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THE BIGGER PICTURE Photoredox catalysis is nowadays considered evident and represents a field that is
under significant investigation. Using photons to drive chemical reactions is a fascinating endeavor that has
led to numerous fundamental and industrial developments. However, although the tremendous output dedi-
cated to photoredox catalysis speaks of fantastic development, the research community is also conscious
that there is a need for more standardizedmethods to improve the development of light-induced transforma-
tions. This review does not seek to address the need for standardizedmethods but rather presents an original
and conceptual approach to investigate, understand, and develop photoredox transformation based on key
physical parameters of the photosensitizer, quencher, and solution. Understanding the foundation of light-
induced processes will undoubtedly lead to robust and reproducible development and discoveries in this
active field.
SUMMARY
Photoredox catalysis has emerged as a powerful tool for organic synthesis, enabling the generation of reac-
tive intermediates under mild reaction conditions. In this review, a special emphasis is placed on key con-
cepts essential to understand and subsequently optimize photoredox catalytic processes. These focus on
the formation and deactivation of the excited state and its reactivity. Specifically, the importance of the
excited-state lifetime for diffusional quenching, the formation of the encounter complex, and the crucial
role of non-covalent interactions in facilitating pre-association between reagents are discussed. Further-
more, excited-state deactivation pathways induced by a quencher are considered, differentiating between
energy-transfer and electron-transfer processes. Finally, we address the importance of cage escape yields
for the case of electron-transfer quenching and the determination of reaction quantum yield by actinometry
measurements. Comprehension of these parameters will enable the development of more efficient and
selective photocatalytic processes and open technological locks.
INTRODUCTION

Organic chemistry has revolutionized our society through the

virtually infinite number of transformations that can be imagined

and conceived by researchers that have pioneered the field and

those joining the field with fresh perspectives.1–13 Organic chem-

istry has led to the development of molecules that are used in

therapeutics and medicine, agriculture, packaging, the food in-

dustry, and many other fields. Historical developments coupled

to tragic examples, such as thalidomide,14,15 have led to a

greater understanding of structure-property relationships and

the further development of more selective drugs. However,

despite the tremendous progress afforded by organic chemistry,
Chem
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the current environmental trend can point toward certain limita-

tions of organic chemistry, such as reactions operating at high

temperature, in harsh conditions, using high catalyst loading,

or in the presence of quantitative additives such as oxidant or

reductant. In addition, the use of toxic reagents and certain cat-

egories of solvent also represent a risk for the user and the envi-

ronment if not handled or disposed of properly. These aspects

are not necessarily detrimental to the development of organic

chemistry but are merely avenues that scientists have tried to

tackle, especially since the advent of ‘‘green chemistry.’’16

‘‘Would it not be advantageous to make better use of radiant

energy?’’17 Through these wise words, Giacomo Ciamician pio-

neered what is nowadays considered to be accepted; i.e., to use
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Figure 1. Photophysical and photochemical

scheme describing the elementary steps be-

tween a photosensitizer (PS) and a quencher

(Q) under light irradiation

The scheme is described for reductive excited-state

quenching. The scheme is separated according to

steps that are further described in the present re-

view: (1) light absorption, excited-state population,

and excited-state lifetime; (2) formation of the

encounter complex via diffusion in the excited state

or (20) via pre-association in the ground state; (3)

electron transfer; (4) cage escape (including cage

escape yields); (5) geminate charge recombination;

and (6) back electron transfer. These steps are

associated with the corresponding rate constants

for diffusional encounters (kdiff), electron transfer

(ket), geminate charge recombination (kGCR), and

back-electron transfer (kBET). Note that step 3 could

also operate via energy transfer, in which case

the excited photosensitizer transfers energy to an

energy acceptor and decays to the ground state. In

that case, the notion of cage escape and geminate

charge recombination become irrelevant.
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light to drive chemical transformations. At the beginning of the

20th century, Ciamician and Silber used prolonged exposure to

sunlight to perform transformations, such as the conversion of

carvone to carvone camphor over several months. These trans-

formations occurred using the UV part of the solar spectrum. It

was decades later that Kellogg used [Ru(bpy)3]
2+ as photocata-

lyst, where bpy is 2,20-bipyridine, to investigate the light-induced

reduction of sulfonium ions to the corresponding alkanes and thi-

oethers.18,19 Since then many different photocatalytic transfor-

mations were developed making use of a multitude of different

photosensitizers.

Due to its unique operating principle, photoredox catalysis has

several advantages: (1) it can be used to shorten the reaction

time necessary for the synthesis of active compounds; (2) it

allows the triggering of reactions at room temperature with

visible light, therefore bypassing the need for harsh conditions;

(3) the photosensitizer can selectively be activated with irradia-

tion (i.e., the photosensitizers are not performing chemistry in

the ground state); and (4) they are typically used in catalytic con-

ditions to perform, most often, oxidation or reduction reactions.

However, if not designed properly, these transformations still

require the need of large excess of sacrificial electron donor

(ED) or electron acceptor (EA).20 Photoredox catalysis has

already found applications at the industrial level, where it is, for

example, used in the pharmaceutical industry for the optimiza-

tion of [2 + 2] cycloaddition reactions21 or to optimize the photo-

isomerization of an intermediate of vitamin D2.
22 Moreover, pho-

tocatalysis in flow is used for a broad range of different chemical

transformations that includes C–H arylation of arenes,23 trifluor-

omethylation of ketones,24 benzylic brominations,25 and fluori-

nations.26 Photosensitizers are also able to activate 3O2 into
1O2 via energy transfer (vide infra) and can be used to perform
2 Chem Catalysis 4, 101110, November 21, 2024
chemical oxidation, which are also performed at the industrial

scale for the production of rose oxide developed by the company

Symrise or for the photooxygenation of dihydroartemisinic acid

in the synthesis of artemisinin implemented by Sanofi.27–29

Photoredox catalysis always relies on the premise that the

photosensitizer reacts in its excited state with a quencher, i.e.,

a molecular entity that deactivates the photosensitizer’s excited

state either by energy transfer, electron transfer, or by other

quenching processes that can include proton transfer, influence

of the intersystem crossing rate, or a change in radiative and

non-radiative rate constants.30 In several cases, this quencher

is a sacrificial ED or EA that is used in large concentrations,

which represents a severe limitation in terms of atom economy.31

The quencher can also be a reagent that will be incorporated in

the backbone of the final product, which could therefore help

bypass the need for sacrificial reagents if the generated reactive

intermediates are thermodynamically competent to react with

the reduced or oxidized photosensitizer. Overall, it becomes

apparent that the interaction between the photosensitizer and

the quencher as well as the different deactivation pathways

from the excited state represent a very important aspect of the

overall photocatalysis.

The guiding mechanistic scheme that will be used throughout

this perspective is described in Figure 1. This mechanism fo-

cuses mainly on the factors influencing the steps leading to

excited-state electron or energy transfer and cage escape yields

for redox processes, while the follow-up elementary steps of the

intermediates after separation (termed ‘‘subsequent reactivity’’

in Figure 1) are less in focus.32 Each step will be decorticated

throughout this tutorial review to provide insightful consider-

ations that can be used for the further development of photore-

dox catalysis and future discoveries.



