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Abstract: Photoactive osmium complexes are widely used
sensitizers for the generation of singlet oxygen because
they can be excited directly into their triplet states
with low-energy red light. However, their short-lived
excited states reduce quenching efficiencies and reaction
quantum yields significantly. To elongate the excited state
lifetime, osmium complexes have been linked to organic
chromophores to form molecular dyads. This approach,
although effective, is time- and resource-consuming, ham-
pering larger-scale applications. Here, we demonstrate
a straightforward approach by directly mixing a readily
available cationic osmium complex and an anionic pery-
lene derivative in solution. Strong Coulombic interactions
facilitate rapid energy transfer (~100 ps) from the excited
osmium complex to the perylene derivative, mimicking
a dyad-like system. Detailed spectroscopic investigations
revealed an increased singlet oxygen formation rate by
over one order of magnitude at sub-millimolar perylene
concentrations, attributed to i) the three orders of magni-
tude longer lifetime of the perylene triplet state produced
via intra-ion-pair energy transfer and ii) an inherently
high singlet oxygen quantum yield of that key species.
The novel catalyst system enables highly productive
photooxygenations in water and in a MeOH/H,O 10:1
mixture, highlighting the broad applicability and versa-
tility of the Coulombic dyad approach for photocatalytic

synthesis and wastewater treatment.

Introduction

The photochemical generation of singlet oxygen (1O,) is of
major relevance in both synthesis and photodynamic therapy
(PDT).["-%] In both fields, osmium complexes have gained a lot
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of interest as they can be excited directly into the triplet metal-
to-ligand charge transfer MLCT state with low-energy red or
near-infrared (NIR) light due to their high spin orbit coupling
(SOC), which reduces energy loss upon photon absorption as
the higher-energy singlet state is not populated first.’””1 The
triplet state can subsequently form 'O, upon the collision with
molecular oxygen in solution.'*] This makes applications

1. particularly mild due to the use of low-energy light,
which reduces photodamage and competing absorption by
substrates,

2. energy-efficient as only moderately more than the
required energy of ~1 eV is used for the sensitization of 'O,
per photon, and

3. very effective for applications on larger scale as red light
has a high penetration depth.[1>23]

Furthermore, this intrinsic advantage regarding the
absorption properties of osmium complexes, which bypasses
energy loss through intersystem crossing (ISC), is used in
photon upconversion to yield high anti-Stokes shifts.[>+28]
However, osmium complexes have a decisive disadvantage:
Due to the high SOC and the small energy gap between
the SMLCT state and the ground state, conventional osmium
complexes have short excited state lifetimes,[®2**] which
leads to intrinsically very low quantum yields in diffusion-
controlled processes,[s] such as 'O, generation in solution.
This kinetic issue may cancel out the aforementioned advan-
tages of using low-energy red light. The challenge of the short
excited state lifetime of a metal complex can be approached
by a covalent linkage with a purely organic chromophore,
whose energetically lower, comparatively much longer-lived
3(wm*) state is rapidly and quantitatively populated via
an intramolecular Dexter energy transfer.’’~*] The longer-
lived triplet states of osmium-based dyads have also been
successfully used for more efficient photon upconversion and
PDT.I0-13:283741-45] However, this method includes a multistep
and usually nonquantitative synthesis of the bichromophore,
which is less desirable given the high cost of osmium.
Recently, we have shown that the photophysical properties
and kinetic advantages in bimolecular reactions of a molec-
ular dyad are essentially identical or even more advantageous
by using a so-called Coulombic dyad.[*®] In that study, which
was stimulated by several key findings related to counter-ion
and ion-pairing effects in photochemistry,[*’-"1 a simple and
positively charged metal complex ([Ru(phen);]**, Ruphen,
phen = 1,10-phenanthroline) and a negatively charged
organic chromophore (1,3,6,8-pyrenetetrasulfonate, PTS)
form an ion-pair in water.[*l This approach enabling dyad-
like character bypasses the time- and resource-consuming
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Figure 1. a) Comparison of the key properties and applicability of a
previously described and the novel Coulombic dyad photocatalysts
presented herein. b) Energetic scheme for the formation of 'O, with
both dyads. c) Stationary absorption (solid lines) and emission spectra
(dotted lines) of the key components of the best-performing Os-based
Coulombic dyad as well as an indication of the excitation wavelengths
used for time-resolved spectroscopy (vertical line) and lab-scale
irradiation experiments (filled red curve).

(multistep) preparation of a molecular dyad. Instead, a
Coulombic dyad is achieved by mixing the easily accessible
salts of the metal complex and the organic chromophore
in solution to use the precious metal complex as efficiently
as possible in photocatalysis. Following our proof-of-concept
study,[*] this approach is now applied to a simple dicationic
osmium complex and readily available anionic perylene
derivatives. Furthermore, its applicability is extended to i)
red light-driven photocatalysis, which is of great current
interest,!'>>1-53] and ii) a less polar solvent mixture to enable
broader applications (see Figure 1). For this purpose, we
present a thorough investigation of the new coulombic dyad
with both a dianionic and a tetra-anionic organic counterpart
by laser flash photolysis (LFP) and fs transient absorp-
tion spectroscopy (fs-TAS), a reliable assay to confirm the
highly efficient 'O, generation and several laboratory-scale
irradiation experiments.

Results and Discussion

Coulombic Dyad Design

The easily accessible and water-soluble chloride salt of
osmium tris-1,10-phenanthroline [Os(phen);]** (Osphen)
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served as the red light—absorbing metal complex for the novel
Coulombic dyad system. The PFg-salt was synthesized in a
single step according to a modified procedure by Constable
et all*®l with a yield of 86%, which was quantitatively
converted to the chloride salt with an ion exchange resin
(see Chapter S2 for details). The UV-vis spectrum in water
(see Figure 1c) shows a broad absorption band for the direct
transition into the 3MLCT state, which shows an absorption
onset at ~710 nm.*°l For 3Osphen with a triplet energy,
Er, of 1.80 eV,[*!] perylene with an Er of ~1.5 eVl is a
suitable energy acceptor, which was already demonstrated in
several molecular dyads.[7#142°8] To enable strong Coulombic
interactions with Osphen, the water-soluble potassium salt
of the tetra-anion perylenetetracarboxylate (PTC) was used,
which was synthesized in one step by the hydrolysis of
the commercially available dianhydride in 93% yield (see
Chapter S2 for details). The extension of the 7 system through
the carboxylate groups is expected to reduce Et, which is
estimated to be ~1.30 eV according to DFT calculations (see
Chapter S1.9). Thus, the Et of PTC is ~0.5 eV below that of
the sensitizer, which paves the way for a fast intermolecular
energy transfer under formation of *PTC and practically
excludes intermolecular back-energy transfer,[*] forming a
localized triplet rather than an excited state equilibrium with
triplet reservoir.’'341 The UV-vis absorption spectrum of
PTC shows a similar resolution of the vibronic transitions
of the first electronically excited state as perylene (Per) (see
Chapter S3). The lowest-energy absorption band peaking at
466 nm is redshifted by about 30 nm compared to Per due to
the 7 system-extending substituents. A pH-dependent UV-
vis measurement in water indicates that PTC is present in
its fully deprotonated state at a pH of 11. This maximizes
the Coulombic interactions between PTC and Osphen at
a minimal concentration of NaOH (1 mM). A 'H NMR
experiment at mM concentrations confirms a ground state
1:1 association between Osphen and PTC in solution with
an association constant of K;; = (1.9 £ 0.4)-10* M~! (see
Chapter S4), which lays the grounds for both chromophores
to act as dyad system.

