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ABSTRACT: [Ru(bpy);]** has long served as the archetypal
coordination complex for probing inorganic photophysics and
photochemistry. Its intense visible MLCT absorption, quantitative
intersystem crossing, and microsecond *MLCT lifetime established
it as a benchmark photosensitizer across energy conversion,
sensing, and catalysis. This review complements a recent historical
perspective on [Ru(bpy);]** by providing a contemporary view of
its use as a versatile platform for advanced photochemical design.
We first discuss updated views of its excited-state landscape,
including refined descriptions of metal-centered states, minimum-
energy crossing points, and photodissociation pathways, as well as
the profound influence of counterions and microenvironments on
excited-state energetics, stability, and reactivity. We then survey
emerging applications, multiphoton solvated electron generation, mechanochemical ball-mill photoredox catalysis, and spin-
forbidden red-light excitation. Next, we examine polynuclear complexes and dyads derived from the [Ru(bpy);]*" scaffold,
emphasizing delocalized and antidissipative *MLCT states, long-lived charge separation, and integration into biohybrid or
supramolecular architectures. Finally, we outline “real-life” applications in industrial photoredox chemistry, electrochemilumi-
nescence immunoassays, oxygen sensing, and photodynamic therapy, and we position [Ru(bpy);]** alongside emerging
photosensitizers based on earth-abundant metals. Rather than being superseded, [Ru(bpy);]*" now functions as both a robust
technological workhorse and an indispensable reference for next-generation photocatalyst design.

1. INTRODUCTION AND SCOPE efficiently, enabling both oxidative and reductive electron

Tris(2,2"-bipyridine)ruthenium(II), [Ru(bpy);]>*, is widely t;ansfer P?thW{vays, fas .welll as energ);,ltgalrilsfer reactiﬁns, sufch as
regarded as the prototypical coordination complex for the the sensitization of singlet oxygen. owever, the perform-

exploration of inorganic photochemistry and photophysics.' ™ ance of [Ru(bpy),]** is also hmitfﬁi by the accessibility of
Its status as a model compound is due to the combination of metal-centered (MC) excited states. Although these states lie

several critical features: a strong visible-light absorption band at h%g}.ler energ}f le.vels, they can be thermally p OP ulated,
characterized by metal-to-ligand charge transfer (MLCT) p rov1d11'1g deaan_ratlon channels Ztohat compete with the
transitions, quantitative intersystem crossing (ISC) from productive rea}ctmty of the MLCT. Ir.1 some Fases{ tbe MC
singlet to triplet states, and a microsecond lifetime of the state population can even lead to ligand dissociation or

3 . 67 2+ irreversible degradation, thereby compromising long-term
MLCT ted state.”” Over th Ru(b h !
cxere Sa ver the years, [Ru(bpy)s] e stability.”' ~** The balance between maintaining an accessible

. . 8—10 s
established itself as the reference and has been utilized as and long-lived MLCT state while suppressing detrimental MC

both an educational tool'' and a practical photosensitizer lation th . tral desien chall 24
(PS),” facilitating discoveries in fields that range from solar popuiation Thus remains a centra’ desigh chiatienge.

. . In this context, theoretical and computational chemistry
energy conversion to electrochemiluminescence (ECL) sens- K . )
13-17 have become crucial. Developments in time-dependent density

e functional theory (TD-DFT) and multiconfigurational ap-

The photophysical and photochemical behavior of [Ru-
(bpy);]** is dominated by its MLCT states (Figure 1).
Photoexcitation initially produces a singlet MLCT state Received:  January 29, 2026 horaric Genity
("MLCT), which undergoes ultrafast intersystem crossing to Revised:  March 12, 2026 o
yield the triplet MLCT state (*MLCT).'® This state perdures Accepted:  March 19, 2026
for ~1 ps and constitutes the primary reactive species exploited Published: April 2, 2026
in electron and energy transfer processes.'® Its relatively long
lifetime allows bimolecular quenching processes to occur
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Figure 1. Simplified photophysical scheme of [Ru(bpy),]**. Light
excitation populates a singlet metal-to-ligand charge transfer
("MLCT) state that, after intersystem crossing (ISC) and vibrational
relaxation (VR) populates the manifold of photoactive *MLCT state.
For [Ru(bpy);]**, four distinct *MLCT states have been observed.”
The *MLCT state can deactivate to the ground state through radiative
and nonradiative decay (with the corresponding radiative (k,) and
nonradiative (k) rate constants), or via population of higher-energy
triplet metal-centered (*MC) states that can also lead to ligand-loss
chemistry, with the corresponding dissociation rate constant (Kg,)
The *MC manifold has recently been proposed to be composed of
three distinct states (cis, trans and twisted) that are close in

26-28
energy.

proaches have allowed for more accurate mapping of the
MLCT-MC energy gap and enhanced our understanding of
ISC and the pathways involved in excited-state relaxa-
tion.”"?»***’ These insights not only shed light on the
fundamental aspects of excited-state dynamics but also serve as
a predictive tool for the strategic design of modified ligands,
customized environments, and hybrid materials that stabilize
the MLCT states. The synergy between experimental
approaches and theoretical models is therefore key to
addressing long-standing issues of excited-state deactivation
and to developing strategies that extend the utility of
[Ru(bpy);]** in modern photochemical applications.

While the fundamental photophysical properties of [Ru-
(bpy);]** are well established,'”'®*° the past decade has
witnessed a resurgence of innovation in this area. Contempo-
rary research has shifted from discovering entirely new
properties to developing strategies that exploit, control, and
extend the known excited-state reactivity of these complexes
within modern chemical contexts. The development and wider
access to advanced experimental techniques capable of
resolving events on extremely short time scales, such as
femtosecond transient absorption spectroscopy’’ or time-
resolved X-ray absorption spectroscopy,” " have significantly
enhanced our ability to elucidate excited-state landscapes and
reactivity. Based on this knowledge acquired over past decades,
novel avenues have recently emerged with use of the
[Ru(b y)g]2+ motif in polynuclear complexes,” ™ *'
dyads, >7% or within structured environments, such as
metal—organic frameworks,”” porous polymers,”*™" and
conductive suE}S)orts.sz_54 This heterogenization has improved
recyclability,”*® enhanced robustness under operational
conditions,*® and created new opportunities for the integration
of [Ru(bpy),]*"-type structures into photocatalytic devices.*’
Moreover, recent studies have highlighted the significant
impact of the local microenvironment, including counter-
ions,”’ " solvent polarity,’’ ™" and encapsulating matri-
ces” 7% on excited-state energetics and lifetimes. These
findings demonstrate that photoredox efficiency and selectivity
can often be tuned without altering the ligand framework,
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underscoring the versatility of local condition engineering as a
means of controlling reactivity.

Within this review,”' we will not provide a comprehensive
survey of [Ru(bpy),]**’s widespread use as a photosensitizer in
organic transformations, but we will rather spotlight recent
experimental and theoretical breakthroughs that have opened
new conceptual directions, expanded the mechanistic land-
scape, and inspired innovative strategies in photochemistry.
The review also examines its industrial applications and
concludes with a perspective that positions this established
archetype alongside emerging photosensitizers based on earth-
abundant elements.

2. INNOVATIVE APPROACHES TO [RU(BPY),]**
PHOTOCHEMISTRY AND PHOTOPHYSICS

2.1. Revisiting Metal-Centered Excited States

The defining feature of [Ru(bpy);]** is its long-lived
luminescence from *MLCT excited states.'” Decades of
research have been spent to understand what sets [Ru-
(bpy);]** apart from other transition metal complexes that lack
some of these favorable ground- and excited-state proper-
ties.”'*”> In particular, understanding the mechanism of
nonradiative excited-state deactivation represents an important
avenue to develop better chromophores.” In [Ru(bpy);]**,
the barrier for the deactivation of the *MLCT state was
determined as 3,800 cm™' using temperature-dependent
luminescence lifetime measurements.””’* This activation
energy was assigned to the MLCT—>MC energy gap or the
barrier for the 3MLCT—3MC internal conversion.”””*
Recently, this model has been called into question as
temperature-dependent lifetimes of |:Ru(b;)y)3]2+
ited computationally by Gonzalez et al.”’ Instead of solely
considering the *MC state as one state, the authors computed
deactivation pathways along the *MC-trans, *MC-cis, and the
SMC-twist geometries, which differ in their molecular structure
and d-orbital occupation.” DFT calculations revealed that the
experimentally determined activation energy corresponded to
the energetic span between the MLCT state and the
minimum-energy crossing points (MECP) of the different
3MC states with the singlet ground state.”” The authors found
that the contribution of the previously invoked *MC-trans state
in the deactivation process was actually minimal due to its
high-energy MECP.*”

Apart from facilitating nonradiative relaxation, population of
the 3MC states in [Ru(bpy);]** can also lead to photo-
dissociation. Under green light irradiation the photodecompo-
sition quantum yield is 0.02%.”> While this process is
undesirable for most applications like sensing or photocatalysis,
it shows great promise for the local delivery of therapeutics,
e.g. by releasing a nitrile or pyridine ligands.””*" Thus,
understanding the deciding factors for photodissociation is
crucial for optical applications of photoactive metal complexes.
Dixon et al. investigated the microscopic mechanism of light-
driven ligand release in [Ru(bpy);]** using DFT calcula-
tions.””*>*! The authors focused on the *MC manifold and
identified a monophotonic and a biphotonic pathway.
Interestingly, after the absorption of a single photon, all
elementary steps of the dissociation process including the
coordination of solvent molecules can occur in the triplet
manifold.”” Alternatively, [Ru(bpy);]** can undergo a stepwise
dissociation process. After absorption of the first photon, one
pyridyl unit is substituted by a solvent molecule forming
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Figure 2. Recent studies that have highlighted the importance of
details.”” %

counterions in photophysical and photochemical processes. See text for

Table 1. Counteranion Effect on the Radical Cation Diels—Alder Cycloaddition as well as on the Photophysical and

Electrochemical Properties of [Ru(btfmb);]*">”

anions Aaps (nM) Aem (nm, eV) 7 (ns) E([Ru]*/*) (V vs SCE) E([Ru]**/*) (V vs SCE) NMR yield of the Diels—Alder product
BArF,” 453 576, 2.17 520 ~0.65 +1.52 98 (20 min)

PF¢™ 458 6085, 2.05 860 —0.89 +1.16 n. d.

AfSO,” 458 618, 2.01 950 —093 +1.08 14 (24 h)

TsO™ 458 625, 1.99 n. d. —0.95 +1.04 2 (24 h)

[Ru(bpy),(x'-bpy) (MeCN)]**. The ligand then fully disso-
ciates after this intermediate absorbs a second photon. The
authors highlight that associative mechanisms could also be at
play with experimental conditions likely having a large impact
on the observed pathways.””

2.2. Counterion Effects

Photoredox catalysis has emerged as a powerful tool in organic
synthesis over the past two decades, with transition metal
polypyridyl complexes playing a pivotal role in this field.*>**
Their ability to drive photoinduced electron and energy
transfer processes has made them useful in various
applications, including light-to-chemical energy conversion,
which has redefined the realm of organic synthesis.** Despite
the extensive research on ligand modifications and their effects

on catalyst efficiency, a crucial aspect remained largely
unexplored, i.e. the influence of the photocatalyst’s counter-
ion(s).

In 2019, Farney et al. demonstrated that counteranions have
a dramatic impact on the rate of photocatalytic radical cation
Diels—Alder reactions catalyzed by [Ru(btfmb),;]** (btfmb =
4,4’ -bis(trifluoromethyl)-2,2-bipyridyl; Figure 2).>” A detailed
analysis revealed that the identity of the counteranion
influenced multiple steps in the catalytic cycle. Most notably,
photocatalysts with noncoordinating counteranions yielded a
more photooxidizing *MLCT excited state and improved the
radical chain propagation steps, resulting in higher conversion
and higher yields (Table 1). This counteranion effect was
proposed to arise from Coulombic ion-pairing interactions
between the counteranion and both the cationic photoredox
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catalyst and the radical cation intermediate. The solvent also
plays a crucial role as Coulomb interactions dominate in
nonpolar solvents, such as dichloromethane, where ion-pairing
is stronger than in high-dielectric solvents, such as acetoni-
trile.””