Figure 2. Lifetime and concentration effects on possible encounters

(A) Average distance traveled according to the excited-state lifetime of the indicated photosensitizer using Equation 1 with diffusion coefficients that ranged from

1 to 5 3 10�5 cm2 s�1.

(B) Structure of representative photosensitizers alongside their excited-state lifetime (t) and distance traveled (Dx) assuming a diffusion coefficient of 2.53 10�5

cm2 s�1 (acetonitrile).33

(C) Number of quencher molecules encompassed within the volume that an excited state can potentially travel through assuming a diffusion coefficient of

2.5 3 10�5 cm2 s�1.
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EXCITED-STATE LIFETIME: ITS IMPORTANCE FOR
DIFFUSIONAL QUENCHING

In diffusional bimolecular reactivity, the excited-state lifetime

t is probably the most critical parameter to consider. The

excited-state lifetime is solvent dependent and sometimes con-

centration dependent, and, as such, it is necessary to measure

the excited-state lifetime of the photosensitizers in controlled

conditions. Importantly, t controls the distance that an excited

state is able to travel before undergoing deactivation. Thus,

excited-state lifetimes play a crucial role in the quenching effi-

ciency. The Einstein equation can be used to determine an

average distance (Dx) that an excited molecule can travel within

its lifetime for a solvent-dependent diffusion coefficient D

(Equation 1).30

Dx =
ffiffiffiffiffiffiffiffiffi
2Dt

p
(Equation 1)
The average distance that an excited state can travel as a

function of the excited-state lifetime is given in Figure 2A,

assuming diffusion coefficients that range from 1 to 5 3

10�5 cm2 s�1. In this example, it is straightforward to under-

stand why Ru(II) and Ir(III) photosensitizers with microsecond

excited-state lifetimes have encountered their success in

photoredox catalysis. Indeed, a photosensitizer such as

[Ru(bpy)3]
2+ with an excited-state lifetime of 1 ms is able to

travel on average 700 Å in acetonitrile,33 assuming a diffusion

coefficient of 2.5 3 10�5 cm2 s�1. Under similar conditions, a

photosensitizer with an excited-state lifetime of 2 ns, such as

the Fe(III) photosensitizer depicted in Figure 2, would only be

capable of traveling over a distance of �30 Å, thus

limiting the number of potential encounters with a quencher.

Fluorescent organic photosensitizers, such as 9,10-dicya-

noanthracene (DCA), with a singlet excited-state lifetime of

13 ns, is thus capable of traveling an average distance of
Chem Catalysis 4, 101110, November 21, 2024 3



Please cite this article in press as: De Kreijger et al., From photons to reactions: key concepts in photoredox catalysis, Chem Catalysis (2024), https://
doi.org/10.1016/j.checat.2024.101110

Review
ll
80 Å, again assuming a diffusion coefficient of 2.5 3 10�5

cm2 s�1.

The number of quencher molecules contained within the

average volume that an excited photosensitizer can potentially

travel through can be crudely estimated assuming an even distri-

bution of quencher molecules at a fixed concentration within the

solution. As highlighted earlier, excited [Ru(bpy)3]
2+ can diffuse

over an average distance of 700 Å in acetonitrile (assuming D =

2.53 10�5 cm2 s�1).33 Taking this distance as the maximal radius

of a sphere, the corresponding theoretical volume that the excited

photosensitizer could potentially explore can be determined.

Finally, the number of quencher molecules within that sphere

can also be roughly estimated based on Avogadro’s number

and the concentration of an equally distributed quencher. For

the case of [Ru(bpy)3]
2+ the excited complex can potentially

diffuse in a volume of 1.44 3 10�21 m3 (1.44 3 106 nm3) and

encounter potentially 865 quencher molecules for the case of a

1 mM quencher solution (with consequently 6.022 3 1023 mole-

cules m�3). Unsurprisingly, for an iron sensitizer with an excited-

state lifetime of 2 ns, the number of encounters decreases drasti-

cally and a concentration of 10 mM is needed to statistically have

1 encounter. A concentration of 250 mM would lead to 26 poten-

tial encounters. These theoretical considerations clearly highlight

the importance of the excited-state lifetime of the photosensitizer

as one key parameter for efficient catalysis and reasonable long

lifetimes are needed to allow efficient diffusional excited-state

quenching. This aspect will be further developed in the appro-

priate section but assuming a diffusional quenching rate constant

of 1010 M�1s�1 and a concentration of quencher of 10mM, then a

photosensitizer with a 2-ns excited-state lifetime would only be

quenched by 2%, whereas this quenching efficiency would in-

crease to over 90% if the photosensitizer exhibits an excited-state

lifetime of 1 ms (vide infra). In addition, it should be emphasized

that not all encounters induce excited-state deactivation, as dis-

cussed later in this perspective.

Bimolecular reactivity of the photosensitizer in the excited

state proceeds via the formation of an encounter complex

that is formed upon the collision of the photosensitizer and

the quencher (step 2 in Figure 1). In some instances, the

encounter complex can be formed in the ground state via

pre-association of the photosensitizer and the quencher,

thereby suppressing the need for diffusional collisions and

making the ground state equilibrium Keq an elemental step

to form the photoactive intermediate (step 20 in Figure 1,

vide infra). Thus, for species diffusing in solution, the forma-

tion of the encounter complex is controlled by a rate constant

for diffusion (kdiff). Within this encounter complex, electron

transfer occurs by a first-order reaction with units of s�1. As

the units of the association equilibrium KA are M�1, the prod-

uct of KA and the rate constant of electron transfer ket is

referred to as the activated rate constant (M�1s�1) as

described further by Sutin, where kq is the quenching rate

constant (vide infra, Equation 2).34 Further information about

these diffusion processes has been extensively reported.34–38

1

kq
=

1

kdiff
+

1

KAket
(Equation 2)
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PRE-ASSOCIATION OF THE ENCOUNTER COMPLEX

An alternative approach to circumvent the limitations set by

diffusion, especially for photosensitizers with short excited-

state lifetimes, is to pre-associate the photosensitizer and the

quencher in the ground state (step 20 in Figure 1). Such pre-as-

sociation can lead to rapid excited-state quenching that occurs

subsequently to the population of the excited state without the

need for diffusional encounters within the lifetime of the photo-

active compound. This general quenching mechanism is often

called ‘‘static’’ to emphasize that it does not rely on diffusion.

In contrast to diffusional excited-state quenching, the photoac-

tive species in this case is not the photosensitizer itself but

rather the (ground-state) encounter complex. In general, three

different cases relying on pre-association are considered here-

in: (1) bond dissociation of a coordinated ligand in metal com-

plexes via ligand-to-metal charge transfer excitation, (2) donor-

acceptor interactions to form a new photoactive intermediate

prior to excitation, and (3) non-covalent interactions in the

ground state. Ideally, these ground-state interactions also

cause spectroscopic changes and can therefore often be iden-

tified and characterized by UV-visible absorption or NMR spec-

troscopy.39 Pre-association between a photosensitizer and a

quencher can occur through either coordination bonding40,41

or non-covalent interactions, including Coulombic/ionic interac-

tions,42 hydrogen bonding,43,44 and p-p stacking.45 Subse-

quent sections will discuss the applications of these concepts

based on selected examples from the literature.