Stationary and Time-Resolved (LFP) Investigations of Initial
Energy Transfer Step

The quenching of 3Osphen by PTC was first investigated
by recording steady-state emission spectra of the excited
osmium complex (see Chapter S3). A clear quenching of
the *Osphen phosphorescence could be observed even at
PTC concentrations as low as 30 uM. In order to quantify
the contributions of static and/or dynamic quenching, the
phosphorescence was recorded in a time-resolved manner
(see Figure 2a, main plot).[®] The unquenched lifetime of
30sphen in water was determined to be ~77 ns, which is in line
with the literature value.*®! In the presence of the quencher
PTC, an additional emission signal can be observed after
532 nm laser excitation with a laser-limited lifetime. Similar
observations were made in steady-state measurements and
this can be attributed to the emission of PTC or its aggregates
that may form in aqueous solution.!l PTC is essentially
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Figure 2. a) (Main plot) time-resolved emission of an aqueous solution
of Osphen (c(Osphen) = 16 uM) with different ¢(PTC) (color-coded red
lines) or a solution containing ¢(PTC) = 90 pM (green) after laser
excitation (Aexe = 532 nm); inset: corresponding Stern—Volmer plot. b)
(Main plot) transient absorption spectra of a solution containing
c(Osphen) = 16 pM without (red) or with ¢(PTC) = 30 pM (green) after
laser excitation (Aexc = 532 nm); inset: time-resolved absorption at

542 nm of the same solutions shown above. The solution containing
only ¢(PTC) = 90 pM is colored in gray.

transparent at the excitation wavelength of 532 nm. However,
based on a recent study,®] PTC forms dimers at higher
concentrations (>1 mM) that weakly absorb at 532 nm and
emit at the detection wavelength of the experiment displayed
in Figure 2a. The very small fraction of PTC dimers at our
concentrations (¢ < 200 uM) does not negatively affect the
performance of our Coulombic dyad but its emission is still
sufficient to initially mask the very weak phosphorescence
of 3Osphen. The filter effect due to PTC is negligible (see
Chapter S3). After the decay of the PTC (dimer) fluorescence,
the monoexponential decay of the *Osphen phosphorescence
becomes visible. An exponential fit of the pure 3Osphen
emission was used on the one hand to determine the lifetime
and thus the rate of dynamic quenching and on the other
hand to extrapolate the initial amplitude of the emission
(t = 0 ns in Figure 2a, main plot), which is important for
the quantification of the static quenching process.*! An
association constant between Osphen and PTC in solution
of K, = (1.33 & 0.01)-10* M~ was determined by a Stern-
Volmer analysis based on the decrease of the initial emission
intensity (see Figure 2a, inset), which agrees with the results
of the '"H NMR titration experiment, taking the different
concentration ranges into account. This value is on the
same order of magnitude as for a similar Coulombic dyad,
which is composed of the dicationic Ruphen and the tetra-
anionic PTS.[*! A Stern-Volmer analysis of the dynamic
quenching process revealed a quenching rate constant of k; =
(4.0 £ 0.1)-10' M~!s~!, which is well above the conventional
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diffusion limit (between uncharged species) in water (6.5-10°
M-'s~1)[8] and which is similar to what has been observed in
the Ruphen—PTS system.[*]

Despite the very high value for kg, less than 9% of the
triplet-excited Os complexes are dynamically quenched by
PTC at ¢(PTC) = 90 uM due to the very short lifetime
of 3Osphen. In contrast, static quenching, which is virtually
independent of the excited state lifetime of the sensitizer, is
the dominant quenching pathway with an efficiency as high
as 54% due to preorganization via ion-pairing at the same
concentration of PTC. These results imply that a significantly
reduced aggregation constant leads to a drastic reduction in
the quenching efficiency. This was demonstrated by utilizing
reference systems with the dianionic perylenedicarboxylate
(PDC) in water and the neutral Per in acetonitrile as
quenchers (see Chapter S6). When using dianionic PDC,
both the values for K and the static quenching efficiency are
halved compared to tetra-anionic PTC, which we attribute
to less pronounced Coulombic attraction for the dianionic
organic chromophore. With uncharged Per as a 3Osphen
quencher, only dynamic quenching occurs. Consequently,
a very low quenching efficiency is observed under our
conditions (see Figure S17). All these findings clearly show
that static quenching is a result of the strong Coulombic
interactions between the two chromophores. 3PTC shows
a similar shape in the TA spectrum compared to *Per in
acetonitrile (compare Figure 2b and Chapter S6). The longest-
wavelength absorption maximum at 542 nm is redshifted
by ~60 nm. The occurrence of static quenching can also
be verified by measuring kinetic absorption traces at this
wavelength that is indicative of *PTC. Within the pulse length
of the laser, a rapid increase in transient absorption can be
observed at 542 nm, indicating a sub-ns energy transfer from
3Osphen to PTC. This static signal rise is followed by a more
gradual increase due to the dynamic quenching process. As
perylenes usually have a high fluorescence quantum yield
and a very low ISC quantum yield,[*?! practically no *PTC
is formed by direct excitation in the absence of Osphen,
which was confirmed in a control experiment (see Figure 2b,
inset). The artifacts due to the emission of PTC prevent
further meaningful analysis of static and dynamic quenching
via time-resolved emission at higher PTC concentrations for
experimental reasons. Nevertheless, in order to estimate the
quenching efficiency at higher concentrations, the value of
AA of the resulting *PTC was recorded in the time-resolved
absorption, which is proportional to the quenching efficiency.
This results in an energy transfer quenching efficiency of
~88% for *Osphen by PTC at ¢(PTC) = 200 uM (see
Figure S18C).

Ultrafast Transient Absorption Spectroscopy (fs-TAS)

The initial energy transfer populating the triplet state of the
organic moiety is a crucial step within a dyad framework.
The results obtained from LFP with ns resolution indicate a
process on the sub-ns time scale for static (i.e., intra-ion-pair)
energy transfer (see Figure 2b, inset).
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Figure 3. Scheme of the initial intra-ion-pair energy transfer step
between Osphen and PTC (top). TA spectra (bottom) of a solution
containing ¢(Osphen) = 0.65 mM and ¢(PTC) = 0.46 mM in an aqueous
solution (1 mM NaOH) recorded at certain delay times after laser
excitation (Aexc = 600 nm, pulse length: <175 fs).

To resolve its kinetics within the Osphen and PTC ion-pair
in water, fs-TAS was conducted (Figure 3). Under the selected
concentrations, which had to be adapted for obtaining
meaningful results with this more sophisticated method, about
55% of the ground state Os complex molecules exist as
Osphen—PTC ion-pair and dynamic quenching is predicted
to occur with a time constant of 34 ns. These conditions
allow us to observe and analyze the ultrafast static quenching
in isolation. In the spectra shown in Figure 3, data points
around 450 and 600 nm are omitted due to artefacts caused
by strong filter effects by PTC or scattering of the excitation
light, respectively. After selective laser excitation at 600 nm,
a characteristic transient absorption spectrum of *Osphen
can be observed (compare ns LFP measurements, Figure 2b,
main plot), with a ground state bleach from 400-680 nm and
an excited state absorption band around 360 nm. Over the
course of one nanosecond, an excited state absorption band
with a maximum at 542 nm is formed, which is characteristic
for the presence of *PTC. Additionally, the depopulation of
30sphen is indicated by the simultaneous decrease of the
excited state absorption around 360 nm and a reduction of
the ground state bleach around 420 nm. The time constant
of the initial energy transfer step was determined to be
(102 £ 5) ps (see Chapter SS for details). We regard this time
constant as clear evidence for preorganization and a close
proximity of the oppositely charged chromophores because it
is 330 times faster than the diffusion-based quenching under
these conditions. Analogously, the kinetics of the energy
transfer within the ion-pair consisting of Osphen and the
dianionic PDC was analyzed (see Chapter S5 for details).
There, the process occurs with a time constant of 91 ps,
which is slightly faster compared to the energy transfer within
the Osphen-PTC pair. This step is most likely influenced
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by the thermodynamic driving force, the geometry of the
ion-pair, and the electronic coupling between the charged
chromophores. A similarly high driving force is expected for
both energy transfer steps, with a slightly higher driving force
in the case of PTC. The energy difference to 3Osphen is
estimated with ~0.39 and ~0.50 eV for 3PDC and *PTC,
respectively. Conversely, it is assumed that in the case of PDC,
the steric hindrance in the ion-pair is lower, which enables
a better overlap of the m systems of one phenanthroline
ligand and the perylene core structure, resulting in a higher
electronic coupling and a faster pseudo-static energy transfer
step. Interestingly, the rate of the population of the organic
triplet state is comparable to the kinetics of well-investigated
molecular dyad systems based on Ru, Re, and Pt (between 4.8
and 2000 ps for the cited examples).[333463-07] This similarity
further emphasizes that Coulomb-bound ion-pairs can be
regarded as a novel class of bichromophores, which justifies
the name Coulombic dyad.!*!

