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Water splitting to give molecular oxygen and hydrogen or the corresponding protons and electrons is a
fundamental four-electron redox process, which forms the basis of photosynthesis and is a promising
approach to convert solar into chemical energy. Artificial water splitting systems have struggled with
orchestrating the kinetically complex absorption of four photons as well as the difficult utilization of
visible light. Based on a detailed kinetic, spectroscopic and computational study of Milstein’s ruthenium
complex, we report a new mechanistic paradigm for water splitting, which requires only two photons
and offers a new method to extend the range of usable wavelengths far into the visible region. We show
that two-photon water splitting is enabled by absorption of the first, shorter wavelength photon, which
produces an intermediate capable of absorbing the second, longer wavelength photon (up to 630 nm).
The second absorption then causes O-O bond formation and liberation of O,. Theoretical modelling
shows that two-photon water splitting can be used to achieve a maximum solar-to-hydrogen efficiency
of 18.8%, which could be increased further to 28.6% through photochemical instead of thermal H,
release. It is therefore possible to exceed the maximum efficiency of dual absorber systems while only
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DOI: 10.1039/d1ee01053k requiring a single catalyst. Due to the lower kinetic complexity, intrinsic utilization of a wide wavelength

range and high-performance potential, we believe that this mechanism will inspire the development of a

rsc.li/ees new class of water splitting systems that go beyond the reaction blueprint of photosynthesis.

Broader context

Green hydrogen will play an integral part in the global transition to renewable energy, which is being recognized by an increasing number of countries that are
adopting green hydrogen strategies. Economic production of green hydrogen, however, remains challenging. Existing approaches such as using renewable
electricity to power water electrolysis are not currently competitive with hydrogen from fossil sources. Photocatalytic water splitting could offer a pathway for
low-cost green hydrogen production: in this process, a photocatalyst mediates water splitting by directly utilizing solar energy. Yet, the development of suitable
photocatalysts has been hampered by two important challenges: (1) so far, catalysts have required the absorption of at least four photons per reaction, creating
a high degree of complexity; (2) It has been challenging to effectively utilize visible light, which is necessary to obtain practical solar-to-hydrogen efficiencies.
Herein, we report a new mechanistic paradigm for water splitting, which reduces the number of required photons to two and offers a new method to extend the
range of usable wavelengths far into the visible region. These insights will form the basis to develop a new class of photocatalysts that can overcome existing
challenges and could pave the way for low-cost green hydrogen production.

Water splitting is a four-electron redox process, which is
accomplished in natural photosynthesis by consecutive absorp-
tion of four photons in photosystem II (Kok’s cycle)." The kinetic
complexity of orchestrating these four photon absorption and
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redox events is solved in nature through the so-called Z scheme, a
complex chain of light-driven redox reactions enabling an efficient
flow of electrons through the responsible enzymes.® Artificial
water splitting systems are attractive means of converting solar
into chemical energy and could play a pivotal role in a global
transition towards the use of renewable energy.® Photocatalysts
for water splitting have largely adopted a similar approach to
natural photosynthesis, relying on absorption of four photons
to accomplish water splitting.” This is because most systems are
based on semiconductors, for which absorption of a photon
produces one electron/hole pair (except for processes like singlet
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Fig. 1 Overview of approaches to light-driven water splitting, arranged by
usable wavelength range (top scale) and kinetic complexity (side scale).
Note that wavelength ranges are only approximate. Simplified representa-
tion of the pincer ligand is shown for 2-cis and 2-trans.

fission®”) and thus, four of these events are required to complete
the reaction.” Due to the absence of an equally elegant electron
transfer system like the Z scheme, however, artificial systems have
struggled to deal with this kinetic complexity, resulting in systems
which are not yet productive enough to compete with other
approaches for solar energy conversion.” Progress has been made
to address this challenge by using alternative reaction pathways,*°
although these can present other hurdles (see Fig. 1).

Another longstanding challenge for artificial water splitting
systems has been the efficient utilization of visible light, which
is necessary for the productive use of sunlight. Most artificial
systems, however, have been limited to UV and blue light."°
While in nature this is also addressed using the Z scheme,
advances for artificial systems include the combination of
smaller band gap semiconductors with low overpotential
catalysts,'"'? artificial Z schemes,® photon upconversion,'**
and the combination of different photoanodes and cathodes."’
A challenge shared by these approaches is that electrons and
holes are generated with the same mechanism for each of
the four redox steps. While each step might have a different
redox potential,’® the respective electron-hole generation
mechanism thus has to match the largest of all potentials,
therefore setting the minimum energy requirement for all
photon absorptions.