Recently, a strategy involving the population of ligand-to-

metal charge transfer (LMCT) excited states of metal com-

plexes received some attention to generate highly reactive

radical intermediates relevant to organic transformations via

homolytic metal-ligand bond cleavage.46,47 These LMCT

states arise from an electronic transition, where, upon excita-

tion, a ligand-based filled orbital donates an electron to an

empty or partially filled metal-centered orbital (Figure 3).

These states are typical in complexes bearing electrophilic,

high-valent metal center within the 3d block, such as Fe(III),

Cu(II), or Ti(IV). Conversely, as the ligand serves as the internal

electron source in these transitions, the presence of electron-

rich s or s + p donor ligands such as halides, carboxylates, or

azide are favorable for the occurrence of the LMCT transition

at reasonably low energies (i.e., with absorption bands close

to the visible part of the electromagnetic spectrum). Under

light irradiation, LMCT transitions involve the population of

an anti-bonding orbital, leading to decreased bond order in

the M–L bond, consequently making them more labile and

facilitating their cleavage. This occurrence of fast non-radia-

tive deactivation via bond dissociation results in non-emissive

excited states. Consequently, these excited states are not

detectable via steady-state photoluminescence spectroscopy

and are usually characterized by ultrafast transient absorption

spectroscopy.48 In terms of reactivity, LMCT states facilitate

the transformation of nucleophilic entities into open-shell spe-

cies through coordination to a metal center and subsequent

photoexcitation, often resulting in homolytic cleavage of M–L

bonds within these complexes and formation of a reduced

metal complex and a radical product (Figure 3).46,49



Figure 3. General photochemical processes via ligand coordination and light-induced homolytic cleavage by a ligand-to-metal charge-

transfer excitation
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Based on previous research investigating the halogen photo-

elimination from Ni(III) complexes assisted by the secondary co-

ordination sphere,50,51 Nocera and coworkers investigated the

trajectory of a chlorine radical released from an Fe(III) pyridinedii-

mine (PDI) complex upon photoexcitation.52 This work high-

lighted the formation of a Cl,|arene adduct within the geminate

radical pair that helps directing its subsequent activity toward

specific C–H bonds of a substrate molecule. Inspired by this

finding, they investigated the use of Cl,|arene interaction to

confine photoeliminated chlorine radicals within the secondary

coordination sphere, offering control over their reactivity. To

this aim, a series of Fe(III) PDI complexes incorporating different

aromatic groups were designed.48 These complexes exhibited

steric selectivity, favoring the activation of more accessible

C–Hbonds over weaker C–H bonds in chlorine-radical-mediated

C–H bonds functionalization reactions. Femtosecond-resolved

transient absorption measurements indicated that one process

involved the rapid recombination of Fe(II) with Cl, that does not

form an adduct, while a slower process was attributed to the

Cl,|arene adduct formation (t = 70 ps). Therefore, this longer-

lived species is primed to engage in reactions with substrate

molecules proximate to the complex. Photochlorination of

3-methylpentane with this iron photoredox catalysis exhibited

higher selectivity for more accessible 1� and 2� C–H bonds

over weaker 3� C–H bonds. This procedure was then applied

to a larger scope of substrates and exhibited the same selectivity

for 1� and 2� C–H bonds. Next to this specific example, several

applications of LMCT-induced M–L homolytic cleavage were

recently investigated for synthetic transformations mediated by

Fe(III),40,53–55 Cu(II),56–60 Ni(III),41,61,62 Co(III),63–65 and Ti(IV)66–69

metal centers following a similar reactivity sequence, as

described in Figure 3.

Recently, strategies based on ground state pre-association of

an EA substrate (Lewis acid) and an ED substrate (Lewis base) to

induce the formation of a newmolecular entity called an electron

donor-acceptor (EDA) complex have been recognized as a

powerful strategy to broaden the scope of visible light-induced

radical chemistry (Figure 4). While the acceptor (A) and donor

(D) species may not absorb visible light, the physical properties

of the resulting EDA complex differ from those of its constituent

substrates due to the formation of new molecular orbitals. This

results from the interaction between the frontiers orbitals of the

highest occupied molecular orbital (HOMO) of the donor and

the lowest unoccupied molecular orbital (LUMO) of the acceptor
(Figure 4B).70 The newly formed chemical entity exhibits a

distinctive absorption band, known as the charge transfer

band, corresponding to an electronic transition between the

ground and excited states. Upon excitation, the excited state

of the EDA complex is populated, typically involving an intramo-

lecular charge transfer of an electron from the donor to the

acceptor, resulting in the formation of a geminate radical ion

pair characterized by a net charge separation on two different

molecules (Figure 4A). Initially, the application of EDA complex

photochemistry in chemical synthesis was limited.71 This limita-

tion likely stemmed from the challenge of preventing unproduc-

tive geminate charge recombination from the generated radical

ion pair, which would revert the EDA complex to its ground state

(Figure 4A). To address this challenge and convert EDA complex

activation into a productive synthetic strategy, one approach in-

volves incorporating a suitable leaving group (LG) into one of the

reaction partners (Figure 4A). This leaving group is likely to

induce an irreversible fragmentation event that competes with

geminate charge recombination. Consequently, upon cleavage

of the leaving group, reactive radical intermediates capable of

initiating synthetically valuable transformations are gener-

ated.72–74 Over the past decades, the photochemistry of EDA

complexes has been extensively developed and applied to

different synthetic strategies such as the direct coupling be-

tween the donor and the acceptor substrates75–77 by using

sacrificial donors and redox auxiliaries,78–82 as well as in organo-

catalysis and asymmetric photochemical processes.83–85 A sig-

nificant step forward in this field was opened when catalytic

rather than stoichiometric amounts of donor or acceptor were

introduced and catalytic applications became accessible. This

has been shown for alkylation radical reactions using a combina-

tion of triphenylphosphine and sodium iodide,86 aminodecar-

boxylation of tetrachlorophthalamide esters,87 monofluorome-

thylation of N-arylacrylamides,88 and many other chemical

transformations.89–97 Nevertheless, in many cases, catalyst

loadings of at least 10% are needed to achieve reasonable

changes in the absorption and/or electrochemical properties to

allow the formation of new photoactive intermediates.98

The processes discussed up to now were mostly focused on

the formation of novel photoactive species with labile leaving

groups or donor acceptor complexes. Non-covalent interactions

between a photosensitizer and a quencher also offer interesting

alternatives that can lead to altered photophysical properties

through the formation of a pre-associated encounter complex
Chem Catalysis 4, 101110, November 21, 2024 5
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Figure 4. General concept of EDA reactivity

(A) General photochemical processes via the formation of electron donor-acceptor (EDA) complexes with association constant for the formation of the EDA

complex (Keq). The donor or the acceptor bears in most cases a leaving group (LG) to induce an irreversible fragmentation.

(B) Molecular orbital diagram for the formation of EDA complex by interactions between the frontier orbitals of the HOMO of the donor and the LUMO of the

acceptor.
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that will experience changes in reactivity compared to the parent

photosensitizer (Figure 5).