For different [Ru(btfmb),]*" salts, the ground-state
absorption maxima (4,,,) are almost unaffected by the nature
of the counteranion (Table 1).>” However, the electrochemical
properties are sensitive to it, as counteranions of lower Lewis
basicity led to an anodic shift in the ground-state reduction
potentials E([Ru]?>*/*) (Table 1). This shift is most
pronounced for the BAr®,” salt which was rationalized with
the weak electrostatic stabilization of the {[Ru"(btfmb),]**
[BAr",]7} ion-pair making its reduction energetically more
favorable, e.g. compared to the tightly bound tosylate anion.>”

The nature of the counterion also significantly affects the
SMLCT excited state of [Ru(btfmb),;]**. The photolumines-
cence maximum (A,,,) blue-shifts by almost S0 nm (~0.18 eV)
when going from the tosylate to the BAr",” salt (Table 1).%7
The authors postulated that this shift results from the
symmetry breaking that occurs when exciting from the GS
(D, symmetry) to the *MLCT state (C, S)rmm<et1'y).85’86 This
transition is associated with a substantial dipole moment which
is influenced by charge-dipole interactions of the complex with
the counteranion. Consequently, weakly coordinating anions
destabilize the *MLCT state, leading to an enhanced excited-
state reduction potential through the synergistic effect on both
a higher MLCT energy and less negative ground-state
potential (Table 1). It is important to note that the excited-
state lifetime decreased with less coordinating anions (Table
1), which can potentially impact performance in photoredox
reactions.”” However, no such effect was observed in case of
the Diels—Alder reaction of anethole (Figure 2).>” On the
contrary, the reaction was the most efficient for the BAr",
salt,”’ highlighting that the higher driving force for electron
transfer is the main factor leading to rapid photoinitiation and
low reaction times.®” The authors also found that the slower
reaction rates associated with coordinating counteranions
could be mitigated using a hydrogen-bonding anion binder,
such as thiophosphotriamide derivatives, which attenuate
deleterious ion-pairing interactions in the case of Ar"SO;™.
This strategy proved to be very efficient, as product yields
could be increased from 5 to 99% in the presence of 20 mol %
of the ion-binder.’” These findings not only elucidate a
previously underappreciated aspect of photoredox catalysis but
also suggest novel strategies for optimizing organic reactions
using transition-metal photocatalysts.

While the studies discussed above have identified counterion
identity as a crucial element in modulating electron-transfer
processes, more recent investigations have revealed its
importance in energy transfer catalysis.59 In 2024, Zanzi et
al. reported that the choice of counterion substantially
impacted the efficiency of triplet—triplet energy transfer
processes (TTEnT) from [Ru(bpy);](X), to cinnamoyl-type
substrates (Figure 2). Their photophysical insights agreed with
previous results on electron transfer reactivity and also led to
higher yields when using low-coordinating anions in nonpolar
solvents.”” Quenching rate constants of the BArf,” salt
increased by a factor of 100 compared to tosylate. The
improvement in performance can again be found in the higher
energy of the MLCT states when ion-pairing is weak, leading
to a higher driving force for the energy transfer.
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Interestingly, counteranions also affect the photostability of
[Ru(bpy);])** which is crucial for achieving high turnover
numbers (TON) in photocatalysis.”” As previously discussed,
ligand loss is mainly promoted by the *MC-cis state where the
dyy-y is occupied, while the *MC-trans state with an occupied
d,, orbital is nondissociative.”” The bulky BAr",~ counterions
form a “clip-like” configuration around the metal complex
which stabilizes the nondissociative *MC-trans states leading to
higher photostability than in the [PF¢]™ case where these *MC
states are much closer in energy. The combination of faster
quenching kinetics and higher photostability led to an
impressive TON of 1040 for a [2 + 2] photocycloaddition
reaction using [Ru(bpy),](BAr",),.””

The significance of the effect of counterions on photo-
catalysis was reinforced and expanded on in studies beyond
ruthenium complexes. In 2022, Rumbles and co-workers
demonstrated that ion-pair reorganization in [Ir'"'(dF(CF,)-
ppy)2(dtbpy)]X complexes directly regulates photoredox
reactivity (Figure 2).>° The extent of contact versus solvent-
separated ion pairing alters the dipole moments and
reorganization energies of the excited state, thereby shifting
the balance between oxidative and reductive pathways.’® Most
recently, complementary work by McCusker and co-workers
revealed that ion pairing also modulates excited-state lifetimes
of [Co"(4,4-OMe-bpy);](BArF,); using NMR and ultrafast
time-resolved absorption spectroscopy (Figure 2).°" Supported
by DFT calculations, they suggested that ion-pairing leads to
an attenuation of outer-sphere contributions to the total
reorganization energy and was largely responsible for the
observed increase in excited-state lifetime under conditions in
which contact ion pairs are the dominant species.”’

Taken together, these studies highlight ion-pair engineering
as a versatile and powerful lever to tune excited-state
energetics, reaction pathways, and catalyst stability. This
body of work transforms counterions from innocent bystanders
into a tool for optimizing both photoredox and energy transfer
photocatalysis.

2.3. Reaction Mechanisms Beyond Conventional
Photoredox Catalysis

Photoredox catalysis has evolved from mechanistic curiosity to
a central pillar of synthetic chemistry.*® Conventional
photoredox catalysis typically relies on single-photon excitation
followed by electron or energy transfer to drive redox processes
in solution.”” Although this strategy has enabled a broad range
of transformations, it remains limited by the intrinsic
photophysical properties of the photosensitizers and the
energetic reach of visible light. Recent studies have begun to
challenge these boundaries by exploiting unconventional
reaction media, excitation regimes, and mechanistic paradigms.
These approaches no longer treat the photocatalyst as a static
entity but as part of a dynamic system whose photophysical
and redox properties can be engineered through its micro-
environment, energy input, or even spin configuration. For
examgpl)le, multiphoton processes,” mechanochemical activa-
tion,”" and spin-forbidden excitations’> now enable the use of
milder conditions, longer irradiation wavelengths, and solvent-
free systems while achieving transformations that previously
required high-energy input.

2.3.1. Intermediates in Photoredox Catalysis and
Solvated Electron Generation. The singly reduced form of
[Ru(bpy);]*, ie. [Ru(bpy),(bpy*")]*, is a common inter-
mediate in photoredox catalysis.” This species can be easily

https://doi.org/10.1021/acs.inorgchem.6c00560
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generated in situ by irradiating [Ru(bpy);]** in the presence of
an electron donor such as triethylamine or ascorbic acid and
typically acts as a reductant in photocatalytic reactions.
Recently, this intermediate has been isolated by Scott et al.
and thoroughly characterized.”””* Tts EPR spectrum with a g-
factor of 2.002 is consistent with a bipyridine radical anion.”
Single-crystal analysis revealed that the extra electron is
localized on a single bipyridine in the solid state. The isolation
of [Ru(bpy),(bpy*~)]* also allowed to probe its reactivity. It is
capable of reducing iodobenzene in the ground state, while
visible light irradiation unlocks reduction of bromobenzene.”®
This highlights that [Ru(bpy),(bpy®~)]" itself can be photo-
active which needs to be considered when proposing
photochemical mechanisms involving [Ru(bpy);]** in the
presence of electron donors.’

Fascinatingly, [Ru(bpy),(bpy*™)]* can also release solvated
electrons (e;q_ ) when photoexcited.” Solvated electrons are the
simplest reductants in chemistry showing a remarkable
reduction potential of —2.9 V vs SHE in acetonitrile.”*"”
Multiple reactions have been developed to capitalize on
solvated electrons, such as the Birch reduction or the
degradation of halogenated organic molecules, which is
attractive for the degradation of polyfluoroalkyl substances
(PFAS).”®"'**> While many techniques have been developed to
generate solvated electrons (pulse radiolysis, electrolysis, or
flash photolysis in the UV—C range), they all require a high
energy input to generate this highly reactive species.”” To
overcome this energetic limitation, the most promising strategy
is to employ two successive single-photon absorptions and
store the energy of the first photon in an intermediate state.
Over the years, this mechanism was implemented using
different approaches.

The oxidative quenching route (Figure 3, oxidative route)
was investigated by Goez et al. at the beginning of the
century.'” Here, the MLCT state of [Ru(bpy);]** was
directly photoionized using a second more energetic photon
(355 nm) to give e5; and the oxidized complex [Ru(bpy);]**.
The catalytic cycle was proposed to be completed by the
reduction of [Ru(bpy);]** by water acting as a sacrificial
electron donor. - Despite its simplicity, this system suffers
from many limitations, as it still requires high-flux and high-
energy light sources to photoionize [Ru(bpy);]*** as the
lifetime of its *MLCT state is too short to allow for photon
pooling using low-flux light sources like LEDs or the sun.
Moreover, the photoionization efficiency of 2.3% was also fairly
low for practical synthetic applications on a laboratory-scale.'*®

To decouple the photoionization process from the *MLCT
lifetime, the energy of the first photon can be stored in a long-
lived monoreduced intermediate instead (Figure 3, reductive
route). Specifically, [Ru(bpy);]** is excited to its "MLCT state
which then undergoes reductive quenching by a sacrificial
electron donor and generates the corresponding reduced
complex, [Ru(bpy)z(bpy°_):|+.95 This species is stable and
absorbs in the visible spectral range. Upon subsequent
photoexcitation a solvated electron can be released, thereby
closing the catalytic cycle.”> Naumann et al. demonstrated this
strategy using nontoxic and bioavailable ascorbate as sacrificial
electron donor.'”*'*® To increase its reductive ability, they
employed its dianionic form Asc®”, which required working
under strongly basic conditions (pH 12.7). The general
principle can also be applied to other electron donors such as
4-methoxy phenolate and urate dianions.'”” Since photo-
excitation of [Ru(bpy);]** produces the *MLCT quantitatively,
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Figure 3. Recent studies and mechanistic pathways leading to the
formation of solvated electrons. See text for additional details.'®>~'%°

the production of solvated electrons is limited by the
quenching efficiency with ascorbate and the quantum yield
of photoionization of [Ru(bpy),(bpy*™)]* in the reductive
scheme.'”* Owing to the suitable reduction potential of Asc®~,
the quenching rate constant (7 X 10° M~' s™") and overall cage
escape yield (38%) of the photoreduction were high. Hence,
the limiting step in this system was the quantum yield for the
photoionization of [Ru(bpy),(bpy*~)]*, which was only 1.3%.
Therefore, most absorption events of [Ru(bpy),(bpy*~)]* did
not produce the desired solvated electrons, even with the high
power densities of a laser.

To fix the inefficient photoionization, [Ru(bpy),(bpy*~)]*
was replaced by a monoreduced polyaromatic chromophore as
a source for solvated electrons (Figure 3, EnT & reductive
route), specifically the radical anion of pyrene-1-carboxylate
(Pyr*>”) which features a four times higher photoionization
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Figure 4. Recent studies showcasing the production of solvated electrons in micellar systems (panel a and b) or via electrostatic interactions
between the photosensitizer and the quencher (panel c). *MLCT states are indicated with a 2,2'-bipyridine highlighted in blue and Ru** (green,
panel a) whereas reduced complexes have a Ru>* (orange, panel b and c).'*'%*'%” The photograph on the right is adapted with permission from
ref 109 (Copyright 2018, John Wiley and Sons) and showcases the formation of solvated electrons using focused sunlight irradiation. See text for

additional details.

quantum yield of 5.4%.'" This radical anion can be formed
from Pyr~ by photoreduction of its long-lived triplet excited
state *Pyr~ by Asc®”. As direct excitation of Pyr~ requires UV
light and the intersystem crossing is inefficient, [Ru(bpy);]**
was kept as a green light absorbing sensitizer that generates
Pyr” in larger yields via dexter energy transfer. Although the
photoionization step was designed to regenerate the stable
ground-state catalyst Pyr~ from its radical anion form (Pyr*>”),
under the experimental conditions (532 nm excitation), only
two-thirds of Pyr*>” undergo photoionization while the rest
gets protonated by the solvent. Even if quantitative
regeneration was achieved using a wavelength closer to the
absorption maximum of Pyr*>~ (504 nm), this would require
two different light sources for both excitations. Additionally,
side reaction such as oxidation of Pyr**~ by photoexcited
photosensitizer lowered the overall yield of solvated
electrons.'”