Quantification of Increased 'O, Formation Rate with a 'O, Assay

As highlighted in the introduction, osmium complexes have
attracted considerable attention for singlet oxygen generation
due to their beneficial ability to absorb light across the
visible spectrum, particularly the red and NIR regions.
Despite this advantageous spectral absorption, an inherent
challenge arises from the short lifetime of 3Osphen and
related complexes in the low nanosecond range. Combined
with a poor solubility of molecular oxygen in aqueous solution
(027 mM at 25 °C),I¥] a low quantum yield for the 'O,
generation is thus expected. This is demonstrated by the very
low quenching efficiency of *Osphen by dissolved oxygen
of ~0.07 in air-saturated water, as shown in Figure 4. In
contrast, *PTC generated in the Coulombic dyad is almost
quantitatively quenched by molecular oxygen because its
lifetime is more than three orders of magnitude longer. This
lifetime-dependent quenching efficiency difference can be
displayed in a kinetic simulation (see Figure S20). To further
explore the impact of the lifetime extension on the 'O,
formation rates, a comparative analysis for aqueous solutions
based on the RNO method by Kralji¢ and Mohsnil3*¢$%1 was
performed (see Chapters S1.7 and S7 for details). In this
method, an organic nitrosyl compound is converted by 'O,
to the corresponding nitro derivative, catalyzed by imidazole.
The consumption of the nitrosyl compound can be observed
via the decrease of its absorption band at 440 nm. This
decrease in absorption is proportional to the rate of 'O,
formation, which means that it can be quantified relative to
each other for different systems under uniform irradiation
conditions. For experimental reasons, the concentrations of
Osphen and PTC had to be adjusted for this method.
However, based on the previous quantitative spectroscopic
investigations, the efficiency of each step can be calculated.
Utilizing the entire Coulombic dyad with c(Osphen) = 15 pM
and ¢(PTC) = 45 pM, an increase by more than one order of
magnitude (15.5-fold) of the 1O, formation rate is observed
compared to the results using Osphen only (see Figure 4c, all
photophysical key properties of the Osphen-based Coulombic
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Figure 4. a) Reaction scheme of the less efficient formation of 'O, without and the much more efficient formation of 'O, with the mediators PDC or
PTC. b) Time-resolved emission of Ar- or air-saturated aqueous solution containing ¢(Osphen) = 16 pM (red) and time-resolved absorption of a
solution containing additionally ¢(PDC) = 90 pM or ¢(PTC) = 90 pM under similar conditions after 532 nm laser excitation. c) Results of 'O, assay
displaying different 'O, formation rates for an aqueous solution containing c(Osphen) = 15 uM without (red) or with ¢(PDC) = 45 uM (blue) /c(PTC)
=45 pM (green) under red light excitation (660 nm LED). See Chapter S7 for further information.

dyads are summarized in Table S3). According to our analysis
in Figure S6D, a quenching efficiency of ~0.40 is achieved for
30sphen by PTC for the used concentrations. Due to the near
quantitative quenching of *PTC by molecular oxygen, the
overall quenching efficiency for the reaction with molecular
oxygen increases from ~0.073 (Osphen only) to ~0.40
(Osphen and PTC), which represents a 5.5-fold increase. This
discrepancy between predicted and observed 'O, formation
rate can be explained by the inherent quenching efficiency
fa, which describes the fraction of 'O, that is formed by the
quenching process with molecular oxygen.'! The formation
of the superoxide radical anion O,"~ via electron transfer
represents a competing pathway to the desired energy transfer
reaction. Hence, f5 has to be higher for 3PTC compared to
30sphen by a factor of ~2.8 (~15.5/5.5). This observation
reveals another advantage of the dyad system: The transition
from mixed electron transfer/energy transfer mechanisms
with MLCT states to more selective energy transfer quench-
ing with the *(7 7 *) state of an organic chromophore. This is in
agreement with the observations of our recent study involving
a Ru-based molecular dyad!™ and other investigations on
bichromophores in photooxygenations.”3 The solvent-
dependent f value is reported to be 0.76 for Osphen in
methanol.’#! For analogous Ru complexes, this value is found
to decrease in more polar solvents such as water, which favors
the formation of the charged species O, .17’

Conversely, for the organic chromophore PTC with
electron-withdrawing groups, minimal electron transfer to
molecular oxygen can be expected for the low-energy excited
state PTC, such that we assume f, to be 1 for 3PTC.
Considering this assumption, fr is estimated to be ~0.35
(~1/2.8) for Osphen, which corresponds closely to the results
of strongly related Ru complexes in water.['7] When PDC
is utilized, which is only about half as efficient in *Osphen
quenching compared to PTC (Figure S17), a ~5-fold increase
in the 'O, formation rate is observed. This represents a
reduction by a factor of ~3.2 compared to the formation rate
using PTC. The disproportionate decrease in the formation
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rate can be attributed to the higher significance of electron
transfer with molecular oxygen, given that SPDC is slightly
higher in energy than 3PTC, which can decrease f,. The
thermodynamic feasibility of photoinduced O, reduction
and thus the influence on f, for 3Osphen, 3PTC, and
3PDC was investigated by complementary cyclic voltammetry
measurements in water (see Chapter S8). Indeed, the excited-
state oxidation potential of *Osphen in water is more negative
compared to those of the perylene-localized triplets by as
much as 0.6 V. In consequence, a high driving force for the
photoinduced electron transfer to yield O, can only be
expected for the metal complex, whereas *PTC and *PDC
are more redox inert, favoring singlet oxygen formation. To
underscore the impact of lifetime extension, the widely used
complex [Os(bpy);]*" (Osbpy),’®78] with an even shorter
excited state lifetime (trr ~ 22 ns) than Osphen,[*’] was
utilized as energy donor in a Coulombic dyad. The quenching
efficiency of 3Osbpy by molecular oxygen in air-saturated
water is as low as ~3%, which is approximately half as high
as that for *Osphen (see Figure S62). Assuming similar values
for fo and K, and consequently for the static quenching
efficiency of 3Qsbpy by PTC, an additional twofold increase
in the 'O, formation rate in the presence of PTC is expected.
This would result in an overall increase in the 'O, formation
rate by a factor of ~30 compared to the use of Osbpy alone.
Indeed, this predicted superincrease was validated by the 'O,
assay, as detailed in Chapter S7.

Efficient Photooxygenations in Water and a Less Polar Solvent

With the 'O, assay presented in the preceding section, it could
be shown that a highly efficient generation of 'O, with the
Coulombic dyad is possible due to the increase in lifetime and
an improved value for f,. This is now used for performing
efficient red light-driven photooxygenations in air-saturated
water (see Figure 5).
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Figure 5. Laboratory-scale irradiation experiments with red light (660 nm LED) confirming the improved 'O, formation rate utilizing the novel
Coulombic dyad. Yields were determined via "TH NMR spectroscopy. See Chapter S9 and the text for further information.