For example, Jiménez and coworkers investigated non-cova-

lent interactions between a metal complex and a substrate by

hydrogen bonding interactions with a short-lived iron photocata-

lyst. The group reported the excited-state reactivity of a heterolep-

tic iron(III) complex ([FeIII(pzTP)(CN)3]
–) bearing threemonodentate

cyanides and a tridentate tetrakis(pyrazolyl)borate ligand (pzTP).99

Its reactivity toward a benzylic alcohol was found to be enhanced

by pre-association of the photosensitizer and the substrate

though hydrogen-bonding interactions. The detected excited-

state lifetime of 80 ps obtained for the red-emitting complex is

too short for diffusional encounters (as highlighted in the previous

section). Despite its brevity, [FeIII(pzTP)(CN)3]
–* displays a very

attractive excited-state redox potential of E1/2(Fe*
III/II) = 2.31 V

vs. NHE. Note that the asterisk is used to describe the excited-

state nature of the photosensitizer or the excited-state redox po-

tentials. This points toward its strong promise as a photo-oxidant

regardless of its limited distance coverage of 5.6 Å according to

Equation 1. The excited-state reactivity of this photosensitizer

was investigated toward the photo-oxidation of alcohols as chal-

lenging model substrates. Irradiating a solution containing

[FeIII(pzTP)(CN)3]
– and benzyl alcohol with a blue light-emitting
6 Chem Catalysis 4, 101110, November 21, 2024
diode (LED) (lexc = 440 nm) led to the formation of benzaldehyde

froma net 2 e– oxidation in 92%yieldwithin 3 h of irradiation.While

this result confirmed the effective photo-oxidation reactivity, the

short excited-state lifetime suggested the involvement of pre-as-

sociation interactions with the substrate. This aspect was investi-

gated spectroscopically by the addition of alcohol substrates to a

solution containing [FeIII(pzTP)(CN)3]
–, which resulted in a slight

redshift in one of the LMCT bands, pointing toward weak interac-

tions between the cyanide and the alcohol influencing the coordi-

nation sphere of the iron center. This observation was further sup-

ported by the corresponding IR spectrum, revealing a significant

shift in the C–N stretching peak toward higher energy in the pres-

ence of substrate. This interaction was consistent with hydrogen

bonding between the CN ligand and the alcohol group. In conclu-

sion, a crucial role was attributed to hydrogen bonding in facili-

tating the reactivity of [FeIII(pzTP)(CN)3]
– with the alcohol substrate

by pre-association between substrate and catalyst, thereby cir-

cumventing the limit set by the short excited-state lifetime.

In 2024, Kerzig and coworkers reported a new approach based

on Coulombic interactions for mediator-enhanced sensitized

triplet-triplet annihilation (TTA) upconversion in solution.100 Sensi-

tized TTA upconversion presents an enticing opportunity to

convert two low-energy photons into a higher-energy photon by
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utilizing both a light-harvesting triplet sensitizer and an annihilator

to generate a fluorescent singlet state.101–107 Typically, achieving

efficient energy transfer requires high concentrations of annihi-

lator, leading to undetectable emission due to inner filter effects

caused by that large concentration. In their report, the group

found that the upconversion quantum yields could be drastically

increased through Coulombic interactions in dimethylformamide.

In this case, the dicationic photosensitizer [Ru(phen)3]
2+, where

phen is 1,10-phenanthroline, could undergo Coulombic interac-

tions with a monoanionic pyrene-1-sulfonate (PMS) mediator in

the presence of a neutral 9,10-diphenylanthracene (DPA) annihi-

lator. Overall, the mediator enhances the triplet energy transfer

from the photosensitizer to the annihilator via a cascade process.

Bimolecular energy transfer rate constants of 9.1 3 109 M�1 s�1

and 2.0 3 109 M�1 s�1 were determined for the energy transfer

from [Ru(phen)3]
2+ to PMS and DPA, respectively. To further un-

derstand the role of ionic interactions, unsubstituted pyrene was

used as an uncharged reference energy acceptor. The deter-

mined rate constant with this unsubstituted pyrene was 1.4 3

109 M�1 s�1, indicating that the energy-transfer process to the

unsubstituted pyrene was nearly one order of magnitude slower

compared to the sulfonated analogue. Nevertheless, the static

contribution for the energy transfer from the photosensitizer to

the mediator induced by Coulombic interaction had only minor

contributions to the global quenching process (<10%). These

findings indicate that ionic interactions by charged photosensi-

tizer and quencher can also enhance a diffusional quenching

step. Interestingly, when the monoanionic pyrene mediator was

replaced by a tetraanionic derivative (pyrene-1,3,6,8-tetrasulfo-

nate (PTS)) in water, static contributions were drastically

increased to almost 90% of the overall quenching process.108

This enhancement of the energy transfer step allowed efficient

energy transfer even with low concentrations (120 mM) of PTS.

This system was efficiently used to produce singlet oxygen in

air-saturated water and applied for the synthesis of 5-hydroxy-

5-(hydroxymethyl)-furan-2(5H)one, where 93% yield were ob-

tained after 5 h of green light irradiation. Under similar conditions,

the thioanisole photooxygenation to methyl phenyl sulfoxide also

proceeded with yields greater than 90% in 1 h. Next to these ex-

amples based on singlet oxygen generation by an energy transfer

cascade, reductive quenching with ascorbate as sacrificial ED

was investigated in the presence and absence of PTS. Signifi-

cantly higher cage escape yields for the quenching of 3*PTS

(FCE� 1) were found compared to a direct excited-state electron

transfer to the ruthenium-based photocatalyst that operated with

FCE = 0.21. Overall, this superior electron transfer efficiency of the

Coulombic dyad was also reflected in the reductive dehalogena-

tion of 2-bromopyrazine, where reaction yields of 94% were ob-

tained after 3 h of green light irradiation. The reference measure-

ment without PTS present only provided 16% of product under

the same reaction conditions. Pinacol coupling reactions of fluo-

rinated benzaldehyde derivatives as a different class of reactions

also proceeded with reaction yields greater than 70% for the

mediated system. Note that a more extensive discussion of

cage escape yields for excited-state quenchingby electron trans-

fer is provided later within this review.

In addition to these Coulombic interactions, noncovalent p-p

interactions of a photosensitizer and a catalyst also offer an
advantage by providing dynamic interactions that involve

weak and/or reversible intermolecular attractions, allowing

both connection and dissociation to occur during photocataly-

sis. While enhancing intermolecular electron transfer, dynamic

interactions can also prevent irreversible dissociation between

the PS and the catalyst, which is hardly applicable within sys-

tems based on covalent bonds.44 Ouyang and coworkers

recently designed a new system fully based on Earth-abundant

elements taking advantage of p-p interactions between a

pyrene-decorated phenanthroline Cu(I) photosensitizer and a

pyrene-appended Co(II) catalyst for light-driven CO2 to CO

reduction.109 Interestingly, introducing the pyrene moiety on

the Cu(I) photosensitizer ([CuI(xantphos)(pybcp]+) led to a dual

emission behavior and a decrease in the emission lifetime

for the MLCT emission (9 ns) compared to the prototypical

[CuI(xantphos)(bcp)]+ (289 ns, bcp = bathocuproine). 1H NMR

titration was employed to assess the binding affinity between

the Cu(I) PS and Co(II) co-catalysts as well as their respective

self-interaction trends. These experiments demonstrated larger

binding constants for Co(II)–Cu(I) (207 M�1) than for Co(II)–Co(II)

(132 M�1) and Cu(I)–Cu(I) (50 M�1). The binding constant be-

tween Co(II) and Cu(I) was in the same order of magnitude as

the one reported between Co(II) and a pyrene-decorated

Ir(III) photosensitizer (199 M�1),109 consistent with the revers-

ible/dynamic nature of these interactions. Photocatalytic CO2

reduction experiments were then investigated by pairwise

comparison of the different combinations of pyrene-decorated

and undecorated catalysts in acetonitrile solution. Under

reaction conditions with suitable ED and proton sources, the

combination of 100 mM of the Co(II) catalyst and 100 mM of

the [CuI(xantphos)(pybcp]+ PS demonstrated the highest turn-

over number (338), turnover frequency (264 h�1), selectivity

(97%), and quantum yield (19%), indicative of the promoting

effect of the p-p interactions.