To solve stability and side reaction issues, Kerzig and Goez
introduced negatively charged micelles to the system.'” In this
environment, the positively charged photosensitizer accumu-
lates on the micelle surface which maintains the reaction
between [Ru(bpy);]** and Pyr~ to form °Pyr~ as these
monoanionic species can shuttle between the Stern layer and
the aqueous bulk (Figure 4a). However, polyanionic species
like Asc®™ and Pyr*>~ are repelled by the negative charge on
the micelle surface which drastically slows down competing
electron transfer side reactions by 2 orders of magnitude.
Overall, the micellar environment almost doubled the
maximum concentration of the solvated electron precursor
(Pyr**”) and extended its lifetime by a factor of 30. In this
system, the limiting step is no longer the production of the
electron precursor (Pyr**”) but only the photoionization
quantum yield.'*®

This general strategy of using a supramolecular environment
to decrease side-reaction rates was applied in several studies to
achieve higher production of solvated electrons while
simultaneously decreasing the required light intensity. In a
first synthetic application, an LED was sufficient to drive a
cross-coupling reaction via solvated electrons.'”” [Ru(bpy);]**
was used as a photosensitizer, protected by an anionic micelle,
while urate dianion (Ur*”) acted as the sacrificial electron
donor confined to the aqueous bulk. Ur*~ was carefully chosen
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as it decreases unproductive charge recombination. Its oxidized
form (Ur®") undergoes deprotonation which generates a
dianion that is repelled by the micelles, lowering recombina-
tion rates and enabling cross-coupling reactions."’

In this context, Goez and co-workers also studied the effect
of the photosensitizer’s structure on the overall photocatalytic
performance (Figure 4b).'”® While they did not find a
straightforward single-cause relationship, the study demon-
strated several synthetic applications of [Ru(™*bpy),;]** (Mbpy
= 4,4'-dimethyl-2,2’-bipyridine) under irradiation with a green
LED. The generated hydrated electrons acted as “super-
reductants” and drove reactions that are typically impervious to
standard photoredox catalysts, e.g. dehalogenation of alkyl and
aryl chlorides and fluorides, hydrogenation of carbon—carbon
double bonds and self-/cross-coupling reactions.'%®

Although the micellar method has proven to be effective, it
has certain drawbacks. The typical SDS surfactant needs to be
used in large amounts and is not sufficiently biodegradable.'”
Additionally, the product has to be isolated from the
surfactant. It is also possible that reactants or products
accumulate in the micelles which can either deactivate the
catalyst or reduce the effectiveness of capturing hydrophilic
solvated electrons. Therefore, Naumann and Goez chose to
revisit the nonmicellized system.'”” By considering the positive
effects of electrostatic repulsion, they engineered a tetraanionic
photosensitizer, [Ru(dcob);]*” (dcob = 2,2'-bipyridine-4,4'-
dicarboxylate) that repels the sacrificial electron donor. To
avoid recombination, repulsion between intermediates had to
remain as high as possible, which is why dianionic urate was
chosen as sacrificial electron donor. [Ru(dcob);]*” also
showed a higher photostability than [Ru(bpy);]** as its
activation barrier for the *MLCT—>MC internal conversion is
20 kJ mol™" larger than in [Ru(bpy);]** in both water and SDS
media.'”” Although the quenching rate constant of the
negatively charged catalyst was lower than that of the
micelle-based system, this higher stability resulted in a greater
total electron output over time, making it the best overall
sensitizer.'”” Moreover, transformations involving less hydro-
philic substrates profit from the absence of micellar barriers
because ¢, resides in the aqueous phase, and similarly cross-
couplings proceed more smoothly when both components
have unhindered access to each other. It also allows the use of
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supramolecular carriers such as cyclodextrins for water-
insoluble substrates, as demonstrated by the dechlorination
of 1-chloronaphthalene and the drug diclofenac, which is
notoriously difficult to eliminate during wastewater treatment.
In an impressive demonstration of its performance, the
catalytic system using [Ru(dcob);]*” even decomposed
chloroacetate using focused sunlight (Figure 4c).'”” This
process required no active cooling, stirring, or oxygen
exclusion. The field experiment, which required only a clear
sky and a lens, successfullg detoxified 80% of the harmful
organochloride within 6 h.'"”

The generation of solvated electrons using [Ru(bpy),]**
started off as an interesting proof-of-concept that required
high-intensity light sources but careful design of molecular
interactions in the catalytic system unlocked super-reductive
reactivity accessible with commercial green LEDs and even
sunlight.

2.3.2. Ball-Milling Photoredox Chemistry. A mecha-
nochemical reaction is defined by the International Union of
Pure and Applied Chemistry (IUPAC) as a “chemical reaction
that is induced by the direct absorption of mechanical energy”
and was recognized in 2019 as one of the ten chemical
innovations that could change the world.""? Among the
prevalent methodologies in mechanochemistry, ball milling is
the most common approach.”’ Beyond the primary argument
for removing environmentally detrimental solvents, mechano-
chemical reactions facilitated by ball milling can yield products
that might not be attainable through solution-phase chemistry
because of the poor solubility of the initial reagents or the
instability of products in solution.'"'™'"> The solvent can also
hinder the speed of product formation because of the statistical
diffusion of reactants; as such, mechanochemical techniques
can significantly accelerate this process. However, there is no
ideal set of milling conditions for all mechanochemical
reactions, and optimization is required.gl’116 With the
advancement of time-resolved in situ monitoring, such as
Raman spectroscopy '~ """ and X-ray diffraction,'**"*!
mechanochemistry is experiencing a resurgence, and applica-
tions in photocatalysis are no exception. This includes the
mechanochemical synthesis of photosensitizers'**'** and the
performance of photochemical reactions inside a ball mill."**

In 2025, Bantreil et al. developed a mechanochemical
method for the synthesis of ruthenium trisbipyridyl complexes
and demonstrated their application as catalysts in light-driven
reductive dehalogenation reactions performed in a ball-mill."**
The combination of mechanochemistry with visible light has
been scarcely reported in the literature, and even more rarely
in the case of photocatalysis, the first example being published
in 2017 on an eosin Y catalyst.'** Compared to other metals
such as iron, the mechanosynthesis of ruthenium complexes
like [Ru(bpy);]?* is relatively underexplored.''®'**'** Initial
experiments led to the unwanted formation of [Fe(bpy);]** via
the redox reaction between RuCl; and the elemental iron from
the stainless steel balls."** The use of harder tungsten carbide
provided more energetic impacts and avoided this side
reaction. The authors further optimized the reaction
conditions using ethanol as both a reducing agent and a
liquid-assisted grinding agent. The addition of 1 M NaOH was
also found to facilitate the reduction of Ru(IIl) to Ru(II),
significantly improving conversion. The optimized conditions
were successfully applied to the synthesis of complexes with
substituted bipyridines and 1,10-phenanthroline (phen).'*”
Except for [Ru(phen);]**, the mechanochemical approach

7555

proved to be more efficient than traditional solution-based
methods, offering higher yields, shorter reaction times, and less
waste.' >

In a next step, the same authors performed the photo-
catalytic reductive dehalogenation of a-chloroesters under ball
milling conditions.'** For this to work, the ball mill needed to
be made of transparent materials like poly(methyl methacry-
late) (PMMA), quartz, sapphire, or as chosen in this study
chemically resistant epoxy resin.'”* The reaction was
performed using a ruthenium polypyridine photosensitizer,
diisopropylethylamine (DIPEA), and a Hantzsch amide as the
reducing agent under blue LED irradiation. Complete
conversion was achieved using N,N-dimethylacetamide as a
liquid additive. Control experiments underscored the necessity
of both the photosensitizer and light, as their absence led to
poor (10%) and no conversion, respectively. Unfortunately,
the control experiment with irradiation but without ball-milling
has not been reported.'”” [Ru(bpy),][PF4], emerged as the
most active photosensitizer, providing the highest reaction
conversion. These optimized conditions were successfully
applied to a range of a-chloro and a-bromo esters and
amides.'?* Overall, this mechanochemical photoredox method
drastically reduced the reaction time from 24 h in solution to
just 3.5 h and simplified the purification process signifi-
cantly.'”

We expect that the combination of these two high-energy
processes, i.e. light excitation and high mechanical impacts, will
fashion exciting new reactivity in the future. In any case, this
approach can help reduce waste and simplify purification
procedures.

2.3.3. Spin-Forbidden Excitation. In the context of
photoredox catalysis, [Ru(bpy),]** is typically used with blue
light excitation e.g. at 450 nm to excite 'MLCT transitions
with high molar absorption coefficients of up to 14,400 M~

m~L'%"?° The downside of this excitation scheme is that a
large part of the excitation energy (ca. 25%) is lost during the
relaxation to the photoactive triplet state.”” To circumvent this
issue, the Rovis group has explored the direct excitation of
*MLCT states in osmium(II) complexes using red light.92 Due
to the large spin—orbit coupling these spin-forbidden singlet—
triplet transitions have appreciable molar absorption coef-
ficients of up to 4,000 M~! ecm™'.7>'*° For ruthenium(II)
based systems, charge injection in dye-sensitized solar cells
under red light irradiation has been discussed in the
past,””’~"*" but spin-forbidden transition have only recently
been leveraged for photoredox catalysis.””"""

Unlike osmium(II) complexes, the lighter ruthenium(II)
complexes have not been considered for efficient spin-
forbidden excitation due to the lack of distinct *MLCT
absorption bands.*® In a study by Romero and co-workers,
[Ru(bpy);]** was supposed to serve as a negative control for a
red-light-driven aza-Henry reaction but surprisingly demon-
strated catalytic activity under red light (730 nm), yielding
20% of the product.”” This result was unexpected as
[Ru(bpy);]** only exhibits molar absorption coefficients
smaller than 100 M~' cm™" at wavelengths greater than 600
nm. High-throughput experimentation using [Ru(bpy);]*" as
photosensitizer was used to screen different counterions,
catalyst loadings, solvents, and irradiation wavelengths. The
final optimized batch conditions were identified as 10 mol % of
[Ru(bpy);]Cl, with 10 equiv of nitromethane in DMSO under
660 nm irradiation for 40 h, achieving 53% isolated yield.“’2
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To understand the unexpected reactivity, several possibilities
of external bias were systematically ruled out, namely
photocatalytic activity arising from impurities, the potential
formation of an electron donor—acceptor complex with
starting materials, and the presence of higher-energy light
components in the irradiation source."*” The authors also
excluded contributions from two-photon absorption because
the reaction yield and emission intensity of [Ru(bpy);]*"
showed a linear correlation with the light power, indicating a
monophotonic process. The hypothesis of the spin-forbidden
transition is also consistent with the relatively high photo-
catalyst loading required during the reaction screening, as it
compensates for the low molar absorption coefficient at this
wavelength range (£g50um ~ 45 M™' cm™ in DMSO)."*

On the flip side, this high catalyst loading prevented
meaningful transient absorption measurements due to
significant inner filter effects that limited the transmission of
probe light in the UV—vis spectral range.'*> Emission decay
rates and spectra were consistent across different excitation
conditions (450, 600, 610 nm), suggesting that the same
SMLCT excited state was generated under both red and blue
light excitation. Therefore, the observed absorption was
attributed to direct 'A; — 3MLCT excitation, and the
observed anti-Stokes emission (excitation at 660 nm with
emission peaking at 610 nm) was rationalized to stem from
hot-band absorption from higher vibrational levels of the
electronic ground state (Figure 5).>

A1MLCT
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VAN
A %VR
SMLCT

& A A
| -
2 450 nm 610 nm 660 nm
Y hot-band

absorption
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¥

Figure 5. Simplified energy diagram of [Ru(bpy);]*". Excitation of
the 'A, ground state with 450 nm light populates the '"MLCT excited-
state (blue arrows). After intersystem crossing (ISC) and vibrational
relaxation (VR) from the '"MLCT to *MLCT states, radiative decay
from the *MLCT occurs with an emission peak centered at 610 nm.
Direct excitation of [Ru(bpy);]** into the spin-forbidden 'A; —
*MLCT absorption band with lower energy light is possible from
vibrationally excited levels of the electronic ground state, also called
hot-band absorption (red arrows)."*>

Finally, the applicability of this red-light-driven photo-
catalysis using [Ru(bpy);]** was demonstrated across a wide
range of transformations, including reductive quenching,
oxidative quenching, and energy transfer.">* To mitigate the
disadvantage of the high catalyst loading, a recycling strategy
was successfully implemented by immobilizing [Ru(bpy);]Cl,
on silica. This heterogeneous photocatalyst showed compara-
ble yields and could be recycled for at least four successive runs
without any loss of efficiency.'*

