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[Ru(bpy)s]?* is a widely used molecular photosensitizer (PS) for
light-driven reactions in combination with separate catalysts,
although the PS alone is known to promote water oxidation under
aqueous conditions as well. In contrast, this behavior has not been
reported for organic and aqueous solvent mixtures before. Here,
we provide mechanistic insights into the role of [Ru(bpy)s]®* as PS
and oxygen evolution catalyst precursor in organic media.

To date, the global energy demand is still largely met by non-
sustainable energy sources."™ Green hydrogen, produced by
the splitting of water into its elements, is a major alternative
to fossil fuels.*” One approach to this end is artificial photo-
synthesis by using solar energy to drive the water splitting reac-
tions, i.e. the oxygen evolution reaction (OER) and the hydro-
gen evolution reaction (HER).®® Light harvesting in artificial
photosynthesis is often performed by molecular photosensiti-
zers (PS).""? The metal complex [Ru(bpy);]** (bpy = 2,2-bipyr-
idine) is one of the most widely used PS species, as it com-
bines high light absorption in the visible range (Amax =
450 nm), long excited-state lifetimes and photoredox reactivity
that enables both oxidative as well as reductive
transformations.”*'* [Ru(bpy)s;]** can also be deployed in
various solvents, as solubility can be controlled by the choice
of counter anion (e.g. CI~ for aqueous systems, PF¢~ for polar
organic solvents).”>'® Thus, molecular OER and HER catalyst
models can be studied both in aqueous and non-aqueous sol-
vents, which has led to unique insights and significant pro-
gress in OER and HER catalysis."”>> However, it is worth
noting that in aqueous systems [Ru(bpy);]*" does not act as an
innocent PS. Instead, Yoon and co-workers demonstrated that
in aqueous media and in the presence of the sacrificial oxidiz-
ing agent (SOA) sodium persulfate (Na,S,0g), the complex
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undergoes fast, light-induced decomposition starting from the
oxidized [Ru™(bpy);]*". After initial formation of an unknown
intermediate, the photosystem then forms either the well-known
Ru p-oxo blue dimer water oxidation catalyst (WOC) [(bpy),(H,O)
RuORu(OH,)(bpy),]'" (see Fig. 1, formed at low PS concen-
trations) or catalytically inactive Ru p-oxo oligomers (formed at
high PS concentrations).”® In the further course of this light-
driven OER, the Ru-dimers can readily be converted by [Ru
(bpy)s]** into the fully oxidized and water oxidation-active species
[(bpy)(O)RUORu(O)(bpy),]** (hereafter: Ru,(v,v)).>***

In contrast to this understanding of [Ru(bpy)s;]** reactivity
in water, to the best of our knowledge, no similar mechanistic
OER studies have been performed in predominantly organic
solvents containing water. However, this is urgently required
as mechanistic and catalytic studies on molecular WOCs are
often performed in organic media.

Here, we report catalytic and mechanistic studies on the
role of [Ru(bpy);]*" in light-driven OER experiments in often-
used acetonitrile/water mixtures and provide insights into the
competing roles of [Ru(bpy);]** as a PS and molecular precur-
sor of an active WOC.

The prototype OER system discussed herein consists of the
PS [Ru(bpy)s;](PFe), (1 mM, PSla) and the SOA Na,S,0Og
(10 mM) dissolved in a 9:1 (v:v) mixture of acetonitrile
(MeCN) and water. The reaction conditions were adapted from
previous OER studies in mixed aqueous organic solvents, see

e

Fig. 1 Structural representation of the WOC “blue dimer” cis,cis-
[(bpy)2(H,0)RUMORU"(OH,)(bpy)o1** (=Ru(in,m)).
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ESIT for details.® Note that in our study, the reaction solutions
do not contain any WOCs. The samples were prepared under
inert atmosphere, placed in a custom-built air-cooled photo-
reactor and irradiated with LED light (Amax = 470 nm, power
density: ca. 50 mW cm™>; see ESI, Fig. S1). Oxygen evolution
was quantified in operando, simultaneously in solution and
the gas phase using fiber-optic fluorescent sensors integrated
in a sealed glass vial. For reasons of clarity and better compari-
son, the quantified oxygen is given in pmol. In addition, turn-
over numbers (TONs) and turnover frequencies (TOFs) are not
calculated, as the concentration of the actual catalytically
active species remains unknown.