Overall, the specific examples discussed in this section high-

light the utility of the formation of a pre-associated species prior

to photoexcitation to form new photoactive intermediates and

circumvent the drawbacks of short excited-state lifetimes, which

can also induce new reactivities (e.g., for donor-acceptor com-

plexes) or enhanced selectivity.

EXCITED-STATE REACTION AND MECHANISM:
ENERGY TRANSFER VS. ELECTRON TRANSFER

As previously stated, the excited-state lifetime of a photosensi-

tizer has a significant impact on the number of potential encoun-

ters with different quenchers in solution (Figure 2). The kinetic

processes of excited-state quenching in diffusional and/or static

elementary steps represent an important aspect of photocataly-

sis. Unsurprisingly, the number of encounters is not only depen-

dent on the excited-state lifetime but also depends on the nature

of the solvent and the concentration of quencher.33 In fact, the

diffusion-limited rate constant can be significantly different de-

pending on the solvent. For example, acetonitrile, a commonly

used polar solvent, has a diffusion-controlled rate constant for

bimolecular encounters that is about six times that determined

in dimethyl sulfoxide (kdiff = 1.9 3 1010 M�1s�1 vs. 3.3 3 109

M�1s�1).33
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Figure 5. General photochemical processes via ground state pre-association by non-covalent interactions between a photosensitizer and a

quencher
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According to the International Union of Pure and Applied

Chemistry (IUPAC), a quencher is a molecular entity that deacti-

vates (quenches) an excited state of another molecular entity,

either by energy transfer, electron transfer, or by a chemical

mechanism.110 The excited-state quenching is often determined

through the time-honored model described by Otto Stern and

Max Volmer where the steady-state or time-resolved photolumi-

nescence intensity of a photosensitizer ismeasured as a function

of the quencher concentration.30,111,112 A first-order depen-

dence on the quencher concentration ([Q]) allows the Stern-

Volmer constant (Ksv) to be determined, the reciprocal of which

is equal to the quencher concentration necessary to quench

half of the excited photosensitizers. The quenching rate constant

(kq) can then be determined by dividing Ksv by the excited-state

lifetime in the absence of quencher (t0). For steady-state mea-

surements, the unquenched photoluminescence intensity (PLI0)

is divided by the emission intensity in the presence of the

quencher (PLI). In both cases the well-known Stern-Volmer rela-

tionship correlates the observed rate constant (kobs) and the

rate constant (k0—an intrinsic property of the photosensitizer

in the respective conditions—and can thus be written as Equa-

tion 3.

kobs
k0

=
PLI0
PLI

=
t0
t

= 1+KSV$½Q� = 1+ kq$t0$½Q� (Equation 3)

The quenching efficiency h for the electron transfer pathway in

relation to all other excited-state deactivation pathways can

be extrapolated using the previously determined parameters

through Equation 4.

h =
KSV$½Q�

1+KSV$½Q� =
kq$½Q�

k0+kq$½Q� (Equation 4)
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Thus, the quenching efficiency depends on the excited-state

lifetime (t0 = k0
�1), the concentration of quencher ([Q]), and the

quenching rate constant kq. A visual example is given in Figure 6

for quenching rate constants of 1 3 1010 M�1s�1 and 5 3 109

M�1s�1 over a concentration range between 0 and 100 mM

and excited-state lifetimes that range from 0.1 ns to 10 ms.

Even if the reaction is diffusion controlled with large

quenching rate constants, the quenching efficiency can be

very small if the excited-state lifetime is smaller than 1 ns

(pale blue trace in Figure 6). This is why photosensitizers

with sub-nanosecond excited-state lifetime are often consid-

ered inoperable for bimolecular reactivity, unless ground-state

association occurs as discussed in the previous section. Simi-

larly, photosensitizers with short excited-state lifetime (2–5 ns)

often require large concentration of quencher and high bimo-

lecular quenching rate constants to proceed efficiently,

whereas much smaller concentrations than those typically

used in the literature could be sufficient for photosensitizers

with excited-state lifetimes upwards of 100 ns (Figure 6). In

fact, for reasonably long excited-state lifetimes (>10 ms),

even efficient quenching can be achieved with rate constants

significantly below the diffusion limit in the respective solvent.

On the other hand, for bimolecular quenching rate constants

that are too small, i.e., typically several orders below the diffu-

sion limit, even high concentrations of quencher do not result

in efficient excited-state deactivation. These considerations

highlight the interplay between the excited-state lifetime t0,

the quenching rate constant kq, and the quencher concentra-

tion [Q].

Thus, it is not only the number of possible encounters at a

given concentration of quencher that is relevant but also the abil-

ity of the quencher to introduce an additional deactivation



Figure 6. Quenching efficiency as a function of quencher concentration

The quenching efficiency was determined through Equation 4, using the indicated excited-state lifetime and quenching rate constants of 13 1010 M�1s�1 (solid)

and 5 3 109 M�1s�1 (dashed).
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pathway that is quantified by the corresponding quenching rate

constant (kq). Importantly, the kinetic aspects discussed up to

now should also be complemented by thermodynamic consider-

ations in order to fully understand the excited-state quenching

processes. These were only indirectly covered up to now. In

addition, the nature of the excited-state deactivation pathway

introduced by the quencher has not yet been covered as another

fundamental aspect of excited-state quenching processes (i.e.,

if there is an energy or electron transfer occurring). Here, it is

important to emphasize that Stern-Volmer analyses of the emis-

sion intensities or excited-state emission lifetimes (Equation 3)

are not able to distinguish between energy or electron transfer

as quenching pathways. To characterize the relevant processes,

other complementary methods such as transient absorption

spectroscopy are needed.113,114 This has, for example, recently

received some attention in studies on metallaphotoredox catal-

ysis for light-driven cross-coupling reactions with nickel cata-

lysts in combination with a photoactive co-catalyst. Depending

on the properties of the photocatalyst and the reaction condi-

tions, the overall mechanism can differ.115–117

Among the different excited-state quenching mechanisms,

two main deactivation processes are often proposed: electron

transfer or energy transfer. These two different processes can

each be divided into an additional two subcategories, which

will be individually discussed in the following subsection. For

the case of excited-state quenching proceeding via energy

transfer, Förster or Dexter mechanisms are differentiated for

the energy transfer from an excited PS to an energy acceptor

(EnA, Figure 7A). For excited-state quenching of the photosensi-

tizer by electron transfer the two different pathways are oxidative

or reductive electron transfer (Figure 7B).