2.3.4. Photochemistry in the Biological Realm. Photo-
redox catalysis gives rise to interesting reactivity and can be
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performed under mild conditions.*® As [Ru(bpy);]** is both
water-soluble and water-stable, such reactions can in principle
also be performed in biological systems. Such a bioorthogonal
approach can be used to couple photoredox catalysis with
enzyme reactivity and help interrogate intracellular processes,
for example through protein labeling and ligand uncaging.'*”
In the following section, we highlight recent examples of
bioorthogonal chemistry approaches involving [Ru(bpy);]**.
For a more in-depth discussion, we refer readers to recent
reviews on the topic."** "%

Photochemical reactions can be used to probe protein
interactions inside cells. An emergent technique in this area is
called proximity labeling.'** Here, a reactive species is locally
released upon a trigger (e.g, light) and unselectively labels
neighboring proteins. The labeling range is determined by the
lifetime of the reactive species (e.g., 4 us for '0,)."** After the
labeling step, the protein mixture can be analyzed and proteins
that were close to each other can be identified by their tag.
Several platforms for light-driven proximity labeling have been
developed over the years.”* Early studies around 2000
established [Ru(bpy);]>* as a photocatalyst for the cross-
linking of proteins via phenoxyl radicals formed from tyrosine
groups.'*® More selective labeling and inactivation of specific
proteins can be achieved by linking the ruthenium complex to
a protein binder.”” Irradiation with light leads to the
formation of both phenoxyl radicals and singlet oxygen
which inactivates the protein. By trapping the phenoxyl
radicals with a suitable radical trap, the protein can be labeled
instead."”” The ruthenium photocatalyst and the ligand can
also be colocalized on magnetic beads in a more modular
approach. For example in one study, irradiation led to
sensitization of singlet oxygen and nucleophilic tagging of
histidine residues in bound proteins when combined with a
suitable labeling agent.'*”

Apart from labeling, photochemistry can also be used to
synthesize molecules in cells. For example, in a proof-of-
principle study, indoles were successfully synthesized in cells in
a bond-forming reaction."”” The system combined an organic
azide as an exogenous substrate with [Ru(bpy),]*" as
photosensitizer.">” In the future, photocatalytic systems could
be engineered in a way that they only react in specific cells to
unlock a new mode of cancer cell labeling. Another promising
avenue is pairing the versatility of photocatalysis with the
selectivity of enzymatic reactions. Such tandem catalysis could
be used to activate prodrugs or fluorophore precursors.'*’

2.4. Polynuclear Complexes Based on the [Ru(bpy);]**
Motif

The conceptual roots of polynuclear ruthenium assemblies can
be traced back to the Creutz—Taube complex, a landmark
mixed-valence compound that was used to demonstrate
efficient electronic communication between two ruthenium
centers through a bridging ligand."*"'** This discovery
established the fundamental framework for intramolecular
electron transfer and inspired the subsequent design of more
elaborate metal-bridged architectures.”>'**~">* These systems
were primarily regarded as model compounds to study charge
delocalization and intervalence charge transfer rather than as
functional photocatalysts. The focus remained on static
electronic communication rather than dynamic photochemical
reactivity, and a detailed understanding of how nuclearity
could enhance stability or direct excited-state pathways was
still missing. Nonetheless, these studies laid an essential
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Figure 6. Top: Molecular structures of [Ru(bpy);]**

and dinuclear analogs. Bottom: (a) UV—vis absorption spectra and normalized steady-state

photoluminescence spectra in acetonitrile (b) at room temperature and (c) in frozen butyronitrile matrix at 77 K. Adapted with permission from ref

40. Copyright 2020 Royal Chemical Society.

Table 2. Photophysical Properties of the Binuclear and Trinuclear Complexes and [Ru(bpy);]**

Acetonitrile Solution>®*%*

Recorded in Argon Purged

binuclear trinuclear reference

D, D, Top Tom Tpm Ty, [Ru(bpy),]**

,11““ (nm) [e,, (M7'em™)] 481 [21 800] 451 [17 000] 475 [42200] 445 [29 500] 485 [31 200] 484 [40 100] 450 [12 000]
AEm (nm)? 682 670 721 698 683 684 615
7 (ns) 2350 580 298 312 623 1815 890

(o 0.077 0.034 0.009 0.014 0.048 0.121 0.094

AETIK (13 )0t 629 610 662 633 635 641 579

)85 = absorption peak maximum, AE™ = emission peak maximum, 7 = excited-state lifetime, ®p; = photoluminescence quantum yield, 15™77% =

emlssmn peak maximum at 77 K. “Excitation at 450 nm.
“Butyronitrile rigid matrix.

“[Ru(bpy)s]™

in air-equilibrated acetonitrile used as reference (®p = 0018).

foundation for the rational design of multinuclear frameworks,
establishing key design principles such as orbital overlap
through 7-conjugated bridges and the role of redox asymmetry
to control the direction and rate of intramolecular electron
transfer.

Recently, there has been a renewed interest in polynuclear
ruthenium complexes, driven by advances in time-resolved
spectroscopy and computational modeling. These technologies
have enabled a comprehensive understanding of energy and
electron transfer mechanisms within polynuclear complexes. As
will be described here, more recent work also demonstrated
that engineering these metal-to-metal interactions can offer
significant advantages for photoredox catalysis such as
extending the excited-state lifetimes, improving photostability,
and even controlling dissipative pathways to gain in redox
power, benefits that are largely out of reach for their
mononuclear counterparts.

2.4.1. Photophysical Effects of Delocalized Excited
States. In 2020, Elias and co-workers reported a study on
binuclear ruthenium complexes bridged by a bis-2,2’-
bipyridine ligand, which was connected either through the
para position (ligand L, forming complex D,) or the meta
position (ligand L, formlng complex D,,), Figure 6.* The
dinuclear complexes showed higher molar absorption co-
efficients compared to the parent complex [Ru(bpy);]**
(Figure 6a). In addition, the lowest-energy MLCT absorption
band red-shifted by 30 nm in D, compared to [Ru(bpy),]**
whereas no shift was observed in D,..*° Nevertheless, the
photoluminescence red-shifted in both D, and D,,, with D,
showing a higher photoluminescence quantum yield than D,
(Table 2). The excited-state lifetime of D, (2.3 us) was
surprisingly long, more than double that of [ Ru(bpy)3 1** (890
ns), whereas D, exhibited the shortest excited-state lifetime
(580 ns) in the series, highlighting that the bridging position
between the two bipyridine moieties had a decisive influence
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and D,, according to In(ky,,) =

hawyy

on the photophysical properties of the resulting dinuclear
assembly.*

Franck—Condon line shape analysis of the 77 K
luminescence spectra was used to investigate excited-state
geometries (Figure 6¢)."" At this low temperature, the
transition from the excited state to the ground state primarily
occurs through direct radiative (k) and nonradiative (kgy,)
deactivation, as thermally activated deactivation processes are
considered negligible. This assumption allows to extract the
Huang—Rhys factor (Sy), which indicates the geometric
distortion between the ground and excited states. Sy was
significantly smaller for D, (0.46) compared to D, (0.71) and
[Ru(bpy),]** (0.82). This smaller Sy value for D, suggests a
less distorted and more delocalized excited state, Wthh leads
to a decrease in the direct nonradiative deactivation rate (ky,,)
and, thus, a longer excited-state lifetime.*

Variable-temperature photoluminescence measurements
were conducted to understand the excited-state deactivation
pathways for complexes D, and D,, and the reference
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[Ru(bpy);]**.** As expected, the excited-state lifetimes and
absolute PL quantum vyields for both dinuclear complexes
decreased as the temperature increased. The three complexes
displayed the same two thermally activated relaxation path-
ways. The first pathway was associated with a higher activation
energy (AEjyc > 3000 cm™') and was attributed to the
population of the *MC state, which relaxes to the ground state
with the rate constant kyyc (Figure 7, red area). The second
pathway had a lower activation energy (AEzycr ~ 300—1000
cm™') and involved relaxation via a higher-energy *MLCT
excited state with the rate constant ks cr (Figure 7, yellow
area). While the activation energies are similar between the
three complexes, their contributions are different. Specifically,
deactivation via the *MC pathway was found to be very
pronounced for [Ru(bpy);]** at room temperature (48%),
while it was negligible for the dinuclear complexes D, and D,
(<0.5%). Moreover, both direct (ky,, k4,,) and activated (kypc
and kg cp) deactivation rates were significantly enhanced in
D,, compared to D,. This explained the shorter excited-state
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lifetime of D, and highlights the crucial role of bridging ligand
geometry. Collectively, these results demonstrate that
dinuclear complexes can disfavor nonradiative relaxation
pathways which eventually can lead to enhanced photo-
stability. "’

Finally, it was observed that the photoluminescence maxima
shifted for D, when the temperature was changed from 213 to
373 K whereas only broadening were observed for D, (data
not shown).”” For both D,, and [Ru(bpy),]**, the temper-
ature-dependent PL quantum yields were accurately modeled
using only the lowest MLCT excited state as luminescent
state, which indicated that the thermally activated relaxation
pathway involving the upper-lying MLCT state is either very
weakly or nonluminescent.”” In contrast, for D, a blue-shift
was observed in its photoluminescence spectrum with
increasing temperature from 213 to 373 K, suggesting that
the higher-energy MLCT excited state, that is populated
thermally, is also luminescent and emits at a higher energy
(Figure 7). This was further supported by the fact that the
temperature-dependent PL quantum yields for D, could only
be accurately modeled when an additional radiative deactiva-
tion pathway from the thermally activated MLCT state was
included. In conclusion, the combination of the smaller
nonradiative pathway rate constants and the presence of two
luminescent *MLCT states in D, resulted in a photo-
luminescence quantum yield more than double that of D,
and only slightly less than that of [Ru(bpy),]*".*’

The strong effect of ligand connectivity on photophysical
properties persists in trinuclear complexes.38 Here, several
different isomers with different bridging ligands were
investigated (T, T Tpm T,y Figure 8). Strikingly,
complex T,, with the connection of three 2,2’-bipyridine
fragments via the para position showed stronger molar
absorption coefficients at longer wavelengths, possessed a
longer excited-state lifetime and a higher photoluminescence
quantum yield than [Ru(bpy);]>* (Table 2). The other
bridging ligands yielded trinuclear complexes (Tpm, Trops
T,.) that exhibited shorter excited-state lifetimes and lower
photoluminescence quantum yields than those of the parent
complex.*® T,, showed a much slower nonradiative relaxation
rate constant ky,, than expected from the red-shifted emission
according to the energy gap law (Figure 8).”® This anormal
behavior of T, was attributed to a highly delocalized excited
state as evidenced by its low Huang—Rhys factor Sy of 0.33,
which reduces geometric distortion and vibrational overlap
between the ground and excited states.’

In general, the trinuclear complexes differed from [Ru-
(bpy);]** in their deactivation pathways. All investigated
trinuclear complexes showed deactivation via a higher-energy
SMLCT state in thermal equilibrium in temperature dependent
luminescence lifetime and quantum yield experiments.*®
Deactivation via *MC states was absent even at room
temperature, contributing to the higher photostability of the
trinuclear complexes compared to [Ru(bpy);]*". The authors
also observed that the decrease in the overall photo-
luminescence quantum yield with increasing temperature was
less pronounced than the decrease in 7. This discrepancy
indicates that the thermally activated deactivation pathway
must have a significant radiative component, similar to the
emissive higher-energy *MLCT excited state in the dinuclear
complex D,,. Finally, para connectivity of the peripheral 2,2’-
bipyridines (T, Tp,) resulted in an increased energy gap
Ejvior between the lower and upper *MLCT states, which in

mm/
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turn decreased the relative kinetic rate of deactivation
comp:;ged to the complexes with meta-connectivity (T,
Toom)-

2.4.2. Antidissipative Behavior of Polynuclear Ru(ll)
Photosensitizers. In both natural and artificial photosyn-
thesis, high-energy excited states rapidly relax by internal
conversion (IC) and vibrational relaxation (VR), typically
losing 20—30% of the photon energy before any productive
chemistry can occur.””">” To harness this energy for solar fuels
or photoredox catalysis, one must deliberately slow down IC
between higher-energy (HE) and lower-energy (LE) *MLCT
states by engineering weak excited-state electronic coupling
and non-negligible activation barriers for IC (Figure 9).
Cadranel and co-workers recently discovered such an
antidissipative strategy using polynuclear ruthenium complexes
enabling more efficient solar energy conversion.*®

Fast IC

Strong
Coupling

Negligible
Barrier

Dissipated
Energy

Slow IC

Weak
Coupling

Excess[
Energy

Saved

Figure 9. Schematic representation of excited state relaxation with
strong electronic coupling between excited states and fast IC in
traditional energy conversion (top) and with weak electronic coupling
between the excited states and slow IC for antidissipative energy
conversion (bottom). Adapted with permission from ref 160.
Copyright 2022, Royal Society of Chemistry.