Fig. 2 shows a representative O, evolution profile of the pro-
totype OER experiment as described above. Under dark con-
ditions (¢ = 0-5 min), no oxygen evolution is observed, demon-
strating the integrity of the inert-atmosphere setup and the
need for light to form O, under the given conditions (see ESI,
Fig. S2). Upon irradiation (¢ > 5 min) and following a short
induction phase of less than 1 min, constant oxygen evolution
is monitored, which is accompanied by visually detectable gas
formation. After approximately 45-60 min, the amount of dis-
solved oxygen reaches a maximum (ca. 2.1 umol, see blue
curve in Fig. 2), indicating that the O, saturation level of the
solvent mixture is reached. Diffusion into the gas phase con-
tinues, as observed by a decrease in the dissolved oxygen,
while simultaneously the O, values in the gas phase continue
to rise. The amounts of O, in the gas phase and in the solu-
tion, both reach a plateau after ca. 3-4 h, indicating the end of
the OER process. A total oxygen amount of 24.1 + 1.9 pmol was
obtained, emphasizing the complete consumption of SOA as
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Fig. 2 Light-driven oxygen evolution profile in the gas phase (green
curve), in solution (blue curve) and in total (red curve) of the OER system
studied. Conditions: [Ru(bpy)sl(PFg), (PS1la; 1 mM), NayS,0g (10 mM),
solvent: MeCN/H,O (9:1; v/v; 5 mL), LED light (nax = 470 nm; power
density: ca. 50 mW cm™). Inset photographs show the pre- and post-
catalytic reaction solutions in dependence of the irradiation time: (A):
intense orange (t = 0 h), (B): yellow (t ¥ 3—-10 h) and (C) green, often
accompanied by an oily deposit (t > 10 h).
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limiting factor for sustained O, evolution. Persulfate is a two-
electron acceptor, whereas water oxidation requires the
removal of four electrons per O, molecule. Thus, the molar
amount of $,05> used (50 pmol, corresponding to 10 mM)
can generate 100 pmol of oxidation equivalents, which is equal
to a theoretical O, yield of 25 pmol. This stoichiometric equiv-
alence was further validated at different SOA concentrations
(see ESI, Fig. S371). Therefore, the O, quantities are within the
range of measurement accuracy and identical to the number of
oxidation equivalents provided by SOA.

Notably, during irradiation, the intense orange color of [Ru
(bpy)s]** fades, indicating (partial) degradation of the PS.
Depending on irradiation time and catalytic progress, the post-
catalytic solutions were yellow (i adiation & 3—10 h) or green (¢;;.
radiation = 10 h), in the latter case often accompanied by the for-
mation of a green oily deposit (see inset photographs in
Fig. 2). Note that reference experiments showed that both PS
and SOA were required in the reaction system to drive this
degradation and result in species capable of oxygen evolution
(see ESI, Fig. S4A and Bf). In addition, when [Ru(bpy);](PFs).
solutions were irradiated in the absence of SOA, no color
changes were observed, highlighting that the degradation is
linked to a photochemical process in the presence of the SOA.
This suggests that in the presence of the SOA, the PS might
either undergo a persulfate-dependent oxidation to a Ru’*
species (with a characteristic green color), following a mecha-
nism reported earlier by Polyansky and colleagues,”” or a (oxi-
dative) degradation promoted by persulfate and sulfate radical
anions, as demonstrated by Bonnet and co-workers.*® These
findings are also in line with previous reports on [Ru(bpy)s]**
degradation under aqueous conditions.”® Note that this PS
degradation can be effectively limited using dynamic
irradiation conditions and reduced photon flux rates, as
shown by Rau, Ziegenbalg and colleagues.*

In order to gain in-depth understanding of the fate of [Ru
(bpy)s]** under irradiation, we performed operando UV-Vis
spectroscopy under catalytic conditions (see ESI, Fig. S5 and
S6t1). Upon irradiation, the characteristic '"MLCT (metal-to-
ligand charge transfer) band of [Ru(bpy);]”" at 452 nm
immediately loses intensity, while a new, very broad band with
a concentration-dependent maximum emerges at 663 nm
under prototype conditions and 672 nm under diluted con-
ditions (by a factor of ten). Another electronic transition at
420 nm also loses intensity but becomes much more pro-
nounced due to the occurrence of a clearly defined maximum.
These features are indicative of the oxidation of [Ru(bpy);]** to
[Ru(bpy);]**, which is expected under the given reaction con-
ditions.?® The UV-Vis spectrum becomes very similar to the
initial spectrum within a timescale of ca. 30-45 min, which
could indicate the formation of the orange Ru,(uriv) dimer
(vide infra).”® Interestingly, the formation of a blue-shifted
broad signal at 653 nm after 3 h might be assigned to the con-
version of [Ru(bpy);]”" into “blue dimer” type species with
different Ru oxidation states.>®> However, this conversion can
only be observed under concentrated PS conditions.
Alternatively, the broad band in the operando UV-Vis spectrum