First, we turned to photooxygenations of 5-HMF (1),
which is among the promising platform chemicals from a
renewable source,”! using the Coulombic dyad consisting
of Osphen and PTC. After a short time, however, a red
precipitate formed and the typical greenish color in the
presence of dissolved PTC disappeared. This can be explained
by the pH-lowering effect caused by the co-product formic
acid (4)!%!] and the fact that (fully) protonated PTC is poorly
soluble in water, which was observed in pH-dependent UV-
vis spectra (see also Chapter S3). In order to avoid the
precipitation of PTC, two equivalents of NaOH had to be
used. Two equivalents are necessary to neutralize 4 and the
carboxylic acid 2, which is formed under alkaline conditions
by ring-opening of the lactone 1.1 The metastable 2 is a
potential biopolymer precursor and it can be accumulated at
reduced temperatures.’*8%81l In addition, a small amount of
maleic acid was identified, which is formed as a secondary
product from the oxidation of 2 alongside a further equivalent
of 4.341 The basic conditions hardly alter the quenching
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efficiencies of *Osphen or 3PTC by molecular oxygen (see
Figure S61). Control experiments rule out alternative reaction
pathways (see Table S5). Utilizing the entire Coulombic dyad,
the reaction is nearly complete after 4 h of irradiation with a
660 nm LED (see Figure S26). When comparing the reaction
rates in terms of the initial slopes with and without PTC, a
significant improvement by a factor of ~3 is observed. Despite
the considerable increase in the reaction rate, an even greater
improvement can be expected based on the spectroscopic
findings and the outcome of the 'O, assay.

One explanation for this is the increased ionic strength
due to the use of 60 mM NaOH, which suppresses the
efficient association of the oppositely charged chromophores
and thus the quenching efficiency of *Osphen by PTC.[*¢%2]
In complementary LFP measurements, it was found that the
quenching efficiency drops from 0.88 in 1 mM NaOH to 0.35 in
60 mM NaOH (see Figure S18). Taking the results of the 'O,
assay and the ionic strengths effects into account, the reaction
rate should nevertheless be even higher than observed in the
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presence of PTC. Another explanation is the photostability
of the catalyst system under long-term irradiation. A UV-
vis absorption study of the reaction solution indicates that
PTC also reacts with 'O, during prolonged irradiation times,
which presumably deactivates the organic chromophore (see
Chapter S9.1). However, what could initially be regarded as
a weakness turns out to be a strength of the novel catalytic
system. If perylene would be covalently linked to Osphen, the
resulting molecular dyad would be irreversibly deactivated
after the decomposition initiated by 'O,. In the case of the
Coulombic dyad, only inexpensive PTC is decomposed and
Osphen, which is several orders of magnitude more expen-
sive, remains practically unchanged during the reaction (see
Chapter S9.1) and could potentially be recovered after the
irradiation reaction. Moreover, the turnover frequency and
the photoreactivity of an irradiated photocatalysis solution
can be significantly increased again upon the addition of
further PTC (see Figure S32), emphasizing the stability of
Osphen and the simplicity of the Coulombic dyad concept.
In another approach, the probability of the reaction between
PTC and 'O, can initially be reduced by increasing the
concentration of the substrate. By this, a considerable TON
relative to the sensitizer of over 1000 was achieved after 7.5 h
of irradiation (see Chapter S9.1). For the reactions in which
Osbpy served as the sensitizer, the difference in reaction rates
with and without PTC are more pronounced and the reaction
rate when using Osphen and PDC is in-between the reaction
rates with PTC and without any organic chromophore (see
Chapter S9.1). These findings are consistent with the results
of the 'O, assay. Furthermore, the photooxygenation of 1 was
conducted using the well-established organic photocatalyst
methylene blue (MB), which is known for singlet oxygen
generation in aqueous solution operating under red light
excitation.[$3%¢] Under the same reaction conditions, how-
ever, MB shows a poor conversion below 10% after 4 h of
irradiation, showing no reaction progress after the first 30 min
of irradiation (see Chapter S9.1). This can be explained by
the limited photostability of the organic chromophore, 465571
which can be clearly recognized by the solution turning
colorless.

The observation that maleic acid occurs as a minor
secondary product stimulated the endeavor to produce this
industrially important chemical as a main product from
renewable raw materials. Without a hydroxymethyl group,
the platform chemical furfural (5)["] is present, which yields
formic acid and maleic semialdehyde (6) after photooxygena-
tion via 'O, and a pH value above 4.[8%] It was observed
that 6 thermally isomerizes to the E isomer 7, which can
be suppressed by ice cooling (see Chapter S9.2). As we
found, the semialdehyde 6 could subsequently be oxidized
very efficiently with hydrogen peroxide at room temperature
to maleic acid. This represents a very simple and efficient one-
pot synthesis, which was previously only possible with more
complex catalytic systems, high temperatures, or by utilizing
fossil fuels.[8890-93]

As an additional photooxygenation in water, a thioether
was converted to the corresponding sulfoxide, which is in gen-
eral an important transformation in organic synthesis.[’°l The
photooxygenation of dimethyl sulfide (8) produces DMSO (9)
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selectively under the chosen conditions (see Chapter S9.3).
To our delight, the reaction is almost complete after only
1 h when the Coulombic dyad system is used, whereas the
conversion of 5-HMF requires 4 h. This is due to i) the need
for only 0.5 equivalents of 'O, for the photooxygenation
of thioethers!”’] instead of 1 equivalent for 5-HMF and ii)
the low NaOH concentrations, which allow a minimum ionic
strength, thereby fully utilizing the potential of the Coulombic
dyad. The latter is also reflected by the more pronounced
improvement of the reaction rate in the presence of PTC by
as much as a factor of ~5.

'0, is not only a useful reagent in synthesis but also
plays an important role in the degradation of environmental
pollutants.’*1%] Glyphosate (10) is the most widely used
herbicide!'’!! and its massive use leads to concerning amounts
in soil, surface water, and ground water.[19%1%] It is known
to be toxic to aquatic organisms/'®*'%] and probably car-
cinogenic to humans,''®! which raised much interest for the
degradation of this pollutant.l'””! Under alkaline conditions,
10 can be decomposed by '0,.['%] Glyphosate is known to
have several protonation stages!'® !l and the decomposition
can release acidic compounds!''!! such that a base excess
is needed. The photocatalytic degradation of 10 mM of
10 was carried out with the same NaOH and catalyst
concentrations used for the photooxygenation of 5-HMF
Utilizing the Coulombic dyad system Osphen-PTC, 90% of
10 is decomposed after 2 h of irradiation according to 'H
NMR (see Chapter S9.4). The downfield shift of the chemical
shifts of the protic glyphosate in 'H NMR spectroscopy over
the course of the reaction already indicates the formation
of acidic degradation products. The signal that emerges at
~2.5 ppm in the 3P NMR spectra can be assigned to
orthophosphate.l''?] This, and the absence of meaningful
signals in 'H NMR after the irradiation, implies a multistep
oxidation of 10 to smaller building blocks like methylamine,
ammonia, nitroxides, formaldehyde, or oxalic acid,!'"'! which
are either invisible in 'H NMR spectroscopy or removed
from the solution by the constant air flow. Importantly,
the intermediate aminomethylphosphonic acid, which is also
toxicl'®! and which can be observed by the signal occurring
~3 ppm downfield shifted compared to 10 in *'P NMR,"?] is
practically not present after 2 h of irradiation. Without PTC,
the decomposition progresses much more slowly, such that
only 33% is decomposed after 2 h of irradiation—in perfect
agreement with the lower 'O, formation rate in the presence
of only Osphen.

A major difficulty in using water as the solvent is that a
large number of industrially or pharmaceutically important
substances or their precursors are practically insoluble in
water. One well-established approach to overcome solubil-
ity issues in aqueous solutions is to use cyclodextrins as
solubilizers,"3! which was also demonstrated for the first
Coulombic dyad.*l In the present study, the Coulombic
dyad was used in a different solvent environment, which
was exploited for the synthesis of the drug modafinil (12,
see Figure 5 for its structure).[*] Modafinil is formed from
the non-water soluble precursor 11 via photooxygenation
of the sulfur atom (see Chapter S9.5). As we found, all
components are soluble in a less polar solvent mixture
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containing methanol/water 10:1 (v/v). For this solvent mix-
ture, a significant acceleration of the reaction through the
presence of PTC could also be observed (92% versus 42%
yield after 45 min of irradiation, see also Figure S52), which
can be attributed to efficient static quenching of *Osphen by
PTC and the significantly higher lifetime of 3PTC compared
to Osphen. This beneficial situation leads to an overall higher
quenching efficiency by molecular oxygen, as demonstrated
by additional LFP measurements in this solvent mixture (see
Chapter S9.5.1). With the promising results in this solvent
mixture in hand, 'O, mediated oxidative dimerization of ben-
zylamine (13) was carried out,!''*! leading to the formation of
14 in 47% yield after 1 h of irradiation utilizing Osphen. Here,
it was also possible to increase the rate of the reaction by the
addition of PTC, resulting in an improved yield of 86% under
otherwise identical conditions (see Chapter S9.6).