Specifically, the authors revisited the binuclear and trinuclear
Ru(II) polypyridine complexes D,, D,, and T, (Figures 6 and
8). In the para-linked dimer (D,), strong excited-state
electronic coupling led to rapid éub-ps) IC to the LE
3’MLCT(LP) state localized on the bridging ligand, and classical
Kasha behavior.>® In contrast, in the meta-linked dimer (D,,)
and the trinuclear analogue (T,,,), weak coupling between
chromophores produced two distinct long-lived "MLCT states:
a lower-energy state centered on the bridging ligand (*MLCT-
(L)) and a HE state with the spin density located on an
ancillary bpy ligand (*MLCT (bpy)). Using a combination of
electrochemistry, steady-state emission and femto- to nano-
second transient absorption spectroscopy, the authors mapped
out the energetic and kinetic landscape of these complexes.
Franck—Condon line shape analysis of 77 K emission spectra
gave triplet energies of 16,400 cm™' for *MLCT(L,,) and
~17,200 cm™" for *MLCT (bpy), i.e. an energy gap of 800—
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1,400 cm™' (100—170 meV) between LE and HE states.
Temperature-dependent ns-transient absorption spectroscopy
yielded activation barriers for the HE—LE IC of ~2,000 cm™"
and pre-exponential factors ~5 X 10* s7%, corresponding to IC
rate constants on the order of 107 s at room temperature. As
a result, *MLCT (bpy) lifetimes are on the 10—20 ns scale,
while *®MLCT(L,,) lifetimes amount to hundreds of ns.*®

Remarkably, both HE and LE states are long-lived enough to
participate in bimolecular electron transfer.’® Proof-of-concept
quenching experiments with tritolylamine (TTA) as an
electron donor showed that both *MLCT (bpy) and *MLCT-
(L,,) can be intercepted by electron transfer before IC occurs,
generating distinct reduced photosensitizers with different
reducing powers. The HE-derived reduced species is about 140
meV more reducing than the one derived from the LE state.
This demonstrates the central antidissipative idea: by
introducing an activated, slow IC channel between coexisting
SMLCT states, one can “trap” and chemically exploit HE states
before excess energy is dissipated.*

Building directly on this framework, the authors investigated
the detailed nature and localization of the HE states, and if
they can be modulated by tuning of the ancillary ligands.*®
Specifically, the authors investigated derivatives of D, (Figure
6) of the general structure [Ru,(L,,)(bpy"),]*" with different
substitution patterns on the ancillary bpy" ligands (R = H,
4,4'-Me, 5,5'-Me, 4,4'-MeO, 4,4'-CF,).> This allowed them to
modulate the relative energies of bridge- vs ancillary-centered
SMLCT states while preserving the weak coupling topological
motif previously described. With electron-donating substitu-
ents (R = H, 4,4-Me, 5,5-Me, 4,4'-MeO), the first two
reduction waves at —0.56 and —0.76 V vs SCE corresponded
to successive one-electron reductions of the L, bridge, whereas
ancillary ligands were reduced at more negative potentials.”> In
contrast, for R = 4,4'-CF, the first two reductions occur on the
ancillary CF;-substituted bpy at —0.38 V vs SCE, showing that
strong electron acceptors can localize the LUMO on the
ancillary ligands.™

The luminescence decay was biexponential for all complexes
except [Ru,(L,,)(bpy**<"),]*, featuring a short (5—40 ns)
and a long component (100—350 ns).”® Time-resolved
emission spectroscopy showed that these correspond to two
distinct phosphorescence bands separated by 430—980 cm ™",
similar to the HE/LE pair described previously. The ligand
centered radical anions associated with the two *MLCT states
were assigned in fs/ns-transient absorption spectroscopy via
their characteristic absorption signatures.””

Overall, antidissipative behavior was found for [Ru,(L,,)-
(bpy®),]** with unsubstituted bipyridine and electron-
donating derivatives. In this case both HE and LE states are
localized on the bridging ligand, with the LE state being more
delocalized over the quaterpyridine backbone.”® The HE—LE
IC thus corresponds to an intraligand electron transfer within
L,.. This intraligand electron transfer is remarkably slow (5—40
ns), giving ample time for the HE *MLCT to participate in
bimolecular reactions.” With the strongly electron-with-
drawing substituent CF;, the situation flips and the ancillary-
centered *MLCT (bpy**“*3) state is stabilized and becomes
the LE excited state. In this case, the L -centered HE state
decays on the sub-ps time scale, with a negligible barrier to IC,
and the antidissipative character is lost. Hence, overly strong
acceptors as ancillary ligands funnel the excited state away
from the antidissipative bridge and must be avoided.”
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Finally, antidissipative reductive and oxidative photo-
reactivity was demonstrated using complex [Ru,(L,,) (bpy),]*
and [Ruy(L,,)(bpy™©),]*" and TTA and benzoquinone as
quenchers.”> TTA as a reductive quencher reacted with both
the HE and LE *MLCT(L,,) states with nearly diffusion-
controlled rate constants (10°—10° M~ s7'), forming distinct
charge-separated species with different radical-anion signa-
tures.”> With benzoquinone as electron acceptor, HE states act
as slightly stronger photoreductants. However, the effect was
modest as the energy gap between HE and LE amounted to
only 400 cm™". No photoproduct could be detected, likely due
to low cage escape and fast geminate charge recombination.*

2.4.3. Polynuclear Complexes in Photoredox Catal-
ysis. The studies discussed above provide a direct structure—
property relationship between bridge topology, excited-state
delocalization, and photostability, leading to a solid mecha-
nistic understanding for exploring polynuclear systems in light-
driven applications. In the context of photoredox catalysis,
binuclear (D,), trinuclear (T,,) and quadrinuclear (Q,,)
complexes with para-connectivity were successfully used in a
reductive dehalogenation reaction.’ The investigated reaction
requires the excited ruthenium complex to be reductively
quenched by an electron donor, so that the reduced
photosensitizer can then reduce the substrate 4-bromoben-
zyl-2-chloro-2-phenylacetate initiating its dehalogenation.”
The polynuclear photosensitizers D,, T, and Q,,, consis-
tently exhibited superior catalytic performance compared to
the mononuclear photosensitizer [Ru(bpy);]** under equi-
molar [Ru] concentrations, especially under irradiation with
low-energy light (Table 2).*

Due to their red-shifted absorption bands, polynuclear
photosensitizers demonstrated remarkable efficiency using low-
energy green and orange LEDs (>90% in 7 h, Table 3).* In

Table 3. Yields for the Dehalogenation of 4-Bromobenzyl-2-
chloro-2-phenylacetate under Different Reaction
Conditions™”

white
[PS] Eq. Ru light blue green orange
(mol center (6500 (470 (525 (590
%) (mol %) K)“ nm)“ nm)“ nm)“
[Ru(bpy);]**  2.50 2.5 77% 80% (5 78% (7 49% (72
h) h) h)"
D, 128 2.5 92% 91% (2 91% 91%
h) (2.5 (6.5
h) h)
Tpp 0.83 2.5 91% 93% (2 93% 94% (7
h) (2.5 h)
h)
Qup 063 25 93%  95% (2 96% 9% (7
h) 2.5 h)
h)

“Isolated yields of 4-bromobenzyl-2-phenylacetate after column
chromatography. Time required for full conversion determined by
"H NMR given in brackets. “Incomplete conversion with 33% of
starting material recovered.

contrast, [Ru(bpy);]** was rather ineffective, yielding only
49% after 72 h of irradiation with orange light, in line with its
smaller molar absorption coefficient at the irradiation wave-
length.” Furthermore, the polynuclear complexes are stronger
photooxidants than [Ru(bpy);]** owing to their at least 300
mV higher ground-state reduction potentials.”” This shift in
potentials overcompensates the lower excited-state energies of
the polynuclear complexes. Consequently, the thermodynamic
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driving force for the initial electron transfer from the sacrificial
donors to the polynuclear photosensitizers is higher which
leads to higher quenching rate constants compared to
[Ru(bpy),]**. Finally, the polynuclear complexes are more
photostable than the parent complex because nonradiative
relaxation via the *MC states is negligible for D,, Ty, and Qg
(see Section 2.4.1).”” Overall, the polynuclear complexes
showed a better performance as photocatalysts compared to

[Ru(bpy)3]2+.39
2.5. Dyads

The foundational concepts of ruthenium-based dyads extend
back to the second half of the 20th century following the
discovery of the Creutz-Taube ion.'*"'** These initial studies
frequently involved [Ru(bpy);]** chromophores linked to

161—-16 161—165 .
and biomole-

quinones, aromatic derivatives
cules.'*°717° Although the term “dyad” was not yet used
during these initial studies, the core idea was evident: pairing a
photosensitizer with another redox-active component to
facilitate intramolecular electron transfer.'”’ Initially, these
systems operated as mechanistic platforms to explore long-
range electron transfer, bridge-mediated coupling, and
thermodynamic asymmetry, forming the conceptual basis for
contemporary dyad design. In recent years, the degree of

molecular control and purpose-driven engineering has
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advanced significantly, and dyads have transitioned from
model compounds to precisely calibrated photochemical tools.

2.5.1. Covalent Dyads. Over the past decade, the
development of Ru-based covalent dyads has been increasingly
guided by the principles of natural photosynthesis.'”> In
biological systems, efficient charge separation relies on a
remarkably coordinated sequence of events: photoexcitation is
followed by rapid and directional electron transfer, stabilization
of spatially separated charges, minimization of energy-wasting
decay pathways, and embedding of these elementary steps in a
modular protein scaffold.'”> These design principles have
inspired chemists to build artificial molecular architectures in
which a photosensitizer is covalently linked to an electron or
energy acceptor, donor, or catalytic unit with finely tuned
geometric and electronic properties. The goal remains the
same as in natural photosynthesis, i.e. to generate long-lived
charge-separated states with minimal recombination and
enough driving force to fuel downstream chemistry.

Recently, biological scaffolds have not only been used as
conceptual blueprints but also as functional architectures
capable of stabilizing charge-separated states, enforcing redox
gradients, or preorganizing chromophores and -catalytic
motifs.>>"”>!7® In such biohybrid systems, a ruthenium
complex is covalently linked to a protein or peptide matrix
that acts simultaneously as structural support and electronic

https://doi.org/10.1021/acs.inorgchem.6c00560
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regulator. Some representative examples come from Utschig
and co-workers, who used small, soluble proteins such as
ferredoxin (Fd) and flavodoxin (Fld) as templates to assemble
Ru-polypyridine chromophores together with Co- and Ni-
DuBois-type catalysts (Figure 10a).'”>'’® These constructs
mimic key features of photosystem I, enabling photochemical
H, generation from water. Notably, the protein environment
renders the otherwise insoluble Ni catalyst active in aqueous
media over an exceptionally broad pH range (3.5—12)."7°
Time-resolved spectroscopic techniques revealed that the
protein matrix is responsible for distinct electron-transfer
pathways, sequential versus direct, depending on the native
cofactors, and stabilizes charge-separated states on the
millisecond time scale, long enough to drive productive
catalysis. This work provides a benchmark for how protein
scaffolds can protect, solubilize, and electronically regulate
molecular catalysts under conditions where they would
otherwise fail.

Biohybrids have also emerged as valuable platforms for
photoredox catalysis. In 2022, Cesana and co-workers
introduced a markedly different design in which [Ru(bpy);]**
complexes were covalently attached to the light-harvesting
protein R-phycoerythrin (RPE), yielding RPE-(Ru), (Figure
10a).>® Here, the ruthenium complex serves exclusively as the
catalytic unit, while the protein acts as a broadband light-
harvesting unit that sensitizes its "MLCT state. Efficient energy
transfer from the RPE antenna to the bound ruthenium
complexes was confirmed spectroscopically and enabled
catalytic activity at wavelengths less accessible to free
[Ru(bpy),]**, including green (513 nm) and even red light
(630 nm).” In two model transformations, a thiol—ene
coupling and a cysteinyl-desulfurization, the biohybrid not only
allowed red-light reactivity but also delivered substantially
higher product yields than the catalyst alone under its optimal
blue-light conditions. Additionally, the large size of RPE-(Ru),
(~240 kDa) allowed for easy recovery of the biohybrid by
centrifugation and recycling with minimal loss of efficiency,
thereby blending the benefits of homogeneous and heteroge-
neous catalysis.”

