Ru(bpy);**/S,04"” cycle employing the highly active Ir-blue water
oxidation catalyst, namely, an IV, (pyalc), p-oxo-dimer [pyalc = 2-
(2'-pyridyl)-2-propanoate]. Ir-blue is readily formed by stepwise
oxidation of the monomeric Ir(IIl) precursor 1 by the photo-
generated Ru(bpy);**, with a quantum yield ¢ of up to 0.10.
Transient absorption spectroscopy and kinetic evidence point to a
stepwise mechanism, where the primary event occurs via a fast
photoinduced electron transfer from 1 to Ru(bpy);*, leading to the
Ir(IV) monomer I, (k; ~ 10° M~ s7!). The competent Ir-blue
catalyst is then obtained from I, upon photooxidative loss of the Cp*
ligand and dimerization. The Ir-blue catalyst is active in the
Ru(bpy);**/S,04>" light-driven water oxidation cycle, where it
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undergoes two fast photoinduced electron transfers to Ru(bpy);*" [with kp.pue = (3.00 £ 0.02) X 10° M™' s7' for the
primary event, outperforming iridium oxide nanoparticles by ca. 2 orders of magnitude], leading to a Ir"Y, steady-state
intermediate involved in O—O bond formation. The quantum yield for oxygen evolution depends on the photon flux, showing a
saturation regime and reaching an impressive value of ¢»(O,) = 0.32 + 0.01 (corresponding to a quantum efficiency of 64 + 2%)
at low irradiation intensity. This result highlights the key requirement of orchestrating the rate of the photochemical events with

dark catalytic turnover.

B INTRODUCTION

Light-driven water oxidation catalysis is still posing one
formidable challenge for the production of solar fuels by
artificial photosynthesis.' > The major hurdle comes from a
proper matching of light-induced charge-separation events
with the dark, catalytic, four-electron water-to-dioxygen
conversion. This latter transformation often exploits multi-
redox catalytic manifolds, which can drive the process at
minimal overpotential and with fast kinetics. Despite the low
abundance and high cost of Ir, Ir-based water oxidation
catalysts (WOCs) are receiving increasing attention because of
their unique performance.*” In particular, the Ir(IV,IV)
mono-y-oxo dimers (Ir-blue) stabilized by 2-(2'-pyridyl)-2-
propanoate (pyalc),” stand out as superior molecular WOCs,
exhibiting (i) minimal overpotential (1 < 15 mV),"
approaching the thermodynamic value of the O,/H,0 couple,
(ii) activity over the quasi-entire pH range (1—13), (iii)
millions of turnover numbers (TONSs; >10°),"° (iv) one of the
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fastest turnover frequencies (TOFs) available so far (up to 8
s71),'%"" and (v) facile surface chemisorption onto a
photoelectrode for regenerative water-splitting applica-
tions.'”"*"'° One winning feature is the ability of the Ir-
blue manifold to access high-valent, contiguous Ir(IV,IV) and
Ir(IV,V) states,'”'® by virtue of the strong electron-donating
effect of the robust pyalc ligand. Evidence for the evolution of
the Ir(III) monomeric precursor 1 to the catalytically active
Ir(TV,IV) blue dimer has been obtained by chemical or
electrochemical methods, which can affect the oxidative loss of
the pentamethylcyclopentadienyl (Cp*) ancillary ligand and
dimer formation (Scheme 1, top). In particular, the nature and
composition of the Ir-blue dimers, including a high number of
geometrical isomers,'” are conveniently probed by a UV—vis
fingerprint centered at $88—620 nm.'”*”*" In all cases, the
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Scheme 1. Generation of Ir-blue WOC by Overnight Dark
Chemical/Electrochemical Oxidation of the Mononuclear
Ir(III) Precursor 1, Featuring Cp* and pyalc Bidentate
Ligands (Top, Current Methods),'”""***! and Fast
Photochemical Activation of 1 to Ir-blue in ca. 15 min and
with @y, 41w of up to 0.10, within the Ru(bpy);>*/Na,S,04
System (Bottom, This Work), through the Formation of a
Monomeric Ir(IV) Intermediate I;”
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“The Ir-blue WOC enables then photochemical water oxidation to
oxygen with ¢(O,) of up to 0.32. See the details in Scheme S1.