Here, we report the discovery of a new mechanistic para-
digm for water splitting, which addresses these challenges. It is
based on three key aspects:

(1) The first mechanism for overall water splitting which
requires only two instead of four photons. Hence, kinetic
complexity is significantly reduced compared to the reaction
blueprint of photosynthesis.
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(2) A new way for water splitting to extend the range of
usable wavelengths far into the visible region through sequen-
tial photon absorption by two different reaction species. Each
species absorbs photons at different wavelengths, thus tailoring
photon absorption for each redox event. This allows for pro-
ductive utilization of light with wavelengths up to 630 nm and
is a method for visible light utilization that is distinct from all
described above. Theoretical modelling shows that a maximum
solar-to-hydrogen efficiency of up to 18.8% can thus be achieved,
which could be increased further to 28.6% via photochemical
instead of thermal H, release. This would be higher than the limit
of dual absorber systems while requiring only a single catalyst.

(3) An unprecedented O-O bond formation mechanism
proceeding via light-induced oxo-hydroxo coupling. This new
mechanism is in contrast to established water nucleophilic
attack or dinuclear oxo coupling mechanisms."”

Related two-photon mechanisms have previously been
reported in the context of photochromism,®'? organic photo-
redox reactions,>>*! and OH® generation.”*”** Evidence for
these mechanisms was garnered through square rate/photon
flux relationships,'®'®?' dual irradiation and wavelength
dependency experiments,'®'®>" independent generation of
the second photon absorbing intermediate,'”™ single and
two pulse transient absorption spectroscopy,'®'***">* irradia-
tion with ultrashort pulses,'® kinetic modelling,'®'*?*?* and
quantum chemical studies.'®** Compared to water splitting,
the previously studied reactions are relatively simple trans-
formations (single bond breaking events). This work is, to the
best of our knowledge, the first description of two-photon
chemistry in the context of a highly complex transformation
such as water splitting.

The new mechanism was discovered through a detailed
kinetic, spectroscopic and computational study of a previously
reported reaction involving Milstein’s ruthenium complex.*
In their seminal study in 2009, Milstein and coworkers reported
that broadband irradiation of ruthenium dihydroxo complex 1
led to evolution of O, and concomitant formation of hydrido
hydroxo complex 2-trans (see Fig. 1).>° Heating 2-trans in water
led to evolution of H, and regeneration of 1, closing the quasi-
catalytic cycle. Due to the different reaction conditions for both
steps and moderate yields, the reaction is not catalytic, but it
contains the core reactivity of an overall water splitting process.
In contrast to most artificial water splitting systems, it is a
circular sequence of organometallic reaction steps involving a
single type of complex. Since the H, release step is redox
neutral, all electron transfer events for water splitting occur
during irradiation of 1, the reaction that is subject of
this study. Through elegant isotope labeling and trapping
experiments, Milstein and coworkers showed that O-O bond
formation occurs intramolecularly and that O, is formed in its
triplet ground state.>> While originally it was proposed that
irradiation of 1 produces H,0,, which then disproportionates
to form O, and water,”® subsequent theoretical results have
shown that this pathway is unlikely.>® Hence, this unusual
water splitting reaction has eluded understanding for the past
eleven years.

This journal is © The Royal Society of Chemistry 2021
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Results

We started our investigation by also first looking at the possi-
bility of a H,O, disproportionation pathway. Experimentally, we
found that H,O, disproportionation catalyzed by 1 in the dark
is too slow to explain the observed O, formation (see ESLt
Section 5). Irradiation might accelerate the H,O, disproportio-
nation rate but is difficult to study experimentally for this
system (see ESI,f Section 5.2). We therefore studied possible
H,0, pathways theoretically, finding that H,O, formation from
1 is not energetically feasible (see ESIL,t Section 11.2.8), which is
in agreement with the previous findings.>®