The RPE-biohybrid places [Ru(bpy);]** in an atypical role
as a catalytic center rather than as the photosensitizer.”
However, the majority of covalent dyads still follow the
classical scheme in which a ruthenium(II) polypyridyl unit
performs both light-harvesting and directional charge transfer.
Within this more conventional framework, Rau and co-workers
developed a particularly influential Ru—tpphz—Pt dyad (tpphz
= tetrapyrido[3,2-a:2/,3"-c:3”,2"-h:2",3"-j]phenazine, Figure
10b), demonstrating how precise chromophore—catalyst
coupling can govern photostability, self-repair, and multi-
electron reactivity.

The earliest molecular devices capable of photochemical
hydrogen evolution emerged in the mid-2000s. Sakai and co-
workers, in 2006, reported a Ru—Pt dyad that produced H,
using EDTA as a sacrificial electron donor,"””'”® and in
parallel Rau introduced the related Ru—tpphz—Pd sys-
tem."””'® Shortly thereafter, Hammarstrom and co-workers
examined a Pd-based Ru—chromophore dyad and provided
direct evidence that, under catalytic conditions, the Pd center
readily decomposes to form colloidal Pd nanoparticles that are
solely responsible for H, evolution.'®" While similar mecha-
nistic ambiguity was later observed in Ru—tpphz—Pd systems,
the corresponding Pt analogues remained molecular and
photoactive on the time scale of the experiments.'®” This
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contrasting behavior was rationalized by the lower energy of
the dissociative metal-centered states in Pd complexes relative
to Pt, which facilitates ligand loss upon excitation and
accelerates decomposition.

To develop artificial photosynthetic systems toward practical
implementation, it is essential to understand and manage
catalyst deactivation pathways. Nature addresses photodamage
not by preventing it entirely but by repairing key components
in situ. Inspired by this paradigm, Rau and co-workers
developed assemblies capable of controlled, chemically driven
repair during operation.”> Such strategies require that the
catalytic center remain structurally intact, underscoring the
importance of the metal identity in determining the long-term
function of Ru-based dyads. In 2022, Rau and co-workers
showed that the Ru—tpphz—Pt dyad deactivated over time not
because of irreversible decomposition, but due to a reversible
hydrogenation of the tpphz bridging ligand.*> This modifica-
tion suppresses the essential photoinduced electron transfer
from the Ru chromophore to the Pt catalytic center, thereby
halting hydrogen evolution. Identification of this deactivation
pathway enabled repair through the oxidative dehydrogenation
of the hydrogenated ligand using singlet oxygen, generated in
situ by the Ru photosensitizer under irradiation in the presence
of air.”> Implementing the repair cycle extended the opera-
tional lifetime of the dyad from approximately 2 days to several
weeks (over 400 h), yielding cumulative TON values
exceeding 3,000."> While this represents a major step forward
in the development of regenerative systems, the repair cycle
still required several additional steps (removal of solvent and
additives, redissolution, reaction with 'O,) increasing cost and
adding sources of contaminations.*’

Having established how covalent dyads like the Ru—tpphz—
Pt system can be engineered for robustness and in situ repair,**
the next frontier lies in extending the lifetime and magnitude of
charge separation itself. In this context, Wenger and co-
workers have recently reported molecular dyads that can
accumulate multiple separated charges and store photo-
chemical potential over extended time scales, an essential
step toward artificial Z-scheme and solar fuel systems (Figure
10c)."”® A primary challenge is that photoinduced charges tend
to recombine spontaneously, wasting much of the absorbed
photon energy. While increasing the distance between charges
can slow this recombination down, it typically reduces the
efficiency of the initial charge separation step.'™ Wenger and
co-workers addressed this trade-off by incorporating redox-
active relay stations that enable a multistep “hopping”
sequence rather than relying on single-step tunneling through
passive spacers.'”> In a recent study, they showed that a pentad
(D,—D;—PS—A,—A,) containing such relays maintains a
charge-separation quantum yield of ~60% over a donor—
acceptor distance of 44 A, compared to ~5% for a comparable
triad containing only passive linkers (Figure 11). The lifetime
of the resulting charge-separated state was also extended from
28 ps (triad) to 120 us (pentad), owing to strongly reduced
back-electron transfer rates. These improvements were
attributed to the redox-active intermediates D, and A,, which
enable efficient multistep hopping during charge separation but
do not facilitate charge recombination. The authors emphasize
that focusing on quantum yields, rather than exclusively on
kinetic rate constants, is critical because efficiencies inherently
reflect dark recombination events that are otherwise easily
overlooked.'”” Such long-lived charge-separated states are
particularly valuable under low-intensity solar irradiation,
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Figure 11. Energy level diagrams of the key photoproducts and their
corresponding energies in a covalent pentad. The first charge-
separated state (CSS-1) spontaneously evolves onward to form CSS-
2. Secondary excitation of CSS-2 leads to the formation of CSS-3 with
two separated pairs of charges. The two ¢ values indicate quantum
yields for the formation of the corresponding CSS, as determined by
relative actinometry.'’

where sequential excitation becomes necessary for accumulat-
ing multiple redox equivalents. A common limitation of
molecular dyads is that after the first charge-separation event,
absorption of a second photon often triggers fast charge
recombination instead of further charge buildup.'**™"* In the
pentad system, however, the first photogenerated electron—
hole pair rapidly separates over a large distance, restoring the
photosensitizer’s local electronic environment and allowing a
second productive excitation.'”?

As outlined in Figure 11, the first excitation of the pentad
forms an initial charge-separated state (CSS-1: D,—D,*—PS—
A, "—A,), which evolves into a more stable and long-lived state
(CSS-2: D,"—D;—PS—A;,—A,”) within 10 ns. A second
excitation of the photosensitizer in the CSS-2 state initiates the
formation of a doubly charge-separated state (CSS-3), where
two positive charges are on the donor side (D;* and D,*) and
two negative charges are on the acceptor side (A; ™ and A, 7).
This final photoproduct formed with an overall quantum yield
of 37% and persisted for more than 100 ns, thereby storing
approximately 3.0 eV of energy. This work represents a
significant advancement in achieving sequential, light-driven
accumulation of two electrons and two holes in a fully
molecular system without sacrificial agents.

2.5.2. Noncovalent Dyads. Noncovalent dyads represent
a complementary design strategy in which photosensitizers and
redox-active partners are brought into functional contact not
through covalent linkers, but through a variety of weak
interactions such as electrostatic attraction, hydrogen bonding,
m-stacking, or surface coordination motifs. These assemblies
preserve the essential features of the dyad architectures, i.e.
proximity, directionality, and controlled electron transfer, while
avoiding the synthetic constraints and conformational rigidity
of covalently tethered systems. As such, noncovalent dyads
offer a versatile platform for studying and controlling
photoinduced transfer processes, including in emerging PSII-
mimetic systems and inorganic—organic hybrid dyads formed
by simply mixing ionic chromophores in polar solvents.

Meyer and co-workers focused on the development of
molecular photoelectrodes through precise layer-by-layer
assembly of chromophore and catalysts on conductive metal
oxide surfaces as a powerful strate%y for controlling interfacial
charge-transfer processes.'”*'*’~'" They have demonstrated
how stepwise construction of molecular architectures on
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mesoporous indium-doped tin oxide (nanoITO) enables
charge separation across nanometer-scale distances with
lifetimes far longer than those typically observed in solution
or at conductive interfaces.'”*'®” The layer-by-layer method-
ology relies on the strong affinity of phosphonic-acid groups
for metal-oxide surfaces and on the use of Zr(IV) ions as
bridging nodes that link successive layers.'”*"*”*°71% Thjs
approach enables the ordered deposition of different molecular
components, ie. electron acceptors, chromophores, electron
donors and water-oxidation catalysts, into defined supra-
molecular stacks extending from the oxide surface.'””"’
Because the assemblies are built on mesoporous nanoITO
films composed of 20 nm particles and containing large
internal pore volumes, each hierarchical structure can form not
only on the external film surfaces but also within the internal
porous network, ensuring high loadings and large interfacial
area.

As such, a five-component assembly consisting of a
nanolTO electrode, a surface-bound methylviologen electron
acceptor (MV), a ruthenium(II) polypyridyl sensitizer (S), an
iron(II) terpyridyl donor (Fe), and a terminal triphenylamine
(TPA) electron donor where anchored in a layer-by-layer
fashion via Zr bridges to generate the nanoITOIMV—S—Fe—
TPA architecture with an overall molecular length estimated at
6 nm (Figure 10d)."”* While on semiconductor oxides such
sensitizer assemblies often suffer from ultrafast recombination,
the authors demonstrated that the conductive nanolTO
interface supported long-lived charge separation. Spectroelec-
trochemistry measurements confirmed the reduction potentials
of each component that efficiently created a free-energy
gradient that was used to drive electrons toward the oxide
surface and holes outward, rendering interfacial charge transfer
directionally favorable.'”* Transient absorption spectroscopy
revealed the success of this design. Excitation of the ruthenium
chromophore initiated an ultrafast charge-transfer cascade,
resulting in electron injection into the MV/ITO surface and
rapid hole diffusion toward the distal TPA donor. Remarkably,
this process produces a charge-separated state that persists for
almost one second, i.e. six orders of ma§nitude longer than for
the sensitizer alone on nanoITO.'”* The recombination
kinetics were fully first-order, indicating a well-defined
interfacial configuration rather than the distributed kinetics
characteristic of sensitized semiconductor electrodes. The long
lifetime arises not from the semiconductor’s properties alone
but rather from the large spatial separation between the
injected electron and the oxidized electron donor, which
drastically reduces the electronic coupling that governs back-
electron transfer,'”*"'**

Using the same layer-by-layer approach, Meyer and co-
workers then replaced the model TPA electron donor by a
ruthenium-based water oxidation catalyst to generate the
nanolTOIMV—S—Fe—Ru(catalyst) photoelectrode (Figure
10d)."®” This assembly intentionally bears analogy to Photo-
system II: the MV layer plays the role of the primary quinone
acceptor, the [Ru(bpy);]**-based chromophore mimics the
P680 special pair, the Fe electron donor emulates the redox-
active tyrosine that relays oxidative equivalents and the distal
Ru catalyst occupies the position of the oxygen-evolving
complex. As in the earlier study, the layer-by-layer design
dramatically extended the lifetime of the charge-separated
states. With the complete MV—S—Fe—Ru architecture, the
reduced oxide and oxidized catalyst remain separated for
several seconds.'®” This persistence of redox equivalents on
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both ends of the supramolecular chain is essential for catalytic
turnover, since water oxidation requires the accumulation of
multiple oxidative equivalents at the catalytic site.'”>™""
Under steady-state visible-light illumination with an applied
bias, the photoelectrode produced oxygen with incident
photon-to-current efficiencies reaching 2.3% at 440 nm.'®’

Taken together, these studies demonstrate that layer-by-
layer molecular engineering on conductive metal oxides
enables a level of functional control impossible with randomly
adsorbed dyes or with covalently linked supramolecular
assemblies. By dictating the spatial and electronic arrangement
of each redox-active component, a system that reproduces key
features of natural photosynthetic machinery was developed."®’
The layer-by-layer approach thus provides a versatile platform
where multiple components can be engineered with a level of
precision that approaches the functional logic of natural
photosynthetic assemblies.