WOC activity of Ir-blue has been mainly investigated under
dark electrocatalytic conditions'' or by the use of bulk
chemical oxidants such as Ce(IV) or NalO,.*” In this work, we
address light-induced water oxidation by Ir-blue within the
Ru(bpy);** (bpy = 2,2'-bipyridine)/S,04>" photoactivated
cycle, starting from 1 as the Ir precursor (Scheme 1, bottom).
Light activation provides a new capability for time-resolved
measurements to probe the mechanism, by characterization of
intermediates and electron-transfer kinetics. Photogeneration
of Ir-blue occurs from 1 at the initial stage of the process, thus
forming the competent WOC in aqueous solution, which is
responsible for continuous photoassisted oxygen evolution. In
this notion, the direct light-energy conversion into new
chemical bonds yielding functional light-harvesting/catalytic
systems for water splitting is the core mission of artificial
photosynthesis research for sustainable energy.'>'®**** Our

results include (i) kinetic evidence on the stepwise evolution of
the precatalyst 1 into the catalytically active Ir-blue species,
which occurs in aqueous solution upon visible-light irradiation
of the 1/Ru(bpy);**/S,04*” system (Scheme 1), (ii) transient
absorption spectroscopy evidence of a primary Ir(IV)
mononuclear intermediate (I,), formed from one-electron
oxidation of 1 by Ru(Ill), (iii) dynamic mapping by flash
photolysis of Ir-to-Ru(IIl) electron-transfer kinetics along the
conversion of 1 into Ir-blue, (iv) photoassisted oxygen
evolution kinetics catalyzed by Ir-blue, showing a light-
dictated limiting regime at low photon flux, and (v) a change
to the chemical rate-determining step at high photon flux,
which is likely related to O—O bond formation by a high-
valent Ir"", intermediate. The latter experiments confirm that
tuning the light intensity in relation to the catalytic rate is
pivotal in order to maximize the photocatalytic efficiency.”*®

Bl RESULTS AND DISCUSSION

Photogeneration of Ir-blue under Visible Light. Few
Ir(IIl) precatalysts, bearing the Cp* ligand together with
chelating donors, have been used in combination with the
Ru(bpy),>* photosensitizer and the persulfate anion, S,04>7, as
the sacrificial electron acceptor (Scheme S1). 26739 n these
photocatalytic cycles, photogenerated Ru(bpy);®" is expected
to drive oxidation of the Ir precursor up to the high-valent
dinuclear Ir WOC species (Ir-blue) responsible for oxygen
evolution (Scheme 1). Importantly, a stepwise oxidation of the
Ir(IIT) precursor has been postulated, but identification of the
competent WOC still remains elusive.

When a solution of 1 mM Ru(bpy);>" and § mM Na,$,05 in
50 mM Na,SiFs/NaHCO; buffer at pH = 5.2 [the Na,SiFy/
NaHCO3 buﬁer is often used in light-driven catalysis with

* because of the good stability of the Ru(III)
] is irradiated with white light (3.8 mW cm™),
conversion of Ru(bpy);** into Ru(bpy);* is confirmed by a
progressive bleaching of the metal-to-ligand charge-transfer
(MLCT) band centered at A = 450 nm, with a parallel rise of
an absorbance at A = 670 nm and an isosbestic point observed
at 568 nm (differential absorption spectra at 0—7 min
irradiation are shown in Figure 1, top panel; see full spectra
in Figure S1). Monoexponential fitting of the absorbance
monitored at both 452 and 670 nm wavelengths provides the
first-order kinetic constant of Ru(bpy),;*" photogeneration,
kru(mn) = (221 + 0.15) X 1072 57" (eq 1), under the specific
conditions adopted [the initial rate value Ry, in eq 2 refers
to the initial rate of Ru(Il) production, when [Ru(Il)] =
mM].

Ryym = d[Ru(1D)]/dt = kg, qp[Ru(ID)] (1)

Ro,Ru(m) = (221 £ 0.15) x 10°Ms™? )

