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Herein is described the preparation of a dinuclear molecular Ru
catalyst for H,O oxidation. The prepared catalyst mediates the
photochemical oxidation of H,O with an efficiency comparable to
state-of-the-art catalysts.

The development of sources of renewable energy is an increas-
ingly acute problem for mankind. An attractive option would be
to utilize solar energy but in order to use its full potential,
means of storing it have to be developed. Solar driven splitting
of H,O into H, and O, provides an attractive way of achieving
this. However, this process is very intricate because it involves
multi-electron transfer, extensive bond breaking and bond
formation. In the splitting of H,O, the stumbling block is the
oxidation of H,O to generate molecular oxygen, electrons, and
protons (eqn (1)). This is due to the fact that H,O oxidation
involves strongly oxidizing intermediates which leads to
decomposition of the catalysts. There is thus an urgent need
to develop more robust and efficient water oxidation catalysts
(WOCs).!

2H,0 — O, + 4H" + 4e~ (1)

During the past years a number of efficient Ru WOCs have
been presented, both dinuclear* and mononuclear.> Much
work has focused on mononuclear complexes because of the
relative simplicity by which these complexes can be synthesized
and mechanistically studied, thus aiding the development of
improved WOCs. In addition to the widely developed Ru-based
WOCs, earth-abundant metal WOCs based on Mn,* Co,” Fe®
and Cu’ have been reported.

The generation of ligands that can strongly bind and stabi-
lize metal centers in high-valent oxidation states is of great
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interest. Thus far, the majority of the developed WOCs require a
powerful sacrificial oxidant, such as Ce', to drive H,O oxida-
tion. However, a sustainable H,O splitting system needs a light-
absorbing photosensitizer that can be regenerated and is stable
at neutral pH. An appealing approach is to drive H,O oxidation
with [Ru(bpy);]*" type oxidants, which can be photogenerated
from the well-studied [Ru(bpy);]**-type complexes.®® This can
be realized by lowering the redox potentials of the WOCs, by
introducing anionic ligands into the ligand frameworks of the
WOCS‘Sﬁg,lO,ll

We have recently reported on such a ligand (1), which
contains phenol and imidazole donor groups.'? However, reac-
tion with Ru(DMSO),Cl, resulted in a dimeric Ru complex with
a 1:1 ratio of Ru/ligand, instead of the anticipated dinuclear
complex. Since this complex did indeed oxidize H,O, using
[Ru(bpy)s]** as oxidant, we decided to prepare a more open
ligand that could potentially give a dinuclear complex. Ligand
2, where the bridging phenol unit has been replaced by a
pyrazole moiety provides such an open structure. As expected,
coordination of two Ru centers yielded the dinuclear Ru
complex 3 (Fig. 1 and 2). Herein, we show that the dinuclear
Ru complex 3 catalyzes photochemical H,O oxidation with
high activity, reaching turnover numbers (TONs; defined as
produced moles of O, per mole catalyst) of ~900, which is, to
the best of our knowledge, among the highest obtained for a
molecular catalyst in a single run. The observed high catalytic
activity is ascribed to the ability of the designed ligand frame-
work to stabilize the metal centers in high-valent redox states.
This work thus highlights the importance of using negatively
charged ligand scaffolds to carry out the oxidation of H,O,
which could be a general strategy for the design of future
artificial WOCs with even higher catalytic efficiencies.

Ligand 2 was synthesized according to Scheme S1 (ESIf),
starting from commercially available 3,5-dimethyl pyrazole 4.
The dinuclear Ru,™™ complex 3 ([(H,L)Ru, ™" (pic)s](PFs),) was
obtained by refluxing the Ru precursor [Ru(DMSO),Cl,] and
ligand 2 followed by the addition of picoline. The structure of
the dinuclear Ru complex 3 was supported by several methods,
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Fig. 1 Molecular structures of ligand 1, ligand 2 and the dinuclear Ru complex 3 (where pic = 4-picoline).