To elucidate the mechanism, we then turned to investigating
the physico-chemical behavior of 1. Synthesis and characteriza-
tion of 1 gave results consistent with Milstein and coworkers’
structural assignment of 1 being a cis-dihydroxo complex (see
ESLt Section 3.1.1). The lowest energy absorption feature is a
metal-to-ligand charge-transfer (MLCT) band from 350-400 nm
(see Fig. 2 and ESI,T Section 11.2.3) and weak fluorescence in
water can be observed at 500 nm when 1 is irradiated at 370 nm
(see Fig. 2). Irradiation of 1 for two days in water using a
broadband quartz-tungsten-halogen light source (320-1000 nm)
leads to formation of 2-cis in ca. 20% yield (concentration-time
profile see ESL{ Fig. S4.1-1 and Section 4.1.2 for structural
assignment).

2-cis refers to the isomer of 2 in which hydrido and hydroxo
ligands are in a cis configuration and it isomerizes to form the
more stable 2-trans over time in the dark (details see ESLt
Section 4.1.2). Just like Milstein an co-workers,>* we found that
2-trans does not show significant photoreactivity, although it
can photochemically isomerize back to 2-cis in the presence of
O, (see ESI,} Section 4.1.2 and Fig. S11.2-17 for UV/vis absorp-
tion of 2-trans). Heating of 2-trans in water leads to regenera-
tion of 1 (see ESL,T Section 3.1.4). This is consistent with the
findings of Milstein and co-workers, who reported that H, is
thermally released in this regeneration step, closing the water
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Fig. 2 Experimental (green) and theoretical (black) absorbance of 1
(theoretical model [A]So, see below) as well experimental fluorescence
(red). Individual theoretical transitions are shown as vertical lines. Inlet
shows structure of [AlSy with other ligands omitted for clarity.
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splitting cycle.”> However, formation of side products prevents
quantitative H, release for this step (see ESL Fig. S7.1.9).

During irradiation of 1, reversible formation of a side
product, named Oxo Dimer, is also observed, which is tenta-
tively assigned to an oxo-bridged dimer that slowly hydrolyses
back to 1 (see ESI,f Section 4.1.2). Using in situ O, detection,
formation of O, can be unambiguously detected in both the
liquid and the gas phase (see ESI,} Sections 4.2 and 4.3) during
irradiation of 1. Kinetic modeling of the concentration-time
profile for the formation of 2-cis and the initial rate of O,
formation in the liquid phase show that both occur at a
comparable rate, indicating that they are part of the same
reaction (see ESI, T Section 4.4). Notably, the formed O, appears
to be consumed again during irradiation, likely due to photo-
chemical oxidation of 1 (see ESI,T Section 4.3.2). A lower yield of
2 (20% vs. 45%), formation of the Oxo Dimer side product and
consumption of O, slightly differ from the original results.”®
Nevertheless, the core water splitting reactivity is identical and
these differences do not impact the water splitting mechanistic
investigation herein.

Kinetic studies

Next, we performed kinetic studies based on initial rates of O,
formation in the liquid phase as well as NMR measurements
of 2-cis formation. Performing the reaction in D,O instead of
H,O0 shows that there is only a small H/D kinetic isotope effect
(1.18, see ESL,1 Section 4.2.4). Furthermore, the reaction rate
does not increase with increasing temperature (see ESILT
Section 4.2.4). We then studied how the initial rate of O,
formation varies with photon flux density: for these experi-
ments, irradiation was performed using a 320-500 nm filtered
light source and we found that the rate increases non-linearly
with increasing photon flux densities. Notably, the relationship
can be described well using a square dependence (see Fig. 3A),
indicating that two photons are absorbed during the reaction.®

Based on this observation, there are two feasible reaction
pathways:

(1) Two equivalents of 1 separately absorb one photon each,
generating two equivalents of an intermediate, which then react
in a bimolecular reaction (akin to triplet-triplet annihilation'®)
Each photon is absorbed by starting complex 1 in this case.

or

(2) 1 absorbs a photon, generating an intermediate, which
then absorbs a second photon. The two photons are absorbed
by different species in this case (the first by 1, the second by the
intermediate).