In the absence of any reducing species, Ru(bpy);** lasts in
solution for few minutes, until it self-bleaches upon bpy ligand
oxidation.”>™>” Conversely, in the presence of the Ir(III)
precatalyst 1, photogenerated Ru(bpy);** (E = 1.26 vs normal
hydrogen electrode, NHE) is responsible for an oxidative
cascade that ends up with formation of the Ir-blue manifold.
Conversion of 1 (50—400 uM) into Ir-blue by the light-
activated Ru(bpy);>*/S,04>” system is indeed confirmed by
evolution of the differential absorption spectra in time,
showing a broad band centered at 4 = 588 nm, which is
diagnostic of Ir(IV) dimers (Figures 1, middle panel, and S2
and S3). Under the conditions explored (Figure 1), AAbs@
588 nm levels off after ca. 15 min of irradiation, with rates and
final plateau values that depend on the concentration of the
Ir(III) precursor 1. The intensity of AAbs@S588 nm at the
plateau is fairly consistent with that obtained upon treatment
of 1 with an excess of NalO, as the chemical oxidant,'"***!
suggesting quantitative conversion of 1 into Ir-blue in such a
time frame. Quantum vyields for Ir-blue production, defined as
the ratio between the amount of Ir-blue formed and the
absorbed photons, can be estimated in the range ¢y.ppe =
0.035—0.10, using photogeneration of Ru(III) as an actino-
meter. This results (eq 3) from a comparison of the initial rates
of Ir-blue formation (Rgy,.pie; See Figure S4) and of Ru(III)
photogeneration (RO,Ru(HI)) previously determined and consid-
ering that Ru(III) photogeneration is associated with Pra() =
2 [the rate of Ru(III) photogeneration along Ir-blue formation
under the conditions above can be assumed to be constant and
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Figure 1. Top: Differential absorbance spectra of a solution
containing 1 mM Ru(bpy);** and § mM Na,$,05 in 50 mM
Na,SiFs/NaHCO; buffer (pH = 5.2) at different times (0—7 min)
upon illumination with white light [white LED; 3.8 mW cm™; optical
path of the cuvette = 1 mm]. Inset: Bleaching of the absorbance at
452 nm and related monoexponential fitting. Middle: Differential
absorbance spectra under the same conditions but in the presence of
400 yM 1 (0—20 min), as a representative case. Bottom: Plot of the
differential absorbance at 588 nm versus time, with 1 = 400 uM
(black), 200 uM (red), 100 uM (blue), SO uM (pink). The lines do
not come from fitting of the experimental traces and have been added
in order to help visualization of the A(Abs) evolution trend; indeed,
the AAbs@S588 nm versus time curves required fitting with
biexponential functions (Figure S4), suggesting the occurrence of a
complex mechanism involving the intermediates that convert into Ir-
blue; competitive consumption of a photogenerated Ru(bpy),**
oxidant for progressive degradation of the Cp* ligand and for water
oxidation could also be responsible for the complex kinetics of Ir-blue
formation. See the discussion in the main text.

equal to Rypym) = (221 £ 0.15) X 107> M s™* on the basis of
a persistent concentration of [Ru(II)] ~ 1 mM, demonstrated
by the negligible bleaching of the absorption at 450 nm (Figure

1, middle panel); the initial rate of Ir-blue photogeneration
Ro1r-biue Was estimated from a linear fitting of the initial, <2
min, AAbs at 588 nm (see Figure S4 and Table S1 for further
details).***?

¢Il‘-blue = (R0,Ir-blue/RO,Ru(IH))¢Ru(IH) (3)

As to formation of the Ir-blue species by the photogenerated
Ru"(bpy);*, a stepwise mechanism involving oxidation to
Ir(IV), degradation of the Cp* ligand, and dimerization can be
envisioned (Scheme S2). To this respect, the apparently low
value of ¢y might be thus related to the complex
mechanistic requirements (Scheme S2). In order to map
possible degradation products, experiments were conducted
under a degassed atmosphere in a sealed reactor, employing 15
mL of the reaction solutions. Amon§ possible carboxylic acids
as degradation products of Cp*,"*~** 0.13 mM acetic acid was
detected by high-performance liquid chromatography for the
solution containing 50 yM 1 after 2 h of irradiation,
corresponding to 2.6 equiv of acetic acid released per 1 [as a
control experiment, irradiating the Ru(bpy);**/S,05>” solution
in the absence of 1, the acetic acid concentration was found to
be below 0.01 mM]. Similarly, 1.8 equiv of acetic acid was
formed upon decomposition of the Cp* ligand of 1 in the
presence of 100 equiv of NalO,, enabling formation of the
active Ir dimer.”" Conversely, formic acid was not observed as
a degradation product of Cp* under irradiation, with its
concentration being below the detection limit of 0.01 mM.

Extensive decomposition of Cp* is also required to
guarantee the stability of Ir-blue. Unstable blue solutions
were indeed obtained in the electrochemical generation of Ir-
blue because of the presence of intermediate oxidation
products of the Cp* ring capable of reducing Ir(IV) to
Ir(IT)."" On the other hand, in the case of photochemical
activation (Figure 1), the Ir-blue spectral features are
persistent under dark conditions up to several hours,
suggesting that sufficient oxidizing equivalents are provided.
Indeed, considering a constant rate of Ru(IlI) photogenera-
tion, Ropymm = (2.21 + 0.15) X 107> M 57", this results in an
apparent ~26 mM Ru(II) production along the 20 min of
irradiation, corresponding to 65—520 oxidizing equivalents
with respect to 1 (50—400 yM concentration).

As a final note, 3.7 pmol of CO, was detected in the
headspace in the presence of 50 uM 1 after 2 h of irradiation
under the same conditions. However, in this case the blank
control [Ru(bpy);>*/S,04*” solution in the absence of 1,
under analogous irradiation conditions] leads to the detection
of 12.6 umol of CO, (3.4 times higher with respect to the
amount detected in the presence of 1), suggesting that the
primary source of CO, is the Ru(bpy);>" photosensitizer (12.6
pmol accounts for 0.84 equiv of CO, per Ru(bpy),>*, resulting
in an average of 2.8% C atoms from bpy ligands transformed
into CO,). Similarly, 0.44 equiv of CO, was detected upon
irradiation of Ru(bpy);**/S,04*” in 50 mM phosphate buffer,
where the only source of C is the bpy ligands; no CO,
formation from Ru(bpy);** was observed in the absence of
S$,04°7, showing that decomposition involves the Ru(III)-
oxidized form of the photosensitizer.”* Negligible formation of
CO, in the presence of Ir precatalysts within the Ru(bpy);**/
S$,04”" photoactivated system was also noticed by Pandey et
al®® Thus, as a further benefit, the presence of the Ir
precatalyst 1 induces photoprotection of the Ru(bpy);>* dye,
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by rapid reaction with photogenerated Ru™(bpy);** and
associated fast regeneration of Ru"(bpy);>* (vide infra).