[(HZL)RHZII,III(pic)S] 2+

Fig. 2 Calculated structure of the dinuclear Ru complex 3 ([(HoL)Ru,""(pic)g]>*).

such as '"H NMR, high-resolution mass spectrometry (HRMS),
elemental analysis and electron paramagnetic resonance (EPR).
Initial 'H NMR experiments of Ru complex 3 only resulted in
broad signals due to the paramagnetic nature of the Ru,™™
complex 3. However, addition of a reductant, sodium dithionite
(NayS,0,), resulted in distinct signals, which supported the
proposed structure of the developed complex. HRMS measure-
ments of the complex in positive mode resulted in a peak with a
characteristic isotope pattern at m/z 1146.2155, which could
be assigned to [{(H,L)Ru,"™(pic)e}**-H'T" ([3-H'"). The calcu-
lated structure of Ru complex 3 is depicted in Fig. 2. The
electrochemistry of Ru complex 3 was subsequently studied
by means of cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) in aqueous buffered solutions (phosphate
buffer; 0.1 M, pH 7.2). From CV, a catalytic current corre-
sponding to the electrochemical oxidation of H,O was observed
with an onset potential of ~1.20 V vs. NHE, as shown in
Fig. S19 (ESIt). The DPV is depicted in Fig. S20 (ESIt) and
revealed several redox peaks, which were assigned to the formal
redox processes Ru,™™ — Ru,™™ — Ru,™™ — Ru,™"V —
Ru,™ — Ru,™", where the latter state triggers O-O bond
formation. The electrochemistry was subsequently studied at
pH 1 (Fig. S21-S24, ESIT). Also here, several redox events were
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Table 1 Catalytic data for the dinuclear Ru complex 3 in chemical and
photochemical H,O oxidation

Photochemical
Chemical oxidation® oxidation”
pH7.2 pH 6.2 pH7.2 pH6.2
Concentration [uM] TON (TOF) TON (TOF‘) TON TON
30 — — 100 —
3.0 — — 500 890
0.6 470 (1.3) 800 (0.5) — —
0.3 — — 830 —

¢ Reaction conditions: an aqueous phosphate buffer solution (0.1 M,
0.50 mL) containing Ru complex 3 (0.60 puM) was added to the oxidant
[Ru(bpy,)](PFe); (3.0 mg, 3.0 pmol). ® Reaction conditions: reactions
were performed in an aqueous phosphate buffer solution (0.1 M,
pH 7.2, 0.50 mL) containing Ru complex 3 (the concentrations used
are those that are indicated in the table), [Ru(bpy).(deeb)](PFe), as

photosensitizer (0.60 mM) and Na,S,05 as sacrificial electron acceptor
(23.5 mM). ¢ Turnover frequencies (TOFs) are given in s~ .

observed, suggesting that the dinuclear Ru complex 3 is able to
accommodate a wide variety of redox states. From the electro-
chemical measurements it is clear that the use of ligand 2 in Ru
complex 3 results in lowering of the redox potentials and
stabilizes the Ru centers in high-valent states, suggesting that
H,0 oxidation can be driven by photogenerated [Ru(bpy);]**-type
complexes.

The activity of complex 3 was initially evaluated for H,O
oxidation under neutral conditions, in an aqueous buffered
solution (0.1 M, pH 7.2), using pregenerated [Ru(bpy);]** as a
mild one-electron chemical oxidant (E;,, Ru™/Ru™ = 1.26 V vs.
NHE). The evolved gaseous products were monitored and
quantified by real-time mass spectrometry (MS). Indeed, when
an aqueous solution containing complex 3 was added to the
[Ru(bpy);]** oxidant, O, evolution was immediately triggered
and resulted in high TONs and initial turnover frequencies
(TOFs; defined as produced moles of O, per mol catalyst per unit
time) (Fig. S17, ESIf and Table 1). The source of the oxygen
atoms in the evolved O, was also studied, using isotopically
labeled H,O (H,'®0), whereby the different isotopes '*'%0,,
161809, and '®'°0, were measured in real-time with MS
(Fig. S17, ESIT). The ratio of the different O, isotopes was in
agreement with the calculated values, highlighting that H,O is
the sole source of the two oxygen atoms in the evolved O,.
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Fig. 3 Photochemical H,O oxidation catalyzed by dinuclear Ru complex
3 at different catalyst concentrations. Reaction conditions: reactions were
performed in an aqueous phosphate buffer solution (0.1 M, pH 7.2, 0.50 mL)
containing Ru complex 3, [Ru(bpy).(deeb)l(PFs), or [Ruldmb)sl(PFe), as
photosensitizer (0.60 mM) and Na,S,Og as sacrificial electron acceptor
(23.5 mM).