Simultaneous two-photon excitation can be excluded as the
photon flux densities used in our experiments are too low to
observe this effect.'®?7*

To gain further insight, we developed a photochemical
kinetic model to describe the initial rate/photon flux data
(details see ESI,T Section 10). Fig. 3B shows a global fit of the
sequential two-photon mechanism (pathway 2, see Fig. 3C) to
experimental O, formation data for different photon fluxes,
showing reasonably good agreement. This model also repro-
duces the square initial rate/photon flux relationship (see ESI, ¥

Energy Environ. Sci., 2021,14, 4427-4436 | 4429
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model (C) to O, formation data for different photon fluxes (dots: experimental data, lines: fits of kinetic model). Global fit means that one set of
parameters is used for all data sets. (C) Schematic representation of photochemical kinetic model. Details see ESI,{ Sections 4.2.3 and 10.

Fig. $10.3-1B), which occurs when intermediate B is transient
and decays back to the starting complex. The square relation-
ship results from the two sequential photon absorption steps,
because an increase in photon flux increases the rate of B
formation (first absorption step) while also increasing the
chance of B absorbing a photon before it decays (second
absorption step).'®*' A sequential two-photon mechanism is
therefore consistent with the kinetic data. Mechanisms with
more than two photon absorptions were also modelled but were
found to be unlikely (see ESL{ Section 10.5). When analyzing
the initial rate/photon flux data with our photochemical kinetic
model alone, however, a bimolecular mechanism (pathway 1,
see ESI,T Section 10.5.1) could be just as valid as the sequential
two-photon mechanism.

Yield of 2 — cis / %

320 - 400 nm

> 495 nm 320 - 400 nm +

> 495 nm

Fig. 4

To determine the operative pathway, we therefore studied
the effects of using different wavelengths for irradiation by
using either one or two different light sources simultaneously.
When 1 is irradiated using a 320-400 nm filtered light source,
2-cis is formed in 6% yield after 17 h. Expectedly, when
irradiation is performed using a 495-1000 nm filtered light
source, no 2-cis is formed (as 1 does not significantly absorb
>495 nm light). Remarkably, when both the 320-400 nm and
495-1000 nm light source are used simultaneously, 2-cis yield
increases to 10% (see Fig. 4A).

These results show that using light, which is not signifi-
cantly absorbed by the starting complex 1, can enhance the
water splitting reaction in a synergistic way. In turn, this
suggests that excitation of 1 by a 320-400 nm photon leads to
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average values while black error bars indicate upper and lower limit of experimental values; (B) dependence of excess initial rate of O, formation on
longpass cut-on wavelength of second light source (first light source: 320-400 nm) along with scaled, predicted behavior for [B-Mono-Up]Dg
(see below). Inlet shows structure of [B-Mono-Up]Dy with other ligands omitted for clarity. Details see ESI, T Sections 4.1.4, 4.2.5, 11.4.1.
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formation of an intermediate, which absorbs a second, longer
wavelength photon to complete the water splitting reaction.

To investigate this effect more closely we performed the
following series of dual irradiation experiments: a solution of 1
was simultaneously irradiated with a 320-400 nm filtered light
source as well as a second light source with different longpass
filters, resulting in X-1000 nm wavelength intervals (455-
1000 nm, 495-1000 nm, etc.) for the second light source. For
each longpass filter, the excess initial rate of O, formation was
determined, which was calculated by subtracting the initial rates
of single light source irradiation (320-400 nm or X-1000 nm) from
the dual irradiation rate (details see ESL,} Section 4.2.5).

In this experiment, 320-400 nm irradiation excites 1 and
generates the intermediate, while the effect of longpass filters
on excess initial rate effectively probes the absorption behavior
of the intermediate for water splitting. Fig. 4B shows that
already starting at 630 nm, an excess initial rate can be
observed, which increases roughly linearly all the way to
455 nm. This indicates that an intermediate, which can absorb
455-630 nm photons, is responsible for the second photon
absorption during water splitting. The experimental longpass
filter/excess rate relationship is in good agreement with a
theoretical prediction for the computationally identified inter-
mediate ([B-Mono-Up]|D,, see Fig. 4B green line, below, and
ESI,T Section 11.4.1). The dual irradiation results are consistent
with the predictions of the photochemical kinetic model for the
sequential two-photon mechanism (see ESI, T Section 10.4).

We also performed time-resolved UV/vis spectroscopy in an
attempt to gain another spectro-kinetic perspective but no
useful information could be extracted in this case (details see
ESI, T Section 8.3).