Conclusion

As has emerged from this study, short-lived osmium com-
plexes can be used for the efficient red light—-driven generation
of singlet oxygen when combined with a perylene salt in
a Coulombic dyad system. The initial energy transfer from
the excited osmium complex to the organic triplet state is
essentially as fast as in traditional molecular dyad systems.
Although the actual energy transfer kinetics are compa-
rable with ion-pairs containing dianionic and tetra-anionic
perylenes as organic counterparts, the association constants
in the ground states determine the overall efficiencies for the
Coulombic dyad photocatalysts under study. The pronounced
preassociation of the Osphen-PTC dyad in solution via
ion-pairing facilitates the efficient formation of the long-
lived perylene triplet state with an excited state lifetime
being more than three orders of magnitude longer than
that of the osmium complex. This results in a significant
kinetic advantage for singlet oxygen generation in aqueous
solutions. Additionally, the higher singlet oxygen quantum
yield for the quenching of the organic triplet state by oxygen
further enhances the efficiency of the overall singlet oxygen
production. The versatility of this system was demonstrated
by the efficient photooxygenation of 5-HMF, furfural, and
dimethyl sulfide, as well as the effective degradation of
the pollutant glyphosate in water. Moreover, the successful
and selective generation of modafinil from a nonwater-
soluble precursor and the benzylamine oxidation in a less
polar solvent mixture indicates a broad applicability and
transferability of the straightforward Coulombic dyad concept
to solvents beyond pure water.

Supporting Information

The supporting information contains experimental details,
additional steady-state and time-resolved spectroscopic
results, quantum-mechanical calculations, and details about
the irradiation experiments. The authors have cited additional
references within the Supporting Information.[13-133]

Angew. Chem. Int. Ed. 2025, 64, 202502840 (8 of 11)

Research Article

Angewandte
intematianalEdition’y Chemie

Acknowledgements

The authors acknowledge generous financial support from
the JGU Mainz, the German Research Foundation (DFG,
Grant Number KE 2313/7-1 to CK. and INST 247/1082-
1 FUGG to K.H.) and the Chemical Industry Fund (FCI,
Kekulé Ph.D. fellowship for M.S.). Parts of this research
were carried out with the Elwetritsch supercomputer and the
advisory services of the University of Kaiserslautern-Landau
(https://hpc.rz.rptu.de), which is a member of the AHRP and
the Gauss Alliance e.V.

Open access funding enabled and organized by Projekt
DEAL.

Conflict of Interests

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available in
the main article and/or the Supporting Information. The data
sets shown in the main paper and DFT output files are accessi-
ble via the JGU library (https://doi.org/10.25358/openscience-
12602) and the homepage of the senior corresponding
author.

Keywords: Coulombic dyad - Energy transfer . Photocatalysis -
Sustainable chemistry . Time-resolved spectroscopy

[1] M. DeRosa, Coord. Chem. Rev. 2002, 233-234, 351-371.

[2] A. A. Ghogare, A. Greer, Chem. Rev. 2016, 116, 9994-10034.

[3] A. G. Griesbeck, S. Sillner, M. Kleczka, in Comprehensive
Series in Photochemical & Photobiological Sciences (Eds: S.
Nonell, C. Flors), Royal Society of Chemistry, Cambridge 2016,
pp- 369-392.

[4] B.Li,L.Lin, H. Lin, B. C. Wilson, J. Biophotonics 2016, 9, 1314—
1325.

[5] P S. Maharjan, H. K. Bhattarai, J. Oncol. 2022, 2022, 1-20.

[6] J. Karges, Angew. Chem. Int. Ed. 2022, 61, €202112236.

[7] C. J. Ballhausen, Introduction to Ligand Field Theory,
McGraw-Hill, New York 1962.

[8] M. Montalti, A. Credi, L. Prodi, M. T. Gandolfi, Handbook of
Photochemistry, CRC Press, Boca Raton 2006.

[9] E Glaser, S. De Kreijger, K. Achilleos, L. Narayan Satheesh,
A. Ripak, N. Chantry, C. Bourgois, S. Quiquempoix, J.
Scriven, J. Rubens, M. Vander Wee-Léonard, M. Daenen, M.
Gillard, B. Elias, L. Troian-Gautier, ChemPhotoChem 2024, 8,
€202400134.

[10] S. Lazic, P. Kaspler, G. Shi, S. Monro, T. Sainuddin, S. Forward,
K. Kasimova, R. Hennigar, A. Mandel, S. McFarland, L. Lilge,
Photochem. Photobiol. 2017, 93, 1248-1258.

[11] E. C. Glazer, Photochem. Photobiol. 2017, 93, 1326-1328.

[12] 1. A. Roque, P. C. Barrett, H. D. Cole, L. M. Lifshits, G. Shi,
S. Monro, D. Von Dohlen, S. Kim, N. Russo, G. Deep, C. G.
Cameron, M. E. Alberto, S. A. McFarland, Chem. Sci. 2020, 11,
9784-9806.

[13] C.Ge,J. Zhu, A. Ouyang, N. Lu, Y. Wang, Q. Zhang, P. Zhang,
Inorg. Chem. Front. 2020, 7, 4020-4027.

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U8017 SUOWWIOD 8AIee.D 8|qeoljdde ayy Aq peusenob ae ssoiie VO ‘88N JO S8|nJ 10} A%eiqiT8UIIUO A1 UO (SUOTIPUOD-PUB-SWB)ALI0O" A3 1M ARIq 1 U1 |UO//SANY) SUORIPUOD pue SWie | 843 88S *[9202/£0/20] U AkeiqiTauljuo A8 |IM ‘ZURIN Yeylo!(qigsiisieAln AQ 0r820520Z @I1Ue/200T OT/I0p/LI0d A 1M AreIq1pul|uo// Sty WOy papeojumod ‘SE ‘5202 ‘€LLETZST



GDCh
~~

(14]

(15]

[16]

(17]
(18]
(19]
[20]
(21]

[22]

(23]

(24]

[25]
[26]
(27]
(28]
[29]
(30]

(31]
(32]

(33]

(34]

35]
36]
(37]
(38]
(39]

[40]

[41]

(42]

Angew. Chem. Int. Ed. 2025, 64, €202502840 (9 of 11)

A. Mani, T. Feng, A. Gandioso, R. Vinck, A. Notaro, L.

Gourdon, P. Burckel, B. Saubaméa, O. Blacque, K. Cariou, J.
Belgaied, H. Chao, G. Gasser, Angew. Chem. Int. Ed. 2023, 62,
€202218347.

L. Zeng, L. Huang, Z. Huang, T. Mani, K. Huang, C. Duan, G.
Han, Nat. Commun. 2024, 15, 7270.

B. D. Ravetz, N. E. S. Tay, C. L. Joe, M. Sezen-Edmonds, M.
A. Schmidt, Y. Tan, J. M. Janey, M. D. Eastgate, T. Rovis, ACS

Cent. Sci. 2020, 6, 2053-2059.

J. B. Bilger, C. Kerzig, C. B. Larsen, O. S. Wenger, J. Am. Chem.
Soc. 2021, 143, 1651-1663.

N. Sinha, C. Wegeberg, D. Héussinger, A. Prescimone, O. S.
Wenger, Nat. Chem. 2023, 15, 1730-1736.

G. Han, G. Li, J. Huang, C. Han, C. Turro, Y. Sun, Nat.
Commun. 2022, 13, 2288.

J. Fajardo, A. T. Barth, M. Morales, M. K. Takase, J. R. Winkler,
H. B. Gray, J. Am. Chem. Soc. 2021, 143, 19389-19398.

M. Lancel, T. Golisano, C. Monnereau, C. Gomez, M. Port, Z.
Amara, A. C. S. Sustain, Chem. Eng. 2023, 11, 15674-15684.
M. Nakajima, S. Nagasawa, K. Matsumoto, T. Kuribara, A.
Muranaka, M. Uchiyama, T. Nemoto, Angew. Chem. Int. Ed.
2020, 59, 6847-6852.