A complementary and increasingly attractive strategy to
dyads is exploiting coulomb interactions to assemble photo-
sensitizer—acceptor pairs. In this design, a positively charged
photosensitizer associates spontaneously with a negatively
charged chromophore or quencher, forming a dynamic
encounter complex that can mediate rapid and directional
electron or energy transfer. The assemblies are formed in situ
without additional synthetic effort and their components
remain modular and exchangeable. Recent studies from Kerzig
and co-workers have demonstrated how such Coulombic dyads
can deliver photophysical and photocatalytic performance
equal to, or even surpassing, covalent dyads (Figure 10e).*~**
In one example, mixing a cationic ruthenium complex
([Ru(phen);]**) with an anionic pyrene derivative (pyrene-
1,3,6,8-tetrasulfonic acid, PTS*") led to a Coulombic dyad in
water.* Strong ground-state association between the oppo-
sitely charged partners enabled ultrafast, static Dexter energy
transfer, funneling visible-light excitation of the ruthenium(II)
complex into the long-lived triplet state of the pyrene unit
(*PTS*"). This process occurred with nearly quantitative
efficiency and yielded a triplet lifetime of 355 us, over 300
times longer than the parent metal complex (1.1 us).”> The
extended lifetime translated directly into greater catalytic
performance, as shown across multiple reductive and oxidative
photoreactions where the Coulombic dyad outperformed both
free [Ru(phen);]** and the analogous covalently linked dyad.*
Earlier work had observed similar behavior with the
monoanionic pyrene derivative (PMS),"*** but the tetraa-
nionic system exhibited markedly higher quenching effi-
ciency.43

Building on this concept, the group extended the
Coulombic-dyad strategy to [Os(phen);]** paired with the
perylenetetracarboxylate anion (PTC*"), aiming to overcome
the intrinsic limitations of osmium photosensitizers in singlet-
oxygen generation.”” Osmium complexes can be directly
excited into their triplet manifolds with red light, which is
ideal for energy efficiency and deep medium penetration, but
their short excited-state lifetimes (77 ns) limit diffusion-
controlled reactions. A Coulombic dyad with PTC*™ showed
ultrafast (~100 ps) energy transfer from the osmium complex
to the organic acceptor, generating a long-lived *PTC state (z
=219 us).*” This state reacted with O, almost quantitatively,
resulting in a 15.5-fold increase in singlet oxygen production
relative to the osmium complex alone. The system proved
highly effective in red-light-driven photooxygenations of
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furfural, S-HMF, and even DMSO, as well as in degrading
environmental pollutants such as glyphosate in wastewater.*

A key benefit of using Coulomb interactions to create dyads
is that the organic component can be readily exchanged in case
it decomposes, keeping the expensive metal complex intact.
Covalent dyads on the other hand undergo irreversible
deactivation upon oxidation of the organic chromophore.
Addition of PTC* during operation restored the activity
immediately, enabling sustained high TOFR.* Together, these
results establish Coulombic dyads as a simple, versatile, and
highly eflicient alternative to their covalent counterpart,
particularly for applications requiring long-lived excited states,
deep-penetrating red-light activation, or modular component
replacement. Their performance across both synthetic and
environmental transformations underscores the broad potential
of Coulombic dyads in next-generation photocatalysis.

3. FUTURE PERSPECTIVES

3.1. “Real-Life” Applications

Within the past 90 years since its discovery, [Ru(bpy);]**
evolved from a scientific curiosity to a cornerstone of
photophysics and photochemistry research.”'?® Its favorable
optical properties enabled its critical role in driving several
research fields. The impact of [Ru(bpy);]** reaches beyond
the academic landscape into “real-world” applications. The
following section aims at highlighting past and present
commercial applications of [Ru(bpy);]** and its current
trends.

A patent search on [Ru(bpy);]** (see SI for details) yielded
1650 patents in 920 simple families. The earliest patent
originated from 1962 and focused on the synthesis of
bipyridine metal complexes as antimicrobial agents.'”” Since
the 1990s the number of patents on [Ru(bpy);]** has
increased exponentially (Figure 12). Clustering of the patents
revealed that the key application areas are photoredox catalysis
and electrochemiluminescence (ECL) sensing. While the total
number of patents in both categories is similar, photoredox
catalysis saw the steepest rise in the past 10 years, with 66% of
the patents being published in the past 5 years.

This development comes to no surprise considering that
photoredox catalysis dramatically expanded synthetic method-
ology and facilitated several reactions relevant to the
pharmaceutical industry.”>** A major boost to this develop-
ment has been that photocatalysts such as [Ru(bpy);]** were
made commercially available soon after their potential became
apparent.””” A major challenge for the industrial use of
photoredox chemistry lies in the upscaling of these
reactions.””’ Unlike thermal reactions where heat can be
uniformly applied to a large reactor aided by fast mixing,
photoredox reactions only occur at parts of the reaction
mixture that light can reach. According to the Lambert—Beer
law, light has a very shallow penetration depth in highly
absorbing mixtures. For a photoredox reaction this means that
radicals are only generated in a thin outer layer, regardless of
the size of the reactor, if irradiation occurs from the outside of
said reaction.”®” In 2022, researchers at Abbvie reported one of
the first commercial-scale photoredox reactions using LED
plug flow and laser-based continuous stirred tank photo-
reactors.””” Their target reaction was the trifluoromethylation
of 2-chlorothiophenol using [Ru(bpy);]** as a photosensitizer.
After photoexcitation, [Ru(bpy);]*** generated iodine radicals
from iodide to start a radical chain reaction. After the
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optimization of reaction conditions, the authors were able to
access over 500 kg of the desired product. Due to the radical
chain mechanism, only 0.01 mol % of [Ru(bpy);]** were
necessary to drive the reaction.””’

The second largest area of application for [Ru(bpy),]** are
commercial automated immunoassays, such as the cobase/
Elecsys assays developed by Roche.””* These assays are used
for the sensitive quantification of biomarkers such as tumor
markers, hormones or viral proteins with small sample
volumes.'> Here, [Ru(bpy);]** acts as a label that is
conjugated to an antibody that in turn binds the target
analyte. The readout is an electrochemiluminescence (ECL)
signal that is generated when an electric potential is applied to
the complex in the presence of an electron donor like
tripropylamine. The electrochemical oxidation of tripropyl-
amine on the electrode surface leads to redox cycling of
[Ru(bpy);]** which eventually populates its luminescent
excited state yielding the chemiluminescence readout.”” A
good ECL label needs to balance several properties like
turnover, reaction specificity, quantum vyield and dynamic
range of the luminescence signal.”’>> The combination of
[Ru(bpy);]** and tripropylamine marked a sweet spot in this
property space. So even though other Ru" complexes and
purely organic systems like luminol/H,0, have been explored
in the past, [Ru(bpy),]**/tripropylamine still remains a
popular platform for ECL immunosensing applications.'>**

[Ru(bpy);]** and its derivatives are also used in commercial
sensing applications, specifically for sensing molecular oxy-
gen.””® Such sensing relies on the collisional quenching of the
SMLCT state by O, forming 'O,. This reaction of the excited
state shortens the luminescence lifetime and lowers its
intensity. By determining the quenching rate constant (e.g.,
using Stern—Volmer experiments), the partial pressure or

7565

solution concentration of oxygen can be determined from
intensity or lifetime data. This sensing mechanism is well
established for [Ru(bpy);]***”’ > and several older patents
mention using this complex.”””*'~*'> However, as the sensor
materials are proprietary, companies often only provide vague
descriptions such as “ruthenium sensor”'’ and it is thus
difficult to tell whether unfunctionalized [Ru(bpy),]** is still
being used in commercial sensing devices.

A particularly impactful application of a [Ru(bpy),]**
derivative lies in the treatment of cancer using photodynamic
therapy (PDT).”"* In one of the operative mechanisms of
PDT, a sensitizer releases highly reactive species (e.g, 'O, or
0,7) at or inside a tumor when irradiated with light. The high
spatial control over the treatment limits adverse effects on
healthy tissue.”'* TLD1433 is the first ruthenium complex to
enter human clinical trials as a PDT agent,214 which are
currently in phase 2 for the treatment of bladder cancer.”"
TLD1433 consists of a ruthenium(II) metal center, two 4,4'-
dimethylbipyridine ligands and a substituted phenanthroline
ligand with a tethered chain of three a-thiophene units (Figure
13). This molecular design was chosen to enable both light-

Energy

cs

Figure 13. Photophysical scheme of TLD1433. The emissive *"MLCT
state can be used for diagnosis and imaging whereas the non-
luminescent (dark) *IL and *ILCT promote singlet oxygen formation
and electron transfer chemistry, respectively.”'*

induced electron transfer reactions and sensitization of singlet
oxygen locally at the tumor site. The thiophene units are
central to both modes of action. First and foremost, they
introduce dark intraligand triplet states (*IL) with zz*
character. These excited states have an energy of 1.72 eV
and thus lie below the complex’s *MLCT states and possess a
much longer excited-state lifetime of 48 us in deaerated
water.”'® The °IL states sensitize singlet oxygen with a unity
quantum yield.”"” Second, the electron-rich thiophene units
can reductively quench the MLCT state forming an intraligand
charger transfer state ((ILCT) that can undergo follow-up
electron transfer reactions to damage tumor tissue, e.g. by
forming superoxide (0,7).2 Interestingly, the *ILCT state
can also react with other sensitizer molecules in their ground
state which produces two reactive species — an oxidized and a
reduced complex. As each photon can generate more than one
reactive species, the photocytotoxicity of TLD1433 is
dramatically improved.”'* While most of the excitation energy
is funneled into the dark 3IL/3ILCT states, a weak
luminescence via the SMLCT can still be observed (® <
0.05%)>'® and used for theranostic imaging.”'* During therapy,
the complex is directly applied to the bladder where it
accumulates selectively in the cancer tissue and is then

https://doi.org/10.1021/acs.inorgchem.6c00560
Inorg. Chem. 2026, 65, 7549—7577


https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c00560?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c00560?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c00560?fig=fig12&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6c00560/suppl_file/ic6c00560_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c00560?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c00560?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c00560?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c00560?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c00560?fig=fig13&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.6c00560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Review

Longer lifetime

Higher Luminescence QY

Stronger photooxidant

7= 3500 pis

\
Dipp

other examples include
cr'l (@ =20 %), Mo® (@ =73 %)

7=5ns
E(Co""") = +1.65 V vs SCE

%

NS

[Ru(bpy)3]**
2E/2Ty spin-flip excited states r=1ps other examples include Cr"
E(Ru*") = +0.73 V/ vs SCE
=12 ms E(Ru"") = —0.72 V vs SCE =120 ns
| Gium | = 0.20 | ium | = 0.0007 E(W'?") = —3.46 V vs SCE
Ru: 2 %10 % in Earth's crust R

N’4
/N |
N
|

7=2ns

other examples include Cu'
(| gum | = 0.02)

2LMCT excited state
Fe: 4.7 % in earth's crust cro,

R R = Dipp
other examples include
Mo®, WP, ce", zV, cu!

Circularly polarized luminescence

Higher Earth-abundance

Stronger photoreductants

Figure 14. Representative examples of photosensitizers based on earth abundant element that have matched or outcompeted some of the excited-

state prozpertles of the prototypical Ru(bpzr) 17,72 with regards to lifetime,

power,”** circularly polarized luminescence,”*° *** Earth-abundance”

225,226 . 1 1227-229 1o
***® photoluminescence quantum yield, photooxidative

*! and photoreductive power.”**

irradiated with 520 nm light.”> While [Ru(bpy),]** itself is not
used for this highly specialized application, it is the decades of
research on its photophysical and photochemical properties
that enabled this new cancer therapy.”'*

3.2. Earth-Abundant Metal Complexes “Surpassing”
[Ru(bpy);1**

[Ru(bpy);]** has long set the standard for photoactive metal
complexes.'~® However, the general scarcity of precious metals
motivated researchers to explore photoactivity with more
abundant metal centers.”'® There have been enormous efforts
in the past 10 years to establish such metal complexes with
unique photoactivity surpassing the traditional [Ru(bpy);]**
family.218_223 In this section, we spotlight earth-abundant
metal complexes that beat that standard in one or more ways,
i.e. better light absorption, longer-lived excited states, or
greater stability, and explain why those advantages matter.
One of [Ru(bpy);]*"’s great strengths is its versatility in
photochemical reactions. It can act as a photooxidant and a
photoreductant with reasonable potentials of +0.73 and —0.72
V vs SCE, respectively.” However, this versatility also means
that the excited-state energy is broadly distributed between
both reactivity modes. As a result, accessing larger potentials
with [Ru(bpy);]** requires specialized strategies like reducing
the excited state with an electron donor to form [Ru(bpy),]*
as active species (E([Ru]**/*) = —1.3 V vs SCE)’ or two-
photon processes (e.g, generation of hydrated electrons).”
There are several complexes with higher photooxidative power
than [Ru(bpy);]** such as its long-overlooked cobalt(III)
analog [Co™(bpy),]** (Figure 14) and its derivatives that
feature dark *MC excited states which could be described as
superoxidants with excited state potentials E(Co™*/™") of up to
+1.65 V vs SCE.>****° These complexes were recently used as
photosensitizers for the particularly challenging arylation of
amines.””” Cr'" complexes such as [Cr(phen);]* and so-called
molecular rubies can also be used as photooxidants (+1.33 to
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+1.83 V vs SCE).”*>**72%? On the reductive side, there have
been plenty of examples, such as copper(I) complexes (up to
—2.22 V vs SCE),”***' group 6 carbonyl and isonitrile
complexes (—1.68 to —3.46 V vs SCE),’>??0723229242243
zirconium(IV) arylimidazolpyridine complexes (—2.41 to
—2.98 V vs SCE)**** and cerium(III) bis(guanidinate)
complexes (—3.0 to —3.3 V vs SCE).>*° Especially, zerovalent
tungsten complexes of the type WY(CN—R), (Figure 14)
combine strong photoreductive power (up to —3.46 V vs SCE)
with synthetic accessibility, microsecond excited-state lifetimes
and enormous molar absorption coefficients (up to 10° M™!
m_l). i