A (Förster) resonance energy transfer (FRET; top part in Fig-

ure 7A) is dependent on the dipole-dipole interactions between

the excited state of the energy donor (1*PS) and a ground state

of the EnA. An important feature for efficient Förster energy trans-
fer includes a significant degree of spectral overlap between the

emission of the energy donor and absorbance of the energy

acceptor.118 In addition, a marked distance dependence with

r�6 for the FRET rate constant kFRET is characteristic for this

type of energy-transfer process. It is important to notice that

FRET does not include any exchange of electrons between the

donor and acceptor. This is a clear contrast to the second en-

ergy-transfer process discussed hereafter. Indeed, a Dexter en-

ergy transfer operates by a concerted electron exchange mech-

anism between the energy donor and the energy acceptor

(bottom part in Figure 7A).119 It is worth emphasizing that, in the

case of energy transfer from a triplet excited state to a singlet

ground state, this can only occur via Dexter energy transfer—

and not via FRET—due to Wigner’s spin conservation rule that

states that the total electron-spin angular momentum of the tran-

sition partners should not change upon energy (or electron) trans-

fer.120,121 Thus, a triplet excited state can also undergo energy

transfer with a triplet acceptor, such as ground-state 3O2.
122

There have also been reports of energy transfer from triplet

excited states to quartet ground states to generate a doublet

excited state and the corresponding singlet ground state product

and other mechanisms have been proposed as well.123–125 As a

consequence, for processes relying on sensitized energy transfer

from triplet state, Dexter energy transfer is the relevant mecha-

nistic process.126–129 Energy transfer has received some atten-

tion in recent years for photocatalysis and as initial step for

triplet-triplet annihilation upconversion with very good overview

articles summarizing concepts and applications.103,128,130–132

Asmentioned previously, excited-state quenching via electron

transfer can operate according to two mechanisms: reductive or

oxidative excited-state quenching.133 In an oxidative quenching

cycle, a suitable EA receives an electron from the excited photo-

sensitizer, which yields a reduced EA and an oxidized photosen-

sitizer (top part of Figure 7B). In contrast, with a suitable ED that

is able to provide an electron to the excited photosensitizer, a
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A B

Figure 7. Excited-state quenching processes

Excited-state quenching of an excited photosensitizer (*PS) via (A) energy transfer to an energy acceptor (EnA) or (B) excited-state electron transfer to an EA or

from an ED.
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reductive quenching pathway is possible, which results in an

oxidized ED and a reduced photosensitizer (bottom part of Fig-

ure 7B). Overall, the reduction or oxidation of the PS are facili-

tated in the excited state by the energy difference between the

ground state and excited state (E00). The excited-state oxidation

or reduction potential can be estimated by the famous Rehm-

Weller equations134,135:

E�
red = E1

2

�
PS�ðn=ðn� 1ÞÞ

�
= E1

2

�
PSðn=ðn� 1ÞÞ

�
+E00 (Equation 5)

E�
ox = E1

2

�
PS�ððn+1Þ=nÞ

�
= E1

2

�
PSððn+1Þ=nÞ

�
� E00 (Equation 6)

Potentials from excited states are marked with an asterisk and

the oxidation state of the photosensitizer is n within these equa-

tions. The estimated excited-state potentials of the photocatalyst

(E�
red and E�

ox) can be utilized to evaluate the thermodynamic feasi-

bility for an excited-state quenching by any given substrate with

known redox properties. Unsurprisingly, endergonic driving forces

will result in diminished electron transfer rate constants or even to

the absence of quenching. This also holds true for energy transfer,

although excited-state equilibria between the energy donor and

energy acceptor can result in repopulation of the excited state of

the photosensitizer in case of small energy differences between

these two counterparts.100,125,136 These thermodynamic aspects

are also discussed in more detail in the following paragraphs.

A combination between thermodynamic and kinetic parameters

(i.e., the driving force and the rate constant for electron transfer)

was introduced by Rudolph A. Marcus in 1956.137 The details

are beyond the scope of this perspective, but, from a qualitative

perspective, in the famous Marcus theory, a parabola depen-

dence of the Gibbs free energy of the electron transfer DGet and

the reorganization energy l is presented (red parabola of the inset

of Figure 8).138–140 For reasonably small values of DGet, the elec-
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tron transfer rate increases with an increasing driving force (as

highlighted in green in the inset of Figure 8). Notably, this analysis

of Marcus also predicts a so-called inverted region with larger

driving force but slower electron transfer rate constants (as high-

lighted in orange in the inset of Figure 8).141 In practice, the large

reorganization energies of the electron transfer process prevent in

most cases this observation of the inverted region in intramolecu-

lar electron transfer142 and the diffusion limit of the solvent (blue

dotted line in Figure 8) limits the observable rate constant (repre-

sented in black in the inset of Figure 8) to kdiff.
139,143–146 In an

empirical approach, Rehm and Weller reported an equation to

analyze the dependence of electron transfer rate constant ket on

the Gibbs free energy (DG) for the photoinduced excited-state

quenching step from an excited PS (PS*) to an electron donor or

acceptor (Q) based on Equations 7 and 8.135,147 The Gibbs free

energy for the electron transfer step in this equation can be calcu-

lated as DGet = E1 =

2
ðQÞ--E1 =

2
ðPS�Þ.

ket =
kdiff

1+
k�diff

Z

�
exp

�
DGet

RT

�
+exp

�
DG#

et

RT

�� (Equation 7)

DG#
et =

DGet

2
+

 �
DGet

2

�2

+

�
l

4

�2
!1

2

(Equation 8)

In acetonitrile : ket =
2 x1010 M� 1s� 1

1+0:25

�
exp

�
DGet

RT

�
+exp

�
DG#

et

RT

��
(Equation 9)

In this equation, kdiff and k�diff represent the diffusion rate con-

stant and the dissociation rate constant of the encounter



Figure 8. Evolution of the rate constants ket of electron transfer as a function of driving force DGet with different free energies of activation

DG#
et

This evolution was calculated using the empirical equation introduced by Weller and Rehm (Equation 7). The inset presents an illustration of electron transfer rate

constants based onMarcus theory (ket, red) and the observed rate constant (black).139,148 The diffusional rate constant (kdiff) is presented as dotted blue line. For the

parabola based on Marcus theory in the inset, the normal and inverted region are highlighted in green and orange, respectively.
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complex (see Figure 1), respectively. The reorganization energy

l, as introduced byMarcus theory, is one parameter of the Gibbs

free energy of activation (DG#
et) for electron transfer. Weller and

Rehm determined a pre-exponential Arrhenius factor of 0.25	
= k�diff

Z



in acetonitrile based on the collision factor Z and the

diffusional encounter dissociation k�diff.
147 With a diffusion limit

of 23 1010M�1s�1, theWeller Rehm equation in acetonitrile pro-

vides Equation 9. It is worth mentioning that the approach of

Weller and Rehm only takes into consideration the diffusion limit

at high driving forces within the respective solvent (kdiff), and a

possible inverted region as presented by Marcus theory is thus

not accounted for.