G. Chacktas, T. Kerackian, B. Pfund, D. Durand, M.
Villeneuve, N. Fabre, C. Fiorini-Debuisschert, O. S. Wenger, E.
Romero, 2024, ChemRxiv, 10.26434/chemrxiv-2024-mvkO0z.

J. H. Baek, D. Song, G. Park, S. Avula, S. Park, K. Ohkubo,
Y. You, Adv. Opt. Mater 2025, 2500876, https://doi.org/10.1002/
adom.202500876.

S. Amemori, Y. Sasaki, N. Yanai, N. Kimizuka, J. Am. Chem.
Soc. 2016, 138, 8702-8705.

D. Liu, Y. Zhao, Z. Wang, K. Xu, J. Zhao, Dalton Trans. 2018,
47, 8619-8628.
Y. Sasaki, S. Amemori, H. Kouno, N. Yanai, N. Kimizuka, J.

Mater. Chem. C 2017, 5, 5063-5067.

Y. Wei, Y. Li, M. Zheng, X. Zhou, Y. Zou, C. Yang, Adv. Opt.
Mater. 2020, 8, 1902157.

E. M. Kober, J. V. Caspar, R. S. Lumpkin, T. J. Meyer, J. Phys.
Chem. 1986, 90, 3722-3734.

C. Creutz, M. Chou, T. L. Netzel, M. Okumura, N. Sutin, J. Am.
Chem. Soc. 1980, 102, 1309-1319.

F. N. Castellano, Acc. Chem. Res. 2015, 48, 828-839.

D. S. Tyson, J. Bialecki, F. N. Castellano, Chem. Commun. 2000,
2355-2356.

S. Neumann, O. S. Wenger, C. Kerzig, Chem. Eur. J. 2021, 27,
4115-4123.

A. C. Sell, J. C. Wetzel, M. Schmitz, A. W. Maijenburg, G.
Woltersdorf, R. Naumann, C. Kerzig, Dalton Trans. 2022, 51,
10799-10808.

F. Doettinger, Y. Yang, M. Karnahl, S. Tschierlei, Inorg. Chem.
2023, 62, 8166-8178.

D. Kim, M. C. Rosko, F. N. Castellano, T. G. Gray, T. S. Teets,
J. Am. Chem. Soc. 2024, 146, 19193-19204.

Y. Sasaki, N. Yanai, N. Kimizuka, /norg. Chem. 2022, 61, 5982—
5990.

K. Choroba, M. Penkala, J. Palion-Gazda, E. Malicka, B.
Machura, Inorg. Chem. 2023, 62, 19256-19269.

K. A. Wells, J. E. Yarnell, J. R. Palmer, T. S. Lee, C. M. Papa, F.
N. Castellano, Inorg. Chem. 2020, 59, 8259-8271.

D. Costabel, R. De, FE. Jacobi, J. Eichhorn, K. Hotzel, A.
Nabiyan, C. Neumann, A. Turchanin, S. Kupfer, F. H. Schacher,
S. Rau, B. Dietzek-Ivansié¢, K. Peneva, ACS Catal. 2023, 13,
7159-7169.

Y. Wei, Y. Li, Z. Li, X. Xu, X. Cao, X. Zhou, C. Yang, Inorg.
Chem. 2021, 60, 19001-19008.

Y. Sasaki, M. Oshikawa, P. Bharmoria, H. Kouno, A. Hayashi-
Takagi, M. Sato, I. Ajioka, N. Yanai, N. Kimizuka, Angew.
Chem. Int. Ed. 2019, 58, 17827-17833.

Research Article

[43]

[44]
[45]
[46]
[47)

48]

[49]

[50]

[51]

(52]

53]

[54]

[55]
[56]
[57)
58]

[59]

[60]

[61]

[62]
[63]
[64]

[65]

[66]

Angewandte

intemational Edition’y, Chemie

K. R. A. Schneider, A. Chettri, H. D. Cole, K. Reglinski,
J. Briickmann, J. A. Roque, A. Stumper, D. Nauroozi, S.
Schmid, C. B. Lagerholm, S. Rau, P. Biuerle, C. Eggeling, C.
G. Cameron, S. A. McFarland, B. Dietzek, Chem. Eur. J. 2020,
206, 14844-14851.

J. Li, T. Chen, Coord. Chem. Rev. 2020, 418, 213355.

D. Kim, V. Q. Dang, T. S. Teets, Chem. Sci. 2024, 15, 77-94.

M. Schmitz, M.-S. Bertrams, A. C. Sell, F. Glaser, C. Kerzig, J.
Am. Chem. Soc. 2024, 146, 25799-25812.

G. Li, W. B. Swords, G. J. Meyer, J. Am. Chem. Soc. 2017, 139,
14983-14991.

E. P. Farney, S. J. Chapman, W. B. Swords, M. D. Torelli, R.
J. Hamers, T. P. Yoon, J. Am. Chem. Soc. 2019, 141, 6385-
6391.

J. D. Earley, A. Zieleniewska, H. H. Ripberger, N. Y. Shin, M. S.
Lazorski, Z. J. Mast, H. J. Sayre, J. K. McCusker, G. D. Scholes,
R. R. Knowles, O. G. Reid, G. Rumbles, Nat. Chem. 2022, 14,
746-753.

J. Zanzi, Z. Pastorel, C. Duhayon, E. Lognon, C. Coudret, A.
Monari, I. M. Dixon, Y. Canac, M. Smietana, O. Baslé, JACS
Au 2024, 4, 3049-3057.

K. Kamada, J. Jung, C. Yamada, T. Wakabayashi, K. Sekizawa,
S. Sato, T. Morikawa, S. Fukuzumi, S. Saito, Angew. Chem. Int.
Ed. 2024, 63, €202403886.

M. M. Hossain, A. C. Shaikh, R. Kaur, T. L. Gianetti, J. Am.
Chem. Soc. 2024, 146, 7922-7930.

D. C. Cabanero, S. K. Kariofillis, A. C. Johns, J. Kim, J. Ni, S.
Park, D. L. Parker, C. P. Ramil, X. Roy, N. H. Shah, T. Rovis, J.
Am. Chem. Soc. 2024, 146, 1337-1345.

K. A. Ryu, T. Reyes-Robles, T. P. Wyche, T. J. Bechtel, J.
M. Bertoch, J. Zhuang, C. May, C. Scandore, N. Dephoure,
S. Wilhelm, I. Quasem, A. Yau, S. Ingale, A. Szendrey, M.
Duich, R. C. Oslund, O. O. Fadeyi, ACS Catal. 2024, 14,
3482-3491.

K.-K. Niu, T.-X. Luan, J. Cui, H. Liu, L.-B. Xing, P-Z. Li, ACS
Catal. 2024, 14,2631-2641.

E. C. Constable, P. R. Raithby, D. N. Smit, Polyhedron 1989, 8,
367-369.

R. H. Clarke, R. M. Hochstrasser, J. Mol. Spectrosc. 1969, 32,
309-319.

K. Ye, M. Imran, X. Chen, J. Zhao, ACS Appl. Opt. Mater. 2024,
2,1803-1824.

F. Strieth-Kalthoff, C. Henkel, M. Teders, A. Kahnt, W. Knolle,
A. Goémez-Suarez, K. Dirian, W. Alex, K. Bergander, C. G.
Daniliuc, B. Abel, D. M. Guldi, F. Glorius, Chem 2019, 5,
2183-2194.