In areas like sensing and photoredox catalysis, a longer
excited-state lifetime leads to better performance and lower
costs.””” The MLCT excited-state lifetime of [Ru(bpy);]**
with ~1 us is long enough for both fundamental photo-
chemical investigations and applications.” However, this value
has been surpassed by a factor of 3500 by the current record
holder [Cr(tpe),]** (Figure 14, tpe = 1,1,1-tris(pyrid-2-
yl)ethane) which reached an excited-state lifetime of 3.5 ms
in solution at room temperature.”>>**° The reasons for this
particularly long lifetime lie in the so-called metal-centered
spin-flip states in chromium(IIT) complexes.”*® These excited
states feature the same (tzg)3 orbital occupation as the ground
state, except that one electron spin is flipped. As a result, the
excited state is barely distorted which slows down relaxation to
the ground state. The transition to the ground state is also
strongly Laporte forbidden. In [Cr(tpe),]**, this effect is
further amplified by the perfect inversion symmetry imposed
by the ligands.””® Overall, spin-flip excited states find
application in pressure and oxygen sensing,”*’ photoredox
catalysis,”*>**® as well as qubits using Cr", Mo and
7l 250-252

Chromium(III) complexes with the right ligands can also
outperform [Ru(bpy),;]>" with regards to luminescence
quantum vyields. For example, [Cr(bpmp),]*" showed a red
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phosphorescence at 709 nm with an efficiency of 20% (bpmp =
2,6-bis(2-pyridylmethyl)pyridine).”*® Linear copper(I) com-
plexes bearing carbene ligands even reached luminescence
quantum yields of unity (Figure 14).”*” Admittedly, both
systems feature fundamentally different electronic structures
(Cr'™: &, Cu': d'°) which changes the nature of nonradiative
relaxation pathways.”'® However, recent work on molybde-
num(0) complexes showed that values up to 73% can be
achieved with earth-abundant metal centers isoelectronic to
[Ru(bpy),]>*.2*7%

The nature of the excited states is central to the emerging
field of chiral emitters showing circularly polarized lumines-
cence.”** This phenomenon has promising applications in the
fields of anticounterfeiting, bioimaging, display technology and
quantum technology.”>>~*** For most technologies, a bright
and strongly circularly polarized luminescence is required.”>*
The degree of circular polarization is commonly quantified
with the dissymmetry factor g, that ranges from —2 to +2
corresponding to 100% right- and left-handed circular
polarization of the emitted light.>* While [Ru(bpy);]** is
chiral and its luminescence is reasonably bright (®p; = 9.5%),”
its performance as a CPL emitter is very poor reaching low |
Giuml values of 0.0007.***** This means that the A- and A-
isomers of [Ru(bpy);]** only emit an excess of 0.035% of one
handedness of circularly polarized light. The chiroptical
properties of an electronic transition depend strongly on its
magnetic transition di})ole moment, i.e. the rotation of charge
during the transition.”” Unfortunately, the emissive MLCT
states in [Ru(bpy);]** and similar complexes only show small
magnetic transition dipole moments, and hence do not fulfill
the selection rules for strong CPL.>** In contrast, lanthanide
complexes can achieve gy, values of up to 1.38 via their f—f
transitions.”®” On the side of earth-abundant metals, Cu(I) and
Cr(IlI) complexes (Figure 14) come closest to these
dissymmetries, reaching g, values of 0.02>** and
0.2,7297232%! respectively.

Iron is by far the most abundant transition metal in the
Earth’s crust.”®> So, from a cost and sustainability perspective
there is a strong incentive to develop photoactive iron
complexes that rival [Ru(bpy);]** in its photoactivity.”®> The
main challenge is the lower intrinsic ligand field splitting in
Fe(II) that stabilizes metal-centered excited states which in
turn facilitate the rapid deactivation of MLCT excited
states.” %% Despite intense research efforts over 20 years, so
far, only one example of an Fe(II) complex mimicking the
electronic structure of [Ru(bpy);]** with a photoreactive
SMLCT state has been reported.265 However, its excited-state
lifetime remains short (~1 ns) and its excited state energies are
low.”*> Further breakthroughs have been achieved by moving
away from the d° electron configuration. By combining an
Fe(III) center (d*) with strongly o-donating carbene ligands
(Figure 14), photoactive complexes with 2LMCT excited state
were obtained.”>"*%® As these complexes also feature a doublet
ground state, the relaxation of the excited state is spin-allowed
leading to relatively short excited-state lifetimes of 2 ns. Recent
work demonstrated that these lifetimes and thus the photo-
activity can be enhanced dramatically up to 11.5 us by
attaching organic chromophores to the ligands.”*”">* When
the energies of the organic triplet state and the *LMCT state
match, energy can be funneled to the organic triplet.267 Apart
from the lifetime, the doublet multiplicity also affects which
reactions are possible after photoexcitation””® as well as the
dark thermal processes like charge recombination following
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photoreactivity.””'>”* For example, complexes with doublet
excited states can harvest both singlet and triplet excitons”’®
:ir:ril'z&rfw_nggmlslng platforms for photon-upconver

This short overview shows that precious metals are not the
sole candidates capable of achieving bright luminescence,
strong photoreactivity and long-lived excited states. Metal
complexes based on earth abundant elements have become
competitive to their precious metal congeners such as
[Ru(bpy);])** and in some cases have even surpassed them
in their performance. Equipped with the knowledge of the past,
exploration of the full chemical space that transition metals
have to offer has already begun. There will still be a place for
applications of [Ru(bpy);]*" in the future, e.g. as a valuable
reference compound and benchmark given the vast amounts of
data that were collected over the past decades.

4. CONCLUSIONS

The story of tris(2,2'-bipyridine)ruthenium(II) is, in many
ways, the story of modern inorganic photochemistry. [Ru-
(bpy);)** began its life as a model compound for under-
standing fundamental MLCT photophysics, unity intersystem
crossing, a microsecond triplet lifetime, and well-behaved
spectroscopy.””'® Over the past decades, however, it has
steadily evolved from “the textbook chromophore” into a
flexible platform for engineering reactivity across environ-
ments, architectures, and to develop new reaction method-
ologies. What is still considered as a benchmark now also
functions as a highly adaptable scaffold whose Gproperties can
be tuned not only through ligand design,'*® but through
counterions,57‘59 supramolecular environrnents,47’174 polynu-
clear or%anization,3’5’38’40 and coupling to other functional
anits, 55172176

High-level calculations and advanced time-resolved spectro-
scopic techniques have revealed a much more nuanced excited-
state landscape that was initially described, in which multiple
SMC states, minimum-energy crossing points, and subtle
environmental effects jointly determine nonradiative decay,
ligand loss, and photostability.”' ~*»******! These insights do
more than refine our understanding of an old system as they
provide quantitative design rules for suppressing dissociative
pathways or for deliberately exploiting them, for example in
light-triggered drug release.”

At the same time, what used to be treated as “spectator”
components of the system, ie. counterions’ >’ and to some
extend solvent, micellar hosts, or porous supports,®>°%'?%2$>
have now been redefined as powerful levers for tuning
reactivity. Ion pairing now clearly stands alongside ligand
modification and solvent choice as a genuine design parameter.
By choosing weakly coordinating, bulky anions, researchers
have shown that the SMLCT energy, excited-state reduction
potential, quenching kinetics, and even *MC-state ordering can
be manipulated to optimize both electron- and energy-transfer
catalysis, as well as to enhance long-term photostability and
TON.**”% This shift in perspective, from ignoring the
counterion to engineering the ion pair, exemplifies how deeply
the field has begun to interrogate and harness second-sphere
effects.

In parallel, new reaction paradigms have greatly expanded
the chemical space accessible to [Ru(bpy);]** photochemistry.
Multiphoton strategies that use long-lived reduced intermedi-
ates or organic relay chromophores now enable the generation
of solvated electrons under low-intensity visible light, especially
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when combined with micellar or electrostatically engineered
environments that suppress recombination and side reac-
tions.'°*'%® Mechanochemical ball-mill photoredox catalysis
demonstrates that [Ru(bpy);]**-type systems can operate
efficiently in nominally “solvent-free” conditions, with
dramatically shortened reaction times and greener process-
ing."** Spin-forbidden excitation has been leveraged to drive
productive photoredox catalysis with red light, broadening the
spectral window in which [Ru(bpy);]** can operate and
opening opportunities in settings where high-energy photons
are undesirable.'”

The migration of [Ru(bpy);]** into biological contexts
further illustrates its flexibility. Its water solubility, robustness,
and well-characterized excited-state behavior have enabled
applications in proximity labeling'** and intracellular bond-
forming reactions.'”” These developments highlight how the
same MLCT platform can be adapted from fundamental
spectroscopy to complex cellular environments, provided its
local context and partners are judiciously chosen.

Another major conceptual evolution has been the move
from mononuclear complexes to polynuclear assemblies and
dyads. Dinuclear and trinuclear [Ru(bpy);]**-type systems
with well-designed bridges can delocalize excited states and
suppress population of deactivating SMC states.”®*" In some
cases, multiple long-lived *MLCT states coexist and
communicate through activated internal conversion, enabling
antidissipative behavior in which high-energy states are
available long enough to engage in bimolecular electron
transfer before relaxing. When deployed in catalysis, these
polynuclear systems outperform the parent [Ru(bpy),]**
under lower-energy illumination and exhibit markedly higher
photostability.*”

Covalent and noncovalent dyads push this modularity even
further. Ru-based covalent dyads, particularly those integrating
catalytic centers via bridging ligands, now offer not only long-
lived charge separation but also in situ repair strategies that
mimic biological self-healing.*> Biohybrid architectures dem-
onstrate how protein scaffolds can solubilize molecular
catalysts, impose redox gradients, and extend operational
lifetimes far beyond what is achievable in simple solu-
tion.’>'”>'’% In a complementary fashion, noncovalent
assemblies, whether layer-by-layer constructs on conductive
oxides'’*'® or Coulombic dyads in homogeneous solu-
tion,"** show that precise spatial and energetic organization
does not require covalent bonds. Instead, dynamic supra-
molecular architectures can deliver extraordinarily long charge-
separated lifetimes, red-light reactivity, and straightforward
replacement of components when organic partners degrade.

Crucially, [Ru(bpy);]** has not remained confined to
academic laboratories. Its role in large-scale photoredox
manufacturing,zo3 ECL-based clinical diagnostics,zo4 oxygen
sensing,””® and photodynamic therapy”'* underscores that its
photophysical virtues translate into technological impact. The
same features that make it a didactic model also underpin its
industrial reliability.

At the same time, the field has moved decisively beyond a
ruthenium-centric view. Complexes based on earth-abundant
metals now surpass [Ru(bpy),]** in individual metrics such as
excited-state redox potentials,”****> molar absorption coef-
ficients,””® excited-state lifetimes,””® luminescence quantum
yields,”*” chiroptical performance,”>" or sustainability.”*'
Chiral chromium spin-flip emitters,””*** copper and molyb-
denum complexes with near-unity quantum yields,**”**"*>
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and iron-based LMCT systems with doublet excited states™*’

collectively demonstrate that many of the principles learned
from [Ru(bpy);]** can be revised in these new chemical
spaces.

Looking ahead, the enduring relevance of [Ru(bpy),]** will
likely rest on two roles. First, it will remain a critical
benchmark that anchors methodological advances in spectros-
copy, computation, and device engineering. Second, it will
continue to serve as a flexible platform for conceptual
innovation, from ion-pair engineering and antidissipative
architectures to biohybrid catalysis and unconventional
reaction media. Even 90 years after its first report,”'”®
[Ru(bpy);]** continues to expand both the breadth of its
applications and the depth of our mechanistic understanding,
while simultaneously inspiring the next generation of photo-
sensitizers based on earth-abundant elements that will
ultimately define a more sustainable future.
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