Ultrafast pump-probe spectroscopy

To investigate the dynamics of 1 after excitation, we performed
ultrafast pump-probe spectroscopy, exciting 1 with 400 nm
laser pulses (details see ESI,} Section 9). In fact, two transient
species could be detected, having lifetimes of t = 6 ps and
T =150 ps, respectively. Decay associated spectra (DAS) indicate
that the 7 = 6 ps species corresponds to an emissive singlet state
of 1, explaining the complex’s weak fluorescence. DAS for the
T = 150 ps species agree well with the predicted DAS for an
isomer of the computationally identified intermediate, referred
to as [B-trans|T, (see ESI,} Fig. $9.2-1). Using the photochemi-
cal kinetic model (see ESL,1 Section 10.3), we can estimate that
the lifetime of the second photon absorbing intermediate has
to be at least 10 ns to explain the observed rates. Therefore, the
7 =150 ps species is likely not the corresponding intermediate,
although it might partially isomerize to it below the detection
limit (see ESILT Section 9.2). Direct detection of the intermediate
might thus require higher sensitivity measurements, which
should be the goal for future studies of this system.

Computational studies

To connect the described experimental insights and develop
a holistic mechanistic understanding, we performed single-
(density functional theory, DFT) as well as multi-configurational

This journal is © The Royal Society of Chemistry 2021
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(complete active space self-consistent field, CASSCF) computations.
Regarding previous theoretical studies, only Chen and Fang inves-
tigated a mechanism for O, formation that does not proceed
via H,0, disproportionation.>® The authors proposed a hydrogen-
bonded dimer of 1, which upon excitation undergoes intermole-
cular proton transfer followed by O-O bond formation. While
the O-O bond formation step is energetically infeasible in this
mechanism (barrier over 200 k] mol "), the first reaction step offers
an interesting starting point for our study. In the following, the
electronic state (spin and energy level) is indicated for each
intermediate behind square brackets.

Start for our mechanism (see Fig. 5A) is also a hydrogen-
bonded dimer of 1, named [A]S,, for which time-dependent
(TD)-DFT calculations reproduce the experimental UV/vis spec-
trum of 1 well (see Fig. 2). Excitation of the MLCT band at
350-400 nm (see ESI,¥ Section 11.2.3 for natural transition
orbitals) leads to initial population of one of the six lowest
excited singlet states, [A]S;_e, with an energy of 238-293 kJ mol "
(relative to [A]S,) based on absorption and fluorescence (500 nm)
wavelengths. This species was also observed in pump-probe
spectroscopy. Intersystem crossing combined with a proton-
coupled electron transfer (PCET) leads to formation of [B]T,
(219.7 kJ mol " relative to [A]S,). PCET of excited metal com-
plexes has ample precedent.>® In [B]T, the left ruthenium center
has been formally oxidized to Ru(i) (although spin density is
largely on the oxo ligand), while the right one has been reduced
to Ru(i), leading to a charge-transfer state (see ESI,{ Fig. S11.2-12
for spin density). This means that the first photon absorption
has transferred the first of four electrons.

[B]T, subsequently absorbs the second photon. Since O-O
bond formation occurs intramolecularly,?® one can expect that
the second photon absorption is centered on the left part of
the dimer, [B-Mono]D,, containing a hydroxo and oxo ligand.
Indeed, the TD-DFT UV/vis spectrum for [B-Mono-Up|D, (con-
formational isomer of [B-Mono|D,, see ESI,{ Section 11.4.1)
agrees well with the dual irradiation data (see Fig. 4, details see
ESL,T Section 11.4.1). Hence, photon absorption by [B-Mono]D,
was studied using CASSCF (see Fig. 6). Absorption of a 455-
630 nm photon (transition wavelength CASSCF: 482 nm, [B]T,
TD-DFT: 539 nm, see ESIL,1 Section 11.3.1) leads to population
of the D, state (248 k] mol ™" in energy relative to [B-Mono]D,
see Fig. 6). For this transition, electron density is transferred
from the hydroxo ligand and ruthenium center to the oxo
ligand (see ESI,¥ Fig. S11.3-4). Energetically downhill, at
211 kJ mol " relative energy, the D,/D; minimum energy conical
intersection (MECI) was located (peaked, bifurcating®’). At this
point, the O-O distance has shortened from 2.8 to 2.0 A and
depopulation of the O-O o* orbital occurs for the D; state
(see ESL ¥ Fig. S11.3-5), instead populating a Ru-CO n* orbital,
which leads to a bent CO coordination. Further downhill at
154 kJ mol ', the D;/D, MECI was located (sloped, single path®’),
at which the O-O bond is almost completely formed (1.6 A).
Here, depopulation of the Ru-CO =n* orbital occurs for D,
instead populating the Ru(d,.) orbital (see ESILi Fig. S11.3-6).
Finally, at 125 k] mol ' relative energy, the O-O bond is
fully formed in hydroperoxo complex [C-Mono]|D,. Overall, this