J. R. Lakowicz, Principles of Fluorescence Spectroscopy,
Springer US, Boston, MA, 2006.

C. Magne, S. Streckaite, R. A. Boto, E. Dominguez-Ojeda,
M. Gromova, A. Echeverri, F. S. Brigiano, M.-H. Ha-Thi,
M. FanckevicCius, V. JaSinskas, A. Quaranta, A. A. Pascal, M.
Koepf, D. Casanova, T. Pino, B. Robert, J. Contreras-Garcia,
D. Finkelstein-Shapiro, V. Gulbinas, M. J. Llansola-Portoles,
Chem. Sci. 2024, 15, 17831-17842.

C. A. Parker, T. A. Joyce, Chem. Commun. 1966, 108b—109.

D. S. Tyson, K. B. Henbest, J. Bialecki, F. N. Castellano, J. Phys.
Chem. A 2001, 105, 8154-8161.

C. Reichardt, M. Pinto, M. Wichtler, M. Stephenson, S. Kupfer,
T. Sainuddin, J. Guthmuller, S. A. McFarland, B. Dietzek, J.
Phys. Chem. A 2015, 119, 3986-3994.

A. Szlapa-Kula, M. Matecka, A. M. Maron, H. Janeczek,
M. Siwy, E. Schab-Balcerzak, M. Szalkowski, S. Mackowski,
T. Pedzinski, K. Erfurt, B. Machura, Inorg. Chem. 2021, 60,
18726-18738.

K. Chen, M. Hussain, S. S. Razi, Y. Hou, E. A. Yildiz, J. Zhao,
H. G. Yaglioglu, M. D. Donato, Inorg. Chem. 2020, 59, 14731-
14745.

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U8017 SUOWWIOD 8AIee.D 8|qeoljdde ayy Aq peusenob ae ssoiie VO ‘88N JO S8|nJ 10} A%eiqiT8UIIUO A1 UO (SUOTIPUOD-PUB-SWB)ALI0O" A3 1M ARIq 1 U1 |UO//SANY) SUORIPUOD pue SWie | 843 88S *[9202/£0/20] U AkeiqiTauljuo A8 |IM ‘ZURIN Yeylo!(qigsiisieAln AQ 0r820520Z @I1Ue/200T OT/I0p/LI0d A 1M AreIq1pul|uo// Sty WOy papeojumod ‘SE ‘5202 ‘€LLETZST


https://doi.org/10.26434/chemrxiv-2024-mvk0z
https://doi.org/10.1002/adom.202500876
https://doi.org/10.1002/adom.202500876

GDCh
) —

[67]

[68]

[69]

[70]
[71]

[72]

(73]

[74]
[75]

[76]
(7]

(78]
[79]
(80]
(81]

(82]
(83]

(84]
(85]
(30]
(87]
(38]
(89]

[90]

[91]

(92]
(93]

[94]

[95]
[96]

[97]

Angew. Chem. Int. Ed. 2025, 64, 202502840 (10 of 11)

M. Matecka, A. Szlapa-Kula, A. M. Maron, P. Ledwon,
M. Siwy, E. Schab-Balcerzak, K. Sulowska, S. Mackowski,
K. Erfurt, B. Machura, Inorg. Chem. 2022, 61, 15070-
15084.

I. Kralji¢, S. E. Mohsni, Photochem. Photobiology. 1978, 28,
577-581.

V. Guilbaud, M. Goizet, N. Leygue, A. Poirot, S. Mallet-
Ladeira, C.-L. Serpentini, T.-S. Ouk, G. M. A. Ndong
Ntoutoume, V. Sol, E. Benoist, S. Fery-Forgues, J. Photochem.
Photobiol. A 2024, 453, 115600.

M.-S. Bertrams, K. Hermainski, J.-M. Morsdorf, J. Ballmann,
C. Kerzig, Chem. Sci. 2023, 14, 8583-8591.

M. Schmid, J. Briickmann, J. Bésking, D. Nauroozi, M. Karnahl,
S. Rau, S. Tschierlei, Chem. Eur. J. 2022, 28, ¢202103609.

E. K. Pefkianakis, D. Christodouleas, D. L. Giokas, K.
Papadopoulos, G. C. Vougioukalakis, Eur. J. Inorg. Chem. 2013,
2013, 4628-4635.

M. Stephenson, C. Reichardt, M. Pinto, M. Wichtler, T.
Sainuddin, G. Shi, H. Yin, S. Monro, E. Sampson, B. Dietzek,
S. A. McFarland, J. Phys. Chem. A 2014, 118, 10507-10521.

J. N. Demas, E. W. Harris, R. P. McBride, J. Am. Chem. Soc.
1977, 99, 3547-3551.

C. Tanielian, C. Wolff, M. Esch, J. Phys. Chem. 1996, 100, 6555—
6560.

F. Glaser, O. S. Wenger, Chem. Sci. 2023, 14, 149-161.

K. Ozawa, Y. Tamaki, K. Kamogawa, K. Koike, O. Ishitani, J.
Chem. Phys. 2020, 153, 154302.

S. L. Goldschmid, E. Bednarova, L. R. Beck, K. Xie, N. E. S.
Tay, B. D. Ravetz, J. Li, C. L. Joe, T. Rovis, Synlett 2022, 33,
247-258.

J. J. Bozell, G. R. Petersen, Green Chem. 2010, 12, 539.

A. Konig, R. Naumann, C. Forster J. Klett, K. Heinze, J Am
Chem Soc 2025, 147, 20833-20842. https://pubs.acs.org/doi/10.
1021/jacs.5c04471.

T. S. A. Heugebaert, C. V. Stevens, C. O. Kappe, Chem-
SusChem 2015, 8, 1648-1651.

S. R. Logan, Trans. Faraday Soc. 1967, 63, 3004-3008.

L. S. Jahnke, A. W. Frenkel, Photochem. Photobiol. 1978, 28,
517-522.

Y. Ye, H. Bruning, D. Yntema, M. Mayer, H. Rijnaarts, Chem.
Eng. J 2017, 316, 872-881.

M. Wojtoniszak, D. Roginska, B. Machalinski, M. Drozdzik, E.
Mijowska, Mater. Res. Bull. 2013, 48, 2636-2639.

S. P. Pitre, C. D. McTiernan, J. C. Scaiano, Acc. Chem. Res. 2016,
49, 1320-1330.

M. A. Bryden, F. Millward, O. S. Lee, L. Cork, M. C. Gather, A.
Steffen, E. Zysman-Colman, Chem. Sci. 2024, 15, 3741-3757.
Y.-M. Huang, G.-H. Lu, M.-H. Zong, W.-J. Cui, N. Li, Green
Chem. 2021, 23, 8604-8610.

N. K. Strizhov, V. V. Poskonin, L. A. Badovskaya, E. P. Kupina,
Russ. J. Org. Chem. 2002, 38, 251-255.

N. Alonso-Fagundez, I. Agirrezabal-Telleria, P. L. Arias, J. L. G.
Fierro, R. Mariscal, M. L. Granados, RSC Adv. 2014, 4, 54960~
54972.

N. Alonso-Fagtindez, M. L. Granados, R. Mariscal, M. Ojeda,
ChemSusChem, 2012, 5, 1984-1990.

S. Albonetti, F. Cavani, F. Trifiro, Catal. Rev. 1996, 38, 413-438.
S.-M. Zou, J.-P. Wang, M.-H. Zong, Z.-L.. Wang, Z.-J. Zheng, N.
Li, Green Chem. 2023, 25, 6892-6900.

H. Terholsen, S. Schmidt, Curr. Opin. Biotechnol. 2024, 85,
103058.

G.-H. Lu, M.-H. Zong, N. Li, ACS Catal. 2023, 13, 1371-1380.
E. Skolia, P. L. Gkizis, N. F. Nikitas, C. G. Kokotos, Green
Chem. 2022, 24, 4108-4118.