Flash Photolysis and Electron-Transfer Rate from Ir-
pyalc Derivatives to Ru(lll). In order to gain further insights
into the catalyst activation mechanism, we investigated the rate
of the primary electron transfer from the Ir-pyalc species to the
oxidized form of the photosensitizer Ru(bpy);** (hole
scavenging)43_51 along the 1 — Ir-blue oxidative dimerization.
This can be conveniently revealed by laser flash photolysis,
where Ru(bpy);** is photogenerated in a few nanoseconds by
laser irradiation (4. = 355 nm) of a solution containing
Ru(bpy),>* and Na,$,04. As discussed above, the formation of
Ru(bpy),®* is associated with a decrease of the absorbance
(bleaching) at 450 nm because of depletion of the MLCT
transition in the Ru(bpy);**-oxidized form. In the presence of
the Ir precatalyst 1, the recovery of the absorbance at 450 nm
in a ca. 100 us time scale (Figure 2, top) is associated with
backconversion of Ru(III) to Ru(II) due to electron transfer
from 1 (primary hole scavenging; eq 4) converting 1 into a one-
electron-oxidized intermediate I,. When the experiment is
conducted with different concentrations of 1 (0.25—0.50 mM)
under pseudo-first-order conditions ([1] > [Ru(Ill)]), the
traces can be fitted with single-exponential functions, providing
the observed first-order rate constants of the processes k, (eq
S). It is then possible to determine a second-order rate
constant k; = (1.00 + 0.02) X 10° M~ s™! for the primary hole
scavenging, given by the slope of the plot of k, values versus
the concentration of 1 (Figure S5) according to eq 6.

Ru(Ill) + 1 — Ru(Il) + I (4)
d[Ru(I)]/dt = —d[Ru(II1)]/dt = k_, [Ru(III)] (5)
ke = ki[1] (6)

The value of k; = (1.00 + 0.02) X 108 M™! s™" is more than 1
order of magnitude lower than the one expected for a
diffusion-limited process,”’ suggesting a partial reorganization
energy associated with electron transfer. However, k, is
considerably larger than the bimolecular rate constants of
electron transfer to Ru(bpy);** observed for other Ir(III)
species bearing a Cp* ligand and a bidentate ligand such as bpy
and a dicarbene 1,1-dimethyl-3,3-ethylenediimidazole-2,2-
diylidene (di-NHC), for which rate constants for primary
hole scavenging are (5.1 + 0.4) X 10* and (2.90 + 0.01) X 10°
M~ s}, respectively (Figures S6 and S7 and Table S2). This
feature can be associated with the electron-donating nature of
the pyalc ligand, providing easier access to the Ir(IV) state,
thus highlighting the important role of the chelating ligand to
enable facile and fast activation of the Ir(II) precatalyst.

The nature of the I, species generated along the primary
hole scavenging to Ru(III) can be discussed according to the
spectral evolution of the transient signal registered during the
time scale of the experiment (Figure 2, middle): in particular,
this shows the development of two new broad absorptions
centered at ca. 470 and 650 nm along with the disappearance
of the Ru(Ill) species. These spectral features remain
persistent within the time window of the experiment (80 ms,
inset in Figure 2, middle) and resemble those observed for a
mononuclear Irw—pyalc derivative,”” which can, therefore, be
postulated as the primary intermediate I, formed upon
oxidation of 1 with Ru(bpy);** (eq 7). This mononuclear
Ir(IV) species I, is expected to be the forerunner of a series of
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Figure 2. Top: Flash photolysis kinetics showing electron transfer
between 1 and Ru(bpy),** (primary hole scavenging) monitored by the
bleach recovery at 450 nm [excitation at 355 nm, fwhm = 8 ns in 50
mM Na,SiF/NaHCO; buffer (pH = 5.2) solutions containing 50 uM
Ru(bpy),*, 5 mM Na,$S,0;, and 0.25 (red trace) or 0.50 mM (black
trace) 1]. Middle: Transient absorption spectra at different time
delays (0.5—100 ps) in the experiment conducted with 0.50 mM 1
and kinetic analysis at S00 nm (inset). Bottom: Plot of the observed
rate constants kg, for Ir = Ru(III) electron transfer [given by Ru(II)
recovery] versus the Ir-blue formation yield starting with 0.25 mM
(red dots) or 0.50 mM (black dots) 1.

intermediates I; along evolution of the precatalyst 1 to the Ir-
blue mixture (eqs 8 and 9).