This journal is © The Royal Society of Chemistry 2025
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assigned to [Ru(bpy);]** accumulates very rapidly once light
irradiation occurs and is slowly consumed by subsequent cata-
lyst formation. At a certain point in the preceding reaction,
enough catalyst has formed and no further [Ru(bpy);]*" can
accumulate, as it is readily reduced to Ru(u) species by the
amount of catalyst present. This interpretation is supported by
the correlation of the induction phase for O, evolution (see
Fig. 2) with the time in which the UV-Vis band at 672 nm (see
ESI, Fig. S6C,T orange curve) decreases.

Moreover, the green oily deposit from a typical photo-
catalytic organic OER experiment was separated by centrifu-
gation and dissolved in water, resulting in the UV-Vis spectrum
shown in the ESI Fig. S7.f The observed transitions can be
assigned to two different, structurally related Ru-dimer species
that form simultaneously. On the one hand, the orange Ru, (1,
v) dimer can be identified by its characteristic MLCT tran-
sition maximum at 464 nm, while another transition
maximum at 650 nm is attributed to the blue Ruy(ui,u)
dimer.”® Both dimers combine characteristic ligand-centered
(LC) transitions of mn*y,, at 208 nm and 288 nm, as well as an
additional MLCT band at 242 nm and a very weak shoulder at
383 nm.** Another broad absorption in the near-IR with a
maximum at 854 nm is assigned to dadx interconfigurational
transitions of the blue dimer.** Thus, these results suggest a
similar decomposition pathway of [Ru(bpy);]** during homo-
geneous light-driven water oxidation using persulfate as
SOA under aqueous and non-aqueous conditions, as discussed
in the introduction: during the initial catalytic phase,
minor concentrations of catalytically active Ru p-oxo dimers
might be formed, followed by formation of catalytically inac-
tive Ru p-oxo species, such as oligomers, resulting in a
complex interplay between different Ru-based active and inac-
tive species.

Further analyses showed that the type of organic solvent
plays a crucial role for the observed PS conversion and its
respective reactivity for the OER, as replacing MeCN with other
polar organic solvents such as N,N-dimethyl formamide
(DMF) resulted in almost no O, evolution (ca. 0.04 pmol after
90 min corresponding to >99% less oxygen evolution com-
pared to the prototype system in the presence of MeCN, see
ESI, Fig. S8AY). Similarly, experiments in acetone yielded only
extremely low O, quantities (ca. 0.27 pmol after 90 min corres-
ponding to ~98.5% less O, evolution compared to the proto-
type system in the presence of MeCN, see ESI, Fig. S8BY).

Variation of the MeCN:water molar ratio also leads to
major reactivity changes: the prototype system (using 9:1, v:v
MeCN : water) yielded 23.5 pmol O, after 6 h irradiation, while
identical experiments using 3:2, v:v MeCN : water gave only
4.5 pmol (corresponding to an oxygen evolution decrease of
~80%, see ESI, Fig. S8CT), indicating that solvent composition
has a significant impact on PS degradation. This is substan-
tiated by earlier reports, which suggest that light- or Ru-oxi-
dation-induced bipyridine-to-MeCN ligand exchange is a
typical degradation path for ruthenium  bipyridyl
photosensitizers.>* > Based on these considerations, we can
propose a possible reaction scheme as shown in Fig. 3.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Postulated reaction scheme for the formation of the active WOC
of the blue dimer type using [Ru(bpy)s]?* in non-aqueous MeCN solution
and in the presence of $,042". (i) Further oxidation to OER-active dimers
by [Ru(bpy)s]** or 5,052~ in the presence of a minor PS$** concentration.
(i) Formation of OER-inactive Ru p-oxo oligomers when the PS** con-
centration is increased. The stoichiometry has been omitted for the sake
of clarity, and the water ligand could also be substituted by other ions in
the solution, e.g. SO4*, to form dimer derivatives. Adapted and
modified from reference.?>33