Energy Environ. Sci., 2021, 14, 4427-4436 | 4431
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unprecedented reaction can be seen as a photoinduced oxo-
hydroxo reductive elimination to enable a highly endothermic
0-0 bond formation. After formation of [B-Mono]|D, by photon
absorption, there is no energetic barrier for this reaction step.
Formally, two electrons are transferred to the left ruthenium
center in the process, reducing it from Ru(u) to Ru(1). Hence, the
second photon absorption transfers the second and third out of
four electrons.

The remaining reaction steps were calculated using DFT in
the triplet ground state. In the dimeric model [C]T, (spin
density see ESI,T Fig. S11.2-13), the fourth and final electron
transfer can take place via a PCET from the hydroperoxo
ligand to the right Ru(i) center. This forms a superoxo ligand
(bond distance of 1.3 A) on the left ruthenium ([D]T,, spin
density see ESI,i Fig. S11.2-14), while generating the first
hydrido hydroxo product complex [F]S, on the right. This step
has a modest barrier of 57.1 k] mol . Likely this barrier can
be overcome with residual vibrational energy from the second
photon absorption. Furthermore, it can likely explain the
small amount of H,O, formation observed by Milstein and
co-workers: in a small fraction of all reactions, hydrolysis of

4432 | Energy Environ. Sci., 2021, 14, 4427-4436

“ISC" intersystem crossing, “PCET" proton-coupled electron transfer. Shown oxidation states are only formal to visualize

[C]T, might occur, liberating H,0, instead of directly forming
the superoxo ligand.

At this point the hydrogen-bonded dimer [D]T, [F]S, likely
dissociates, as the monomer parts are 15.7 k] mol " more stable
than the dimeric structure. The superoxo ligand in [D]T, is then
displaced by water, leading to liberation of *0, and formation of
Ru(0) complex [E]S, (oxidation states of superoxo complexes are
ill defined, so the conversion of Ru(u) to Ru(0) during superoxo
dissociation is just a formal reduction). Finally, in a formal
oxidative addition of water, [E]S, can be converted to a second
equivalent of [F]S,.**** The ligand configuration in [F]S, is
different from 2-cis. However, experimentally it was found that
independent of water splitting, complex 2 isomerizes during
irradiation to form 2-cis (see ESL,t Section 4.1.2).

To close the reaction sequence for overall water splitting,
redox neutral protonation of the hydride ligands in two [F]S,
equivalents leads to liberation of two H, molecules and regene-
ration of [A]So,>'* which is endothermic by 72 kJ mol ™" per
[F]S, (see ESI,T Table S11.2-7). The mechanism of H, formation
has previously been thoroughly investigated using computa-
tional methods.*'* It proceeds via the following steps:

This journal is © The Royal Society of Chemistry 2021
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(1) A proton attacks the hydride ligand to from a dihydrogen
ligand.

(2) The dihydrogen ligand dissociates, producing H, and a
five-coordinate Ru(u) hydroxo complex intermediate.

(3) Hydroxide coordination to the five-coordinate intermediate
produces dihydroxo complex [A-Mono|S, (which can subsequently
form the hydrogen bridged dimer [A]Sy).

This process may be assisted by metal-ligand cooperation
with the pincer ligand.** Before hydride protonation, [F]S, might
isomerize to the more stable ¢trans isomer ([F-trans]S, analogues to
2-trans), although this does not make a large energetic difference
(see ESLT Section 11.2.9). For the thermodynamic considerations
herein, we assume H, release from [F|S,.