1 -1, [le Ir(I) toIr(IV) oxidation] (7)
I, > I, > I, (further oxidation steps) (8)
I, — Ir-blue (9)

In this respect, additional information comes from variation
of the k., values associated with Ir — Ru(IIl) electron
transfer, when monitored at increasing conversion of the
precatalyst 1 to Ir-blue. The flash photolysis experiments were
indeed conducted with solutions initially containing 1,
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Ru(bpy);**, and Na,$,04 and then irradiated at different
times, allowing a progressive increase of the amount of
photogenerated Ir-blue (this is determined by UV-—vis
spectroscopy, as previously discussed). Figure 2, bottom,
reports the plot of kg, of Ir = Ru(III) electron transfer versus
the yield of Ir-blue formation, starting from two different
concentrations of 1 (0.25 and 0.50 mM,; it is worth mentioning
that, under these conditions, the formation of Ir-blue is slower
and takes ca. 1 h because of the lower amount of
photogenerated Ru(II) oxidant; see Figure S8); in both
cases, the plot shows a segmented profile, with an initial drop
of the k,, values (up to ca. 60% of its initial value), followed by
a linear increase of k., above 20% yield of Ir-blue conversion,
at both 0.25 and 0.50 mM initial concentrations of 1 (Figure 2,
bottom). This behavior can be explained by the formation of
intermediates along the conversion of 1 into Ir-blue (eqs 7 and
8), showing, on average, a slower reactivity toward electron
transfer to Ru(1Il) with respect to both 1 and Ir-blue. Indeed,
assuming that the diverse intermediates I, formed from 1 can
perform electron transfer to Ru(1lI) and thus contribute to the
primary hole scavenging event, the observed rate constant kg,
can be expressed according to eqs 10 and 11, where k; and [I;]

are the bimolecular rate constant and the concentration of
intermediate I, respectively.

kops = ki[1] + Zkli[li] + kypmellr-bluel;  i=1—mn
(10)
kI—average = Z klt[It]/z[Ix] (11)

Simulation of the experimental data with a theoretical model
according to eq 10 (solid lines in Figure 2, bottom) provides a
weighted-average ki yyerge = (4.80 £ 0.10) X 10" M~' s™! and
kipe = (2.65 + 0.05) X 10° M™' s7' (see the Supporting
Information for details on the kinetic model). Interestingly, the
ki pue value estimated from these data is in fairly good
agreement with the value of ky.y,.” = (3.00 + 0.02) X 10° M
s~!, obtained for the Ir-blue species generated by chemical
oxidation of 1 with NalO, (Figure S9). In the case of Ir-blue,
the hole scavenging is likely related to the oxidation of Ir(IV)
centers to Ir(V),"” which are considered to be the active sites
in the oxygen evolution cycle. A pertinent comparison deals
with iridium oxide nanoparticles IrO,, for which a bimolecular
rate constant of ky,q, = 1.3 X 10° M™! s was observed under
similar conditions.””** The higher value observed for Ir-blue
can likely be associated with the low potential required to
access the Ir(V) states, residing close to the thermodynamic
value of the O,/H,O couple [0.92 V vs NHE at pH = 5.2, with
a favorable driving force by 310 mV for oxidation by
Ru(bpy),**; see the cyclic voltammetries in Figure S10]. As
an additional figure-of-merit, ky, 11, is larger with respect to k;
registered for precursor 1, where the redox transition involves
the oxidation of Ir(IIl) to Ir(IV); see the previous discussion.
Although this evidence may be affected also by the statistical
contribution originating from the presence of two Ir centers in
Ir-blue, this result is consistent with a more favorable access to
higher oxidation states in the dinuclear form, likely ascribable
to the donor ability of the y-oxo ligand and possibly involving
proton-coupled electron-transfer processes.

Finally, flash photolysis experiments were properly designed
in order to reveal the number of electron-transfer events from
Ir-blue to Ru(bpy);*’, occurring in a sufficiently long time
scale of ca. 50 ms; this was accomplished by employing

substoichiometric Ir-blue concentrations with respect to
photogenerated Ru(IIl).**~' In this case, the recovery of
the absorption at 450 nm accounts for two electron-transfer
events in ca. 10 ms [Figure S9; the number of electron
transfers is given by the amount of Ru(II) recovered with
respect to the amount of Ir-blue employed], suggesting the fast
formation of an Ir""Y, derivative. Subsequently, the persistent
bleaching between 10 and 50 ms indicates that no further
reactions occur in this time frame between Ru(IIl) and the
oxidized Ir-blue species. Thus, this observation identifies the
Ir'""V, species as the steady-state intermediate that possibly
accumulates before the rate-determining step of the oxygen-
evolving cycle (vide infra).