In practice, the magnitude of the Gibbs free energy of activa-

tion (DG#
et, Equation 8) impacts the transition toward diffusion-

limited processes. Indeed, smaller values of DG#
et result in a

more abrupt change between the increasing electron transfer

rate constants and the plateau close to the diffusional limit kdiff
(Figure 8). A thermodynamic-like approach to describe DG#

et

and the relation of Gibbs free energy and electron transfer rate

constant has been proposed by Agmon and Levine.149,150 Their

approach has a qualitatively similar relation to the empirical

equation of Rehm and Weller and is hence not discussed here

in further detail. In general, spectroscopic measurements with

a series of ED or EA molecules with known redox potentials

can provide insights into the driving-force dependence of the
excited-state quenching.151 Recent reports utilized such ana-

lyses to provide very different insights into photophysical sys-

tems.115 The group of Schanze analyzed the excited-state

quenching of a short-lived and non-luminescent radical anion

for the electron transfer with activated aryl halides to obtain a

better understanding into the excited-state reactivity and esti-

mate the excited-state oxidation potential of the radical anion.152

For a luminescent acridinium catalyst developed by the Hans-

mann group with a two-electron reduction wave, the Rehm-

Weller analysis allowed the determination of the excited-state

potential and the one-electron reduction potential of the photo-

catalyst.153 In a comparative study, Wenger and coworkers

investigated a chromium complex with a spin-flip excited state

and a ruthenium complex with a metal-to-ligand charge transfer

excited state.154 The determination of rate constants with

different EDs enabled an analysis with the equation of Rehm

and Weller and in combination with transient absorption spec-

troscopy revealed similar abilities for reductive excited-state

quenching in both complexes despite their different excited-

state characters.

Similar to the analysis of excited-state electron transfer

quenching, an analysis of excited-state quenching by energy

transfer is possible. Unsurprisingly, the energy difference be-

tween the energy donor (EnD) and the energy acceptor (EnA)

has an influence on the energy transfer quenching rate constant
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kEnT. A comparably simple equation was introduced by Sandros

considering a Boltzmann distribution for the energy transfer be-

tween donor and acceptor (Equation 10).155

kEnT =
kdiff

1+exp

�
DGEnT

RT

� (Equation 10)

Following this equation, the energy transfer rate constant kEnT
is limited by the diffusion rate constant kdiff for large driving

forces (DGEnT, where DGEnT = EEnA � EEnD) and the observable

rate constant is dependent on the temperature T. As this equa-

tion was sometimes unsuited to explain spectroscopic observa-

tions,156,157 a so-called nonvertical energy transfer was later

introduced, where Balzani and coworkers developed a more

general equation to account for energy transfer with more dis-

torted excited states (Equation 11).157

kEnT =
kdiff

1+exp

�
DGEnT

RT

�
+
k�diff

Z
exp

�
DG#

EnT

RT

� (Equation 11)

Equation 11 is very similar to Equation 10 introduced by San-

dros, but it is extendedwith an additional term for the free energy

of activation (DG#
EnT) to account for an intrinsic barrier of the

elementary step. This is especially important for distorted

excited stateswith respect to the ground state, while for non-dis-

torted (or weakly distorted) excited states, the third term of the

denominator of Equation 11 is neglectable and the equation

introduced by Sandros is again suitable to describe the correla-

tion between driving force and energy transfer rate constant. Due

to the fact that the same hypotheses and approximations as

for excited-state quenching were used, a close similarity to the

equation for electron transfer (Equation 7) is unsurprising

and the intrinsic barrier introduced by the activation energy

(DG#
EnT) can be calculated based on the different relationships

presented by Weller-Rehm (Equation 8), Marcus, or Agmon

and Levine.137,140,141,147,149

In a recent report, a photophysical analysis with different sensi-

tizers was performed to gain new insights on the sensitized E to Z

isomerization of the double bond of alkenyl boron substrates.158

Analysis with photosensitizers of different triplet energies and a

thermal bond activation model (Equation 10) enabled experi-

mental estimations of the triplet energies of both isomers and

revealed an energy difference of 0.14 eV between the isomers.

Subsequently, a spectroscopy-guided choice of a suitable photo-

catalyst was utilized to obtain enhanced product formation with

shorter irradiation times and a metal-free sensitizer.

Overall, the determination of the excited-state quenching pro-

cess is one of the key steps in photocatalysis to understand the

interactions between the photocatalyst and the quencher. In

addition to the differentiation between energy and electron

transfer processes, careful considerations of thermodynamic as-

pects have to be realized for the design of efficient applications.

However, even with a large driving force, knowledge of the

elementary step, and a reasonable quenching, a successful sub-

sequent reactivity is not guaranteed, as discussed in the next

section.
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CAGE ESCAPE FOLLOWING EXCITED-STATE
ELECTRON TRANSFER

Immediately after electron transfer, the charge-separated state,

i.e., the reduced/oxidized photosensitizer, and the oxidized/

reduced quencher are still intimately enclosed within a solvent

cage. In order for any photoredox catalytic reaction to be efficient,

these species must undergo a process called cage escape; i.e.,

they must escape the solvent cage and create a new solvation

layer around them. This process was first introduced in 1934 by

Franck and Rabinowitsch159,160 but was only experimentally

verified several years later by Lyon and Levy, who performed

crossover experiments using mixtures of azomethane and per-

deuterated azomethane in the gas phase and in isooctane solu-

tions.161 As of today, there is no clear theory to describe the

cage escape process and to predict the corresponding yields

(FCE). In addition, the factors that impactFCE are not well defined

and correlations have been established with parameters such as

solvent polarity and viscosity,162–166 the driving force for electron

transfer,167,168 the spin states,163,164,169–172 as well as ionic

strength effects.165,166,169,173 It is, however, of paramount impor-

tance to first understand and subsequently ideally control these

cage escape yields as they have been shown to ultimately impact

the overall yields of photoredox catalysis reactions.163,174,175 The

factors that influence cage escape yields have also recently been

reviewed and will thus only be discussed in the context of this

tutorial review.176

Nowadays, these cage escape yields are straightforwardly

measured by comparative actinometry techniques using Equa-

tions 12 and 13. In these equations, the relative concentration

generated from the oxidized PS (PS,+) or reduced PS (PS,–) after

excited-state electron transfer or from the oxidized or reduced

(sacrificial) ED or EA are compared with the relative concentra-

tion of a reference actinometer (ESRef). Here, the procedure is

exemplary developed for a reductive quenching process, but

this can be treated for oxidative quenching processes in the

same way. By transient absorption spectroscopy, the changes

in absorbance of the actinometer (DAESRef
) upon excitation as

well as the change in absorbance of the reduced PS after elec-

tron transfer (DAPS� ) or of the oxidized donor is determined.