To demonstrate that loss of bpy is a key factor for the [Ru
(bpy)s]** degradation under the given conditions, we showed
that degradation can be inhibited by the addition of free bpy
ligand. Operando UV-Vis spectroscopic measurements demon-
strate this effect, as no formation of the broad band around
653 nm (indicative of PS degradation) is observed (see ESI,
Fig. S9t). To test this hypothesis, we performed OER experi-
ments in the presence of additional bpy ligand using our stan-
dard photocatalytic OER setup: when an excess of bpy
(100 mM) is present in solution, we observe significantly lower
amounts of O, (max. 7.3 pmol, ~69% less oxygen compared to
the prototype system, see ESI, Fig. S101). We propose that an
excess of bpy prevents the formation of significant quantities
of degraded PS, thereby preventing further conversion to the
catalytically active OER species.*®*” Also note that the presence
of excess bpy prevented the formation of the characteristic
green oily deposit of the Ru dimers. Instead, only precipitation
of colorless sodium sulfate was detected by ATR-FTIR spec-
troscopy (see ESI, Fig. S111).>® This indicates that the sulfate
sources, that is persulfate, might have several functions in the
given system. The primary function of persulfate is to operate
as SOA. Then, the compound itself or its reaction products
(e.g. strongly-oxidizing sulfate radical anions) might act as oxi-
dants to drive the formation of the blue dimer or the oligo-
meric Ru p-oxo species.

Finally, we extended our studies to various structurally
related ruthenium polypyridyl PS. To this end, we investigated
a selection of five additional Ru-based PS (see Fig. 4) to assess
how the type of ligand impacts degradation and oxygen evol-

Dalton Trans., 2025, 54, 4861-4865 | 4863
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Fig. 4 Various Ru-polypyridyl PS and their maximum light-driven OER
reactivity. PSla: [Ru(bpy)sl(PFe)2;  PS1b:  [Ru(tbbpy)sl(PFe),;  PS2:
[Ru(tbbpy),(phen)l(PFs),;  PS3:  [Ru(tbbpy),(p-tolbip)l(PFe)s;  PS4:
[Ru(tbbpy),(ipphCOOH)I(PFe), and PS5: [Ru(tbbpy),(dppz)l(PFs),.

ution. All systems were tested as PS under the standard reac-
tion conditions outlined above.

The homoleptic complex [Ru(tbbpy);](PFs), (PS1b; tbbpy =
4,4'-di-tert-butyl-2,2"-bipyridine) shows comparable OER
activity to PSla (ca. 25 pmol after 6 h of irradiation; see ESI,
Fig. S12Aft), whereas drastically reduced amounts of O, were
obtained for the heteroleptic [Ru(tbbpy),(phen)](PFs), (PS2;
phen = 1,10-phenanthroline; ca. 2.6 pmol after 3 h of
irradiation; see ESI, Fig. S12B%}). In contrast, no oxygen evol-
ution was observed for the other PS [Ru(tbbpy),(p-tolbip)]
(PFs)3 (PS3; p-tolbip = 1-(4-methylphenyl)-3-benzyl-1H-imidazo
[4,5-f][1,10] phenanthroline),*® [Ru(tbbpy),(ipphCOOH)](PFs),
(PS4; ipphCOOH = 4-(1H-imidazol[4,5-f][1,10]phenanthroline-
2-yl)benzoic acid),*® and [Ru(tbbpy),(dppz)](PFs), (PS5; dppz =
dipyrido[3,2-a:2,3"-c] phenazine; for details, see ESI,
Fig. S12C-Ef).*" These results suggest that the in situ for-
mation of an active WOC can be effectively hindered by using
heteroleptic PS, which suppress or prevent ligand exchange
and Ru-dimer formation.

Conclusions

In summary, we demonstrated that in mixed aqueous/organic
solvents, [Ru(bpy);]** can undergo light-induced degradation
and formation of catalytically active ruthenium dimer species
capable of OER. Compared with a reference experiment per-
formed under purely aqueous conditions, this process is
notably faster when performed in organic solvent (see ESI,
Fig. S22%). The catalytic system is sensitive to changes in
solvent type and water content. Also, we demonstrate that
structurally related Ru photosensitizer species show similar
reactivity but heteroleptic complexes perform significantly
worse. Thus, this report highlights that careful analysis and
blank studies are required for each set of reaction conditions
when using [Ru(bpy)s]** to drive photocatalysis.
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