We can summarize that the proposed water splitting mecha-
nism rests on the following pieces of evidence: firstly, experi-
ments indicate that 2-cis and O, are formed at a comparable
rate (see ESLt Section 4.4) and both show the unusual effect
that their formation is synergistically enhanced by light which
is not absorbed by starting complex 1 (see Fig. 4). We consider
this strong evidence that 2-cis and O, are the two products of
the water splitting reaction and other (unknown) processes for
the formation of 2-cis or O, do not appear to play a significant
role. Hence, both can be used as indicators to study the water
splitting reaction.
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Secondly, the two-photon nature of the water splitting
reaction was elucidated using six different methods inspired
by those previously used:'¥>*

(1) A square relationship between initial rate of O, formation
and photon flux (see Fig. 3A) indicates that two photons are
involved in the reaction.'®'**!

(2) Dual irradiation experiments revealed that light, which is
not absorbed by starting complex 1, enhances formation of 2-cis
(see Fig. 4A). This is consistent with a sequential two-photon
mechanism in which an intermediate absorbs the second photon
that cannot be absorbed by the starting material.'®

(3) Wavelength dependent dual irradiation experiments of
O, formation revealed the absorption behavior of the second
photon absorbing intermediate (see Fig. 4B). The obtained data
is consistent with the computational prediction for intermediate
[B-Mono-Up]D,.

(4) Ultrafast pump-probe spectroscopy allowed for observa-
tion of an isomer ([B-trans|T,) of the proposed intermediate
([B]T,, see ESL Section 9.2).

(5) A kinetic model for two-photon water splitting was
developed which is consistent with experimental O, formation
data (see Fig. 3B), the observed square initial rate/photon flux
relationship (see ESI,T Section 10.2) and dual irradiation data
(see ESI,T Section 10.4).

(6) Single- and multi-configurational computations provided
a complete mechanistic description (see Fig. 5 and 6). The
computations are consistent with the experimental absorption
behaviors of both complex 1 (see Fig. 1) and the second photon
absorbing intermediate (see Fig. 4B).

Combined, these experimental, kinetic and computational
pieces of evidence, which are all consistent with one another,
strongly support the two-photon water splitting paradigm
proposed herein.

Modelling solar-to-hydrogen efficiency

In the studied system, two-photon water splitting only proceeds
with a low yield (20% of 2-cis after 2 days of irradiation, 320-
500 nm quantum yield up to 1.4 x 10~ "%, see ESI,} Section
4.2.3), which is likely due to a short lifetime of [B]T, (see ESL,
Section 10.3 and 10.4). For a low lifetime of [B]T,, the inter-
mediate’s probability of absorbing a photon before decaying
back to [A]S, is also low, rendering the reaction less efficient.
To some extent, this deficiency is not surprising since the
structure of 1 has in no way been optimized to facilitate
photochemical reactions or stabilize charge transfer states.
This model system may therefore serve primarily as a proof-
of-concept for two-photon water splitting. However, increasing
the lifetime of [B]T, would linearly increase the quantum yield
(see ESL,T Section 4.2.3). Lifetimes on the order of milliseconds,
which have been experimentally demonstrated for charge-
transfer states,*>*® would be sufficient for the intermediate to
absorb a photon before decaying most of the time (see ESI, T
Section 11.5.2.1). A major target moving forward should therefore
be to improve the lifetime of [B]T,.

To gain an understanding for the potential of this mecha-
nism to efficiently convert solar energy, we developed a model

Energy Environ. Sci., 2021, 14, 4427-4436 | 4433
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to calculate maximum theoretical solar-to-hydrogen (STH) effi-
ciencies for various water splitting mechanisms, based on the
work of Bolton et al.>” and Seitz et al.*® (details see ESI, T Section
11.5). Assuming full photon absorption, 100% quantum effi-
ciency and a sufficiently long lifetime of [B]T, (on the order of
milliseconds, see ESIL{ Section 11.5.2.1), we found that the
maximum STH efficiency for [A]S, — 2[F]S, + 0, is 13.27%.
This efficiency is achieved when the longest absorption wave-
length for [A]S, is 455 nm, while the longest absorption
wavelength for [B]T, is 517 nm (see ESL{ Fig. S11.5-1), which
are relatively close to the current values (ca. 400 and 630 nm).
To complete the water splitting reaction, two equivalents of H,
have to be released from two equivalents of [F]S,. If this thermal
reaction is driven using solar energy (the operating temperature
for solar water splitting reactors has been estimated to be
60 °C*%), an additional STH efficiency of 5.52% is obtained,
giving a total STH efficiency of 18.79% (details see ESI,t Section
11.5.2.1). This efficiency is higher than what can be achieved
using normal single absorber photocatalysts that require
absorption of four photons (18.11%, see ESI,1 Table S11.5-1),
despite relying on just one catalyst and requiring absorption of
only two photons. It is also encouraging in terms of practical
applicability, since a STH efficiency of 10% has been identified
as a threshold for commercial viability of solar water splitting.*