An important question was now if Ru complex 3 was able
to mediate photochemical H,O oxidation. The studied three-
component catalytic system thus consisted of a [Ru(bpy);]**-
type complex as the light-absorbing component, sodium
persulfate (Na,S,0g) as the sacrificial electron acceptor and
Ru WOC 3. In the Initial experiments, the stronger photosensi-
tizer [Ru(bpy),(deeb)]** (E1, Ru™/Ru" = 1.40 V vs. NHE; deeb =
diethyl (2,2’-bipyridine)-4,4’-dicarboxylate) was used in aqueous
phosphate buffered solutions at pH 7.2 (Fig. 3).

However, replacing the strong photosensitizer [Ru(bpy),-
(deeb)]** with the milder [Ru(bpy);]** photosensitizer strongly
decreased the TON (not shown), which can perhaps be
explained by the low thermodynamic driving force (E;, Ru™Y/
Ru" for [Ru(bpy)s] = 1.26 V and Ey 5 onsec = ~1.20 V vs. NHE). To
ensure that the reaction between the photosensitizer and per-
sulfate is not an important source of O, the even milder photo-
sensitizer [Ru(dmb);]** (dmb = 4,4’-dimethyl-2,2"-bipyridine),
which generates a Ru™ complex with a redox potential of
1.10 V vs. NHE, was also used. As was anticipated, this potential
is insufficient for H,O oxidation and only traces of O, were
generated (Fig. 3).

It was therefore decided to continue using the stronger
[Ru(bpy),(deeb)]** photosensitizer. Further experiments focused
on studying the effect of pH on the catalytic O, evolution activity
since it was previously shown that the catalytic activity could be
pH-dependent."® The photochemical experiments were therefore
performed at different pH, under otherwise unchanged condi-
tions (Fig. S18, ESIT).

Carrying out the catalytic experiments at higher pH would
intuitively be expected to result in a higher catalytic activity due
to the higher driving force for H,O oxidation at this pH.
However, this was not what was observed. At pH 8.2, almost
no activity at all was observed, most likely due to decomposi-
tion of the oxidized photosensitizer. Driving H,O oxidation at
lower pH is hence associated with a lower driving force,
however, it is believed that photosensitizer decomposition is
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reduced under these conditions. At pH 5.5, the lower driving
force thus reduced the amounts of generated O,.

It could subsequently be shown that pH 6.2 resulted in the
best activity (Fig. S18, ESIf). Performing the photochemical
experiments at pH 6.2 resulted in increased catalytic activity to
reach an impressive TON of ~900 when using [Ru(bpy),(deeb)]**
as photosensitizer (Fig. S18, ESIT and Table 1). It is believed that
at pH 6.2, photosensitizer decomposition is reduced while still
maintaining a relatively high driving force for carrying out H,O
oxidation. These two beneficial effects thus give rise to the
catalytic efficiency observed at pH 6.2. Collectively, this shows
that complex 3 is an unusually efficient donor of electrons to
the oxidized photosensitizer, thus resulting in high catalytic
efficiency, and highlights the ability of the custom-synthesized
ligand 2 to facilitate access to the required high-valent
redox states.

To conclude, a novel dinuclear Ru complex based on ligand 2
has been synthesized. The ligand scaffold was designed to
stabilize the Ru centers at high oxidation states, which is
of importance in H,O oxidation catalysis. This approach was
successful and resulted in an active WOC that could promote
both chemical and photochemical H,O oxidation with mild one-
electron [Ru(bpy)s]*-type oxidants. In the photochemical system,
the developed Ru complex 3 showed to be an efficient WOC and
gave TONs comparable to state-of-the-art WOCs. Insight into the
catalytic features associated with complex 3 revealed that the
designed ligand architecture has an important role by stabilizing
the metal centers in a variety of different redox states, which is of
fundamental importance during the multi-electron oxidation of
H,0. This highlights that the engineering of WOCs comprised
of anionic ligand scaffolds could be a general strategy for future
construction of more efficient WOCs.
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