Photocatalytic Oxygen Evolution. We finally explored
the oxygen-evolving activity of Ir-blue within the Ru(bpy);>*/
Na,S,05 system and first examined the oxygen evolution
profile upon irradiation with white light by employing 50 M
1, 1 mM Ru(bpy);**, and 5 mM Na,$,0q in 15 mL of 50 mM
Na,SiFs/NaHCO; aqueous buffer, pH = 5.2, using an
experimental setup previously reported.””
(Figure S11 and entry 1 in Table 1), oxygen evolution is
observed after a lag time of ca. 2—3 min upon irradiation. This
is likely related to the photogeneration and accumulation of
Ru(bpy),** and to transformation of the precatalyst 1 into the

In these conditions

Table 1. Parameters for the Light-Driven Water Oxidation
Reaction with the Ru(bpy);>*/S,04>" System in the
Presence of the Precatalyst 1°

light source Ry(0,) x 1037  yield (%)
(photon flux; umol s (TOF X  pmol of O,° on
entry einstein s~ ') 103 s71) (TON) Na,S,04

1 white light (not 32 + 02 16.5 + 0.5 44+ 1
measured) (43 £03) (21.9 + 0.6)

2 blue LED 1.40 + 0.05 16.0 + 0.5 43 +1
(442 x 1079) (1.89 + 0.07) (21.3 + 0.6)

3 blue LED 39+03 16.8 + 0.8 45 +2
(1.77 x 107%) (52 +04) (224 + 1.1)

4 blue LED 6.4 + 04 244 + 1.1 65 +3
(3.54 x 107%) (8.5 £0.5) (320 + 1.5)

5 blue LED 7.5+ 05 200 + 1.2 53+3
(5.30 x 107%) (10.0 + 0.7) (26.7 + 1.6)

6  blue LED 82 + 0.4 152 + 14 40 + 3
(1.06 x 1077) (109 + 0.5) (203 + 1.9)

7 blue LED 9.7 +£03 143 + 1.9 38+S
(2.12 x 1077) (129 + 0.5) (19.0 + 2.5)

“Reaction conditions: 15 mL of 50 mM Na,SiF,/NaHCOj; buffer, pH
= 5.2; [Ru(bpy);**] = 1 mM; [Na,S,05] = 5 mM; [1] = 50 uM
(loaded from a 2.5 mM solution prepared in the same buffer).
Irradiation in entry 1 was performed with white light (3.8 mW cm™).
Irradiation in entries 2—7 was performed with a series of six
monochromatic LEDs emitting at 450 nm (442 x 107°=2.12 X 1077
einstein s7!). ’Ry(0,) values were determined by a linear fitting of the
experimental traces, from 10 to 20 min after light was turned on. In
the case of the kinetic trace conducted with photon flux = 4.42 x 10~°
einstein s™' (black trace in Figure 3, top, and entry 2 in Table 1), the
rate Ry(O,) was determined by a linear fitting between 120 and 180
min: the extended lag time of oxygen formation under these
conditions is ascribable to slow photogeneration and accumulation
of the active Ir-blue. “The micromoles of oxygen were determined
when the oxygen evolution kinetics reached the plateau; the
maximum oxygen produced is given by 0.5 X umol(Na,S,0;) and
equal to 37.5 ymol in the conditions adopted (although this limit can
be an overestimation because some of oxidizing equivalents are
needed to generate the Ir-blue catalyst from 1): as a consequence, the
maximum TON per Ir center is equal to S0.
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active Ir-blue WOC (slow diffusion of gaseous oxygen from
the solution to the headspace of the reactor could also
contribute to some extent). After this initial delay, oxygen
evolution is observed with a maximum rate of (3.2 + 0.2) X
1073 pumol of O, s™' [TOF per Ir center, (4.3 + 0.3) X 107°
s'] and proceeds for ca. 180 min, until reaching a plateau of
16.5 + 0.5 umol of O, evolved, corresponding to 44 + 1%
persulfate conversion and to 21.9 + 0.6 TON per Ir center.
The reason for the ceased activity can be ascribed to a
combination of persulfate consumption and photosensitizer
partial decomposition,” as demonstrated by restored photo-
induced oxygen production by recharging the solution with
persulfate (Figure S11) and by the UV—vis traces of the spent
reaction solution [showing a partial bleaching of the
Ru(bpy);* MLCT absorption; Figure S12]. The UV—vis
traces confirm also the persistence of the Ir-blue species in the
spent mixture, as demonstrated by the fingerprint absorption at
590 nm (see the differential absorption spectrum in Figure
S12).

Water was confirmed to be the origin of evolved oxygen by
conducting an experiment in 25% '®O-enriched water and
analyzing the gas phase by means of gas chromatography
coupled to mass spectrometry, which revealed an experimental
isotopic pattern for oxygen that matches the one simulated by
taking into account the isotopic composition of water (Figure
S13).