F. Jensen, A. Greer, E. L. Clennan, J. Am. Chem. Soc. 1998,
120, 4439-4449.

Research Article

(98]

[99]
[100]

[101]
[102]

[103]

[104]
[105]

[106]

[107]
[108]
[109]
[110]
[111]
[112]
[113]
[114]
[115]

[116]

[117]

[118]
[119]

[120]
[121]
[122]
[123]
[124]
[125]
[126]
[127]
[128]

[129]
[130]

Angewandte

intemationalEdition’;, ChEMie

P. V. Nidheesh, G. Boczkaj, S. O. Ganiyu, A. A. Oladipo, K.
Fedorov, R. Xiao, D. D. Dionysiou, Environ. Chem. Lett. 2025,
23,195-240.

Y. Wang, Y. Lin, S. He, S. Wu, C. Yang, J. Hazard. Mater. 2024,
461, 132538.

I. Pibiri, S. Buscemi, A. Palumbo Piccionello, A. Pace,
ChemPhotoChem 2018, 2, 535-547.

C. M. Benbrook, Environ. Sci. Eur. 2016, 28, 3.

W. A. Battaglin, M. T. Meyer, K. M. Kuivila, J. E. Dietze, J. Am.
Water Resour. Assoc. 2014, 50, 275-290.

W. A. Battaglin, D. W. Kolpin, E. A. Scribner, K. M. Kuivila,
M. W. Sandstrom, J. Am. Water Resour. Assoc. 2005, 41, 323—
332.

R. Annett, H. R. Habibi, A. Hontela, J. Appl. Tox. 2014, 34,
458-479.

N. M. Roy, J. Ochs, E. Zambrzycka, A. Anderson, Environ.
Toxicol. Pharmacol. 2016, 46, 292-300.

K. Z. Guyton, D. Loomis, Y. Grosse, F. El Ghissassi, L.
Benbrahim-Tallaa, N. Guha, C. Scoccianti, H. Mattock, K.
Straif, Lancet Oncol. 2015, 16, 490-491.

H. Zhan, Y. Feng, X. Fan, S. Chen, Appl. Microbiol. Biotechnol.
2018, 102, 5033-5043.

T. Kuckhoff, K. Landfester, K. A. I. Zhang, C. T. J. Ferguson,
Chem. Mater. 2021, 33,9131-9138.

P. Sprankle, W. F. Meggitt, D. Penner, Weed Sci. 1975, 23, 229-
234.

B. Liu, L. Dong, Q. Yu, X. Li, E. Wu, Z. Tan, S. Luo, J. Phys.
Chem. B 2016, 120, 2132-2137.

D. Feng, A. Soric, O. Boutin, Sci. Total Environ. 2020, 742,
140559.

H. Li, A. F. Wallace, M. Sun, P. Reardon, D. P. Jaisi, Environ.
Sci. Technol. 2018, 52, 1109-1117.

C. Bai, B. Tian, T. Zhao, Q. Huang, Z. Wang, Molecules 2017,
22, 1475.

A. Berlicka, B. Konig, Photochem. Photobiol. Sci. 2010, 9,
1359-1366.

C. Miiller, T. Pascher, A. Eriksson, P. Chabera, J. Uhlig, J. Phys.
Chem. A 2022, 126, 4087-4099.

G. R. Fulmer, A. J. M. Miller, N. H. Sherden, H. E. Gottlieb,
A. Nudelman, B. M. Stoltz, J. E. Bercaw, K. I. Goldberg,
Organometallics 2010, 29, 2176-2179.

F.-F. Zhang, M.-H. Jiang, L.-L. Sun, F. Zheng, L. Dong, V. Shah,
W.-B. Shen, Y. Ding, Analyst 2015, 140, 280-286.

F. Neese, WIREs Comput. Mol. Sci. 2012, 2, 73-78.

M. D. Hanwell, D. E. Curtis, D. C. Lonie, T. Vandermeersch, E.
Zurek, G. R. Hutchison, J. Cheminform. 2012, 4, 17.

V. V. Pavlishchuk, A. W. Addison, Inorg. Chim. Acta 2000, 298,
97-102.

Y. Wang, X. Gao, Y. Xiao, Q. Zhao, J. Yang, Y. Yan, J. Huang,
Soft Matter 2015, 11,2806-2811.

M. Hollauf, P. W. Zach, S. M. Borisov, B. J. Miiller, D.
Beichel, M. Tscherner, S. Kostler, P. Hartmann, A.-C. Knall,
G. Trimmel, J. Mater. Chem. C 2017, 5, 7535-7545.

P. Thordarson, Chem. Soc. Rev. 2011, 40, 1305-1323.

D. Brynn Hibbert, P. Thordarson, Chem. Commun. 2016, 52,
12792-12805.

N. Z. Algahtani, T. G. Blevins, C. E. McCusker, J. Phys. Chem.
A 2019, 123,10011-10018.

F Glaser, C. Kerzig, O. S. Wenger, Angew. Chem. Int. Ed. 2020,
59, 10266-10284.

A. Fukatsu, M. Kondo, M. Okamura, M. Yoshida, S. Masaoka,
Sci. Rep. 2014, 4, 5327.

D. Van Der Westhuizen, J. Conradie, K. G. Von Eschwege,
Electroanalysis 2020, 32, 2838-2851.

E.S. Pysh, N. C. Yang, J. Am. Chem. Soc. 1963, 85, 2124-2130.
P. Wardman, J. Phys. Chem. Ref. Data 1989, 18, 1637-1755.

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U8017 SUOWWIOD 8AIee.D 8|qeoljdde ayy Aq peusenob ae ssoiie VO ‘88N JO S8|nJ 10} A%eiqiT8UIIUO A1 UO (SUOTIPUOD-PUB-SWB)ALI0O" A3 1M ARIq 1 U1 |UO//SANY) SUORIPUOD pue SWie | 843 88S *[9202/£0/20] U AkeiqiTauljuo A8 |IM ‘ZURIN Yeylo!(qigsiisieAln AQ 0r820520Z @I1Ue/200T OT/I0p/LI0d A 1M AreIq1pul|uo// Sty WOy papeojumod ‘SE ‘5202 ‘€LLETZST


https://pubs.acs.org/doi/10.1021/jacs.5c04471
https://pubs.acs.org/doi/10.1021/jacs.5c04471

. Angewandte
%Ch Research Article duk. [

[131] Y. A. llan, D. Meisel, G. Czapski, Isr. J. Chem. 1974, 12, 891-  Manuscript received: February 04, 2025
895. Revised manuscript received: May 28, 2025
[132] P.Sotero, R. Arce, J. Photochem. Photobiol. A 2008,199,14-22.  Accepted manuscript online: June 23, 2025
[133] K. Wu, X.-Y. Liu, P-W. Cheng, Y.-L. Huang, J. Zheng, M. Xie, ~ Version of record online: July 15, 2025
W. Lu, D. Li, J. Am. Chem. Soc. 2023, 145, 18931-18938.

Angew. Chem. Int. Ed. 2025, 64, €202502840 (11 of 11) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U8017 SUOWWIOD 8AIee.D 8|qeoljdde ayy Aq peusenob ae ssoiie VO ‘88N JO S8|nJ 10} A%eiqiT8UIIUO A1 UO (SUOTIPUOD-PUB-SWB)ALI0O" A3 1M ARIq 1 U1 |UO//SANY) SUORIPUOD pue SWie | 843 88S *[9202/£0/20] U AkeiqiTauljuo A8 |IM ‘ZURIN Yeylo!(qigsiisieAln AQ 0r820520Z @I1Ue/200T OT/I0p/LI0d A 1M AreIq1pul|uo// Sty WOy papeojumod ‘SE ‘5202 ‘€LLETZST



	Efficient Red Light-Driven Singlet Oxygen Photocatalysis with an Osmium-Based Coulombic Dyad
	 Introduction
	 Results and Discussion
	 Coulombic Dyad Design
	 Stationary and Time-Resolved (LFP) Investigations of Initial Energy Transfer Step
	 Ultrafast Transient Absorption Spectroscopy (fs-TAS)
	 Quantification of Increased 1O2 Formation Rate with a 1O2 Assay
	 Efficient Photooxygenations in Water and a Less Polar Solvent

	 Conclusion
	 Supporting Information
	 Acknowledgements
	 Conflict of Interests
	 Data Availability Statement