Notably, the maximum theoretical STH efficiency can be
further improved if hydrogen is not thermally released from
[F]So but rather photochemically. Photochemical H, release
from transition metal monohydrides has previously been
reported.*® If each equivalent of [F]S, absorbs one photon to
release H,, the total maximum STH efficiency is 28.65% (see
ESL+ Table S11.5-3 and Fig. S11.5-2). In this case, the optimal
longest absorption wavelengths for [A]S,, [B]T, and [F]S, are
491, 584 and 748 nm, respectively. This efficiency is higher than
what can be achieved for dual absorber systems such as two-
absorber Z schemes (27.72%, see ESI,i Table S11.5-2), while
still relying on just one catalyst. In total, four photons are
needed for this reaction sequence (two for [A]S, — 2[F]S, + >0,
and two for 2[F]S, + 2H,O — [A]S, + 2H,). Since the redox
neutral, photochemical reaction of [F|S, would be independent
from that of [A]S,, this would not increase the kinetic complexity
of two-photon water splitting itself. We can therefore see that
high STH efficiencies can theoretically be achieved using two-
photon water splitting. Important factors to enable this are a
long lifetime of [B]T,, well matched absorption wavelengths of
[A]S, and [B]T,, high quantum efficiencies and photochemical
H, release from [F]So.

As a whole, this highlights a new and complementary way
to think about solar water splitting systems: conventionally, a
photoabsorber is used, which generates charge carriers that
are transported to the active sites of hydrogen and oxygen
evolution. Hence, there is a separation between light absorp-
tion and chemical reactivity. In this new paradigm, water
splitting can be seen as a sequence of photochemical reactions,
generating different light absorbing intermediates at each step
to complete the reaction. This means that there is a direct
interplay between light absorption and chemical reactivity.
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It remains to be seen whether practical systems can be
designed based on the proof-of-concept system studied herein.
However, the modelling of STH efficiencies shows that theore-
tically, efficient solar energy utilization can be achieved with
simple systems (single catalyst) and low kinetic complexity
(between a total of two and four photon absorptions).

Conclusion

In summary, we describe a new mechanistic paradigm for
overall water splitting, which requires absorption of only two
photons and presents a new method to extend the range of
usable wavelengths far into the visible region. Kinetic results
show that consecutive, non-linear absorption of a 320-400 nm
photon followed by a 455-630 nm photon occurs. These are
absorbed by two different species. Computational investigations,
supported by ultra-fast spectroscopy, revealed that the first
photon absorption causes a spin-flip and the first proton-
coupled electron transfer, resulting in a charge-transfer state,
which is capable of absorbing the second photon. The second
photon absorption enables a highly endothermic O-O bond
forming reaction by transferring the second and third elec-
trons. This results in a reaction product that can undergo the
fourth and final electron transfer without additional energy
input. While for this particular model system the reaction does
not proceed with high yield or efficiency, theoretical modelling
shows that a maximum solar-to-hydrogen efficiency of up to
18.8% can be achieved, which could be increased further to
28.6% through photochemical instead of thermal H, release.
Therefore, we expect that the detailed mechanistic insight laid
out herein can inspire a new class of artificial water splitting
systems which take advantage of:

(1) the low kinetic complexity of requiring only two photons,

(2) the intrinsic ability of this mechanism to utilize a wide
wavelength range and

(3) the high-performance potential.

We envision that two-photon water splitting can be used as
the turnover enabling step to develop the first homogeneous
photocatalysts for overall water splitting. Furthermore, it is
possible that defined active sites in heterogeneous materials
(e.g. metal-organic frameworks or hybrid structures*') can be
constructed that facilitate two-photon water splitting, giving
rise to a new class of visible light absorbing heterogeneous
water splitting catalysts. Ultimately, this could enable efficient
and economical water splitting systems that go beyond the
reaction blueprint of natural photosynthesis.
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