In the Ru(bpy);**/S,04" /Ir-blue system, light should
actually be considered to be a reactant, and the overall
performance in terms of the initial rate, quantum yield, and
total amount of oxygen production may depend by all steps 1—
8 in Scheme S1 or by a combination of them.”***** Therefore,
we examined the oxygen evolution profiles in the conditions
above by irradiating with blue light-emitting diodes (LEDs)
[450 nm; full width at half-maximum (fwhm) = 10 nm] and
solely tuning the light intensity in the range of 4.42 X 10~°—
2.12 X 1077 einstein s~'. Figure 3 (top panel) shows the
oxygen evolution profiles obtained, while the oxygen evolution
rate, total amount of oxygen produced, and Na,S,04
conversion are reported in Table 1.

Interestingly, both the total oxygen production (and the
correlated value of TON, given per Ir center) and maximum
oxygen evolution rate (and the correlated value of TOF, given
per Ir center) depend on the light intensity (Figure 3 and
Table 1, entries 2—7). We exploited the maximum oxygen
evolution rate and the derived value of the TOF calculated per
Ir center, as a key marker of the performance of the system
(Figure 3, bottom). These are determined after the initial lag
time, between 10 and 20 min after irradiation, where the
oxygen evolution process shows a linear kinetic regime [in the
case of the kinetic trace conducted at “low light intensity” with
photon flux = 4.42 X 10~ einstein s' (black trace in Figure 3,
top), the rate Ry(O,) was determined by a linear fitting
between 120 and 180 min]. The dependence of the TOF on
the light intensity shows a clear two-regime behavior (Figure 3,
bottom, black dots).

In a first segment with photon flux below 5.3 X 10* einstein
s~!, the TOF shows a direct dependence on the light intensity;
this is indicative of light being a limiting reagent, with
photogeneration of Ru(bpy);** as the rate-determining step of
the overall photocatalytic cycle (steps 1—3 in Scheme S1).*°
Under these conditions, at a photon flux = 4.42 X 1078 einstein
s™!, an oxygen evolution rate of (1.40 + 0.05) X 10™° mol of
0, s~ was observed, corresponding to an impressive quantum
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Figure 3. Top: Oxygen evolution kinetics with the precatalyst 1 at
different light intensities (4.42 X 107°—2.12 X 107 einstein s~ with
monochromatic LEDs emitting at 450 nm and fwhm = 10 nm). The
inset shows a magnification of the traces in the initial time frame,
where oxygen evolution is observed after a lag time of 2—10 min upon
irradiation, depending on the irradiation conditions (a longer lag time
is observed with low-intensity irradiation). Reaction conditions: 15
mL of 50 mM Na,SiFs/NaHCO, buffer, pH = 5.2; [Ru(bpy),*"] = 1
mM; [Na,$,04] = S mM; [1] = SO uM (introduced from a freshly
prepared 2.5 mM solution in the same buffer; superimposable traces
were obtained using aged stock solutions of 1 up to 24 h). Bottom:
Maximum TOF (X10°) per Ir center and quantum yield for oxygen
evolution ¢(0,) versus photon flux. The dashed lines were added for
visualization and do not come from fittings.

yield for oxygen evolution ¢(O,) = 0.32 + 0.01, determined by
the ratio of Ry(O,) and the absorbed photon flux (Figure 3,
bottom, red dots); a value ¢(0O,) = 0.11 was previously
obtained by Corbucci et al. with [Cp*Ir(H,0);]** and
[Cp*,IrCLL,] (L = N-dimethylimidazolin-2-ylidene).”® Tt
should be highlighted that the ¢(O,) = 0.32 + 0.01 value
corresponds to a quantum efficiency™® for oxygen evolution of
64 + 2% because a theoretical maximum quantum yield ¢(O,)
= 0.50 is expected with the Ru(bpy);>*/S,04>~ cycle [indeed,
the production of one oxygen molecule theoretically requires
the absorption of two photons, necessary for the generation of
4 equiv of Ru(bpy);>, Scheme S1].**
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Above the aforementioned light-intensity threshold of 5.3 X
107® einstein s!, the TOF values are almost unchanged,
reaching values comprised between 1.1 and 1.3 X 1072 s7*'
(Figure 3, bottom). The saturation regime of the TOF under
the conditions of “high light intensity” is consistent with a dark,
chemical step being rate-determining*’ and involving the Ir""",
steady-state intermediate as previously envisaged by flash
photolysis evidence (see the previous discussion and Figure
S9). Because further oxidation of the Ir centers seems unlikely,
this rate-determining step can be ascribed to formation of the
O—O0 bond from such an oxidized form of Ir-blue (step 8 in
Scheme S1). This is consistent with a previous hypothesis that
envisaged an Ir"", intermediate as the one responsible for O—
O bond formation when the Ir WOC was chemisorbed onto
metal oxide surfaces.'® Besides the nature of this chemical rate-
determining step, the leveling off of the oxygen-evolving rates
implies that an increase of the light intensity above the
threshold of 5.3 X 107® einstein s™" is not effective in driving
catalysis and can promote undesired, competitive reactions.
Indeed, under this regime, the quantum yield of oxygen
production drops progressively, down to the 0.05 value
observed at photon flux 2.12 X 1077 einstein s~

This observation is also consistent with the plot of the total
oxygen produced versus photon flux (Figure S14), showing a
profile with a maximum reached at 3.54 X 107 einstein s™'
(see the blue trace in Figure 3, top, reaching 24 pmol of O,
and corresponding to 32 TON per Ir center and to 65%
conversion of Na,S,0;). While an increase of the total oxygen
production with increasing light intensity could be expected
because of the higher amount of photogenerated Ru(bpy);**
oxidant feeding the Ir species, depletion of the total oxygen
production at high irradiation intensity may be ascribed to
favored routes of photosensitizer decomposition,>**>3%*¢
These unproductive routes might indeed become more
pronounced when the catalysis rate cannot compensate for a
faster accumulation of photogenerated Ru(bpy);** species (see
above discussion). The adequate matching of light and
chemistry rates seems, therefore, an important parameter to
be considered, in particular when mechanistically complex
transformations are associated with the photoactivated step.

Finally, we point out some features and limitations of the
photoactivated Ru(bpy);**/S,04*” cycle when combined with
a WOC. Because the maximum production of oxygen depends
on the amount of persulfate used (maximum moles of
produced oxygen = 0.5 X moles of persulfate employed), the
maximum TON of the catalyst depends on the S,04>"/catalyst
ratio (TONyax = 0.5 X moles of persulfate/moles of WOC).
These values are, however, upper limits because competitive
oxidation processes may occur, such as Ru(bpy);** photo-
sensitizer degradation.” " Other factors that may impact the
efficiency of the cycle are a pH decrease because water
oxidation is accompanied by the release of four protons,
quenching of the photosensitizer by produced oxygen,
involvement of the buffer in assisting proton-coupled electron
transfer,”’ and formation of ion pairs.43’46’49’50 As such, with
respect to electrochemical methods,'™ the photochemical
Ru(bpy);>*/S,04>" system is not ideal for testing the durability
of a WOC in terms of high TON, which can be reached only
when using [WOC] < [S,04*7].>° Conversely, the perform-
ance of a Ru(bpy);**/S,04> /WOC system should be
considered to be a property of the whole cycle rather than
of the sole catalyst, and the most indicative key performance
indicator in this sense is the quantum yield, or the derived

a

value of the quantum efficiency.”” We point out that the
investigation of photochemical cycles of this type can be
relevant for the design and development of photoelectrochem-
ical systems, where the oxidizing equivalents delivered to the
catalyst are provided by a photogenerated oxidant, typically a
photooxidized sensitizer.’® In this sense, the photochemical
cycles may be exploited to obtain complementary mechanistic
information with respect to electrochemical tools, related to
the catalyst/photosensitizer association, electron-transfer dy-
namics, and characterization of competent intermediates.

B CONCLUSIONS

We have reported here for the first time the fast photo-
generation of the dinuclear Ir-blue WOC from the Ir(III)
mononuclear precursor 1 (up to 15 min; ¢,y of up to 0.10)
through the Ru(bpy);**/S,04*" cycle. Water oxidation
catalysis under visible light by Ir-blue is also promoted by
this photochemical system, reaching ¢(O,) of up to 0.32 +
0.01 (quantum efficiency of 64 + 2%) and likely involving a
fast-generated Ir"", steady-state intermediate operating in the
rate-determining O—O bond formation regime.

Investigation of the system by flash photolysis allows
determination of the electron-transfer rate constant from
Ir(pyalc) species to Ru(bpy);** (k ~ 10° M~ s7'), several
orders of magnitude higher with respect to other Ir species and
likely associated with the electron-donating nature of the pyalc
ligand that favors access to highly oxidized Ir states.

Characterization and kinetic evidence of intermediates along
1-to-Ir-blue conversion come from a combination of transient
absorption spectroscopy [suggesting an Ir(IV) mononuclear
species formed from 1 upon the first oxidizing equivalent] and
the segmented trend of the observed rate constants for Ir —
Ru(III) electron transfer.

Finally, the light dependence of oxygen evolution kinetics
highlights the presence of light or chemistry governing regimes
in photocatalysis, where an efficient exploitation of the light
source needs a proper matching with the light “reactant”. This
concept should be applied also in the case of photoelectrodes
in order to optimize light absorption and charge separation
while avoiding undesired competitive reactions in view of
improved efficiency and durability of photoactive devices.
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