Together with the changes of molar absorption coefficient of

the actinometer (DεESRef
) and the photoproduct after electron

transfer (DεPS-- ) at their respective detection wavelengths, the

relative concentration of both species can be calculated

(D½PS--� and D½ESRef� in Equation 13). The change in molar ab-

sorption coefficient (Dε) for the actinometer is known from the

literature in some cases or can be determined by variable power

excitation measurements using transient absorption measure-

ments, whereas the Dε values of the oxidized or reduced photo-

sensitizers can be determined by photolysis,177 spectroelectro-

chemistry,178 or using transient absorption spectroscopy with

reference electron acceptors or electron donors.179,180 It is

important to determine the changes in molar absorption coeffi-

cient in the same solvent in which the reaction is performed as

some species can experience large changes in molar absorption

coefficient with solvent. To allow a meaningful comparison be-

tween relative concentrations of the actinometer and photoprod-

ucts after electron transfer, both solutions are normalized by



Figure 9. Method for determining cage escape yield

Left: simulated transient absorption spectra showing the changes in absorption corresponding to the absorption of oxidized tri-p-anisylamine (TAA,+) alongside

the changes of absorption of the [Ru(bpy)3]
2+ actinometer (blue). Right: relative concentration of TTA,+ based on the DAbs changes recorded at 717 nm and the

bleach caused by the excited-state of 3*[Ru(bpy)3]
2+ (blue) at 455 nm. The traces for the relative concentrations with a cage escape yield calculated based on the

respective extinction coefficients182–186 for the formation of TAA,+ between 0% and 100% are provided in gray and the simulated spectrum and kinetic trace for

isoabsorptive solutions with 70% is highlighted in red. For simplicity, 100% quenching of the excited state (leading to FCE = F) is assumed. Further details are

explained in the text.
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their relative absorptances at the excitation wavelength lexc to

account for differences in the number of absorbed photons.

These corrections by 1–10–AbsRef and 1–10–AbsPS are performed

based on the respective ground-state absorbance (Abs) of both

solutions at the excitation wavelength.

FCE =
F

%PLQuenched

3with %PLQuenched =

�
1 � PLI

PLI0

�
=

�
1 � t

t0

�
(Equation 12)

F =

0
BB@
DAPS--

DεPS--
DAESRef

DεESRef

1
CCA
 
1 � 10�AbsRef ðlexcÞ

1 � 10�AbsPSðlexcÞ

!

=

�
D½PS--�
D½ES�Ref

� 
1 � 10�AbsRef ðlexcÞ

1 � 10�AbsPSðlexcÞ

! (Equation 13)

F =

0
BB@
DAPS--

DεPS--
DAESRef

DεESRef

1
CCA =

�
D½PS--�
D½ES�Ref

�
for isoabsorptive solutions

(Equation 14)

Final FCE values are obtained by comparing the relative yield

of the reduced PS after electron transfer or of the oxidized donor
produced (F) to the percentage of quenched photolumines-

cence (%PLQuenched). This percentage of quenched photolumi-

nescence is determined via time-resolved or steady-state mea-

surements in the absence (t0, PLI0) and presence (t, PLI) of

quencher. A linear regression of all data points by constraining

the y intercept at 0 provides a slope that corresponds to the

cage escape yield value.163,181 Figure 9 illustrates a possible

spectroscopic measurement for the determination of relative

concentrations of an oxidized triarylamine derivative with a large

change in molar absorption coefficient (Dε = 32,800 M�1cm�1 in

acetonitrile) and [Ru(bpy)3]
2+ as actinometer (Dε = �10,100

M�1cm�1 in acetonitrile), assuming isoabsorptive solutions at

the excitation wavelength and complete excited-state quench-

ing for the reductive quenching process (%PL = 100% =

1).182–186 Recently, a step-by-step protocol to determine the

cage escape yield in solution using relative actinometry was

published by our group, including hints, pitfalls, andmore details

about the individual steps.187 Methods using isoabsorptive solu-

tions of photosensitizer and actinometer allow to simplify Equa-

tion 13 into Equation 14. Alternative methods include deter-

mining FCE at high concentration of quencher where almost all

of the excited states are quenched. Although this approach is

appropriate, there are some instances where cage escape yields

decrease at high quencher concentration, either due to kinetic

salt effects or due to the fact that the quencher becomes part

of the cage.188 While our idealized picture in Figure 9 indicates

a direct determination of one of the photoproducts, spectral

overlap between the transient absorption signals of the oxidized
Chem Catalysis 4, 101110, November 21, 2024 13
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and reduced species can lead to more complicated cases,

where several molar absorption coefficients need to be

considered to determine the actual concentration of the

photoproducts.

Due to the fact that the cage escape yieldFCE is normalized by

relative excited-state quenching (Equation 12), the absolute

values between different photosensitizer, quencher, and

different conditions can be directly compared. On the other

hand, for a specific catalysis, the apparent relative yield (F) of

the photoproducts under the actual reaction conditions might

be different from the cage escape yield (FCE). This is especially

relevant for conditions that do not allow for efficient excited-state

quenching. These diminished quenching efficiencies can, for

example, result from comparably low concentrations of the

quencher, interference with other undesired quenching pro-

cesses within the solution, and/or (very) short excited-state life-

times of the photosensitizer (see Figure 6 and Equation 4). As a

consequence, even with a high cage escape yield after

excited-state quenching, the relative formation of the desired

photoproduct in solution after electron transfer can be small.

Furthermore, within the progress of a reaction, concentration

of different species in solution change and the relative efficiency

of a certain pathway can change over time. These aspects high-

light the complicated interplay between excited-state quench-

ing, relative quenching efficiencies, in-cage charge recombina-

tion, cage escape, and the different rate constants of the

individual processes.189

The impact of cage escape yields on overall photoredox

catalysis reaction yields was very recently established using an

iron(III) photosensitizer,163,174 itself pioneered by Wärnmark and

coworkers.190 This photosensitizer was used to perform a deha-

logenation reaction using green light irradiation. This reaction oc-

curs via the excited-state reduction of the photosensitizer that

can then transfer an electron to the organic substrate that un-

dergoes dehalogenation. It can thus be hypothesized that the

cage escape yield between the reduced photosensitizer and

the oxidized ED can drastically impact the overall yield. As

such, the cage escape yields with the iron photosensitizers and

quenchers such as dimethylaniline, dimethyltoluidine, and tri-

p-tolylamine were determined in different solvents. Very low

cage escape yields (<0.1) were determined in acetonitrile and di-

methylformamide, while these yields reached values greater than

0.36 in dichloromethane. These cage escape yields were thus

shown to impact the overall reaction yield as the reaction pro-

ceeded efficiently (>90%conversion) onlywhen dichloromethane

was used. In solvents where the cage escape yields were small,

the dehalogenation reaction yields dropped to values smaller

than 30% after 24 h of irradiation. A related study comparing

Ru(II), Ir(III), and Fe(III) photosensitizers also highlighted a change

in reactivity depending on the photosensitizers and it seemed that

cage escape yields likely played an important role.174

Very recently, Wenger and coworkers investigated the impact

of cage escape yields on overall reaction yields using two photo-

sensitizers, one based on Ru(II) and one based on Cr(III). The

ruthenium-based photosensitizer exhibited triplet metal-to-

ligand charge transfer excited state, while the chromium com-

plex exhibited a spin-flip excited state. The cage escape yields

were investigated in acetonitrile with a series of 12 EDs and
14 Chem Catalysis 4, 101110, November 21, 2024
were consistently significantly larger for the Ru(II) photosensi-

tizer (FCE between 0.35 and 0.87) than the Cr(III) one (FCE be-

tween 0.07 and 0.19). The proposed hypothesis for this differ-

ence in cage escape yields was related to Marcus theory and

the different driving forces for charge recombination within the

geminate radical pair. The geminate charge recombination be-

tween the oxidized ED and the reduced photosensitizer within

the solvent cage was more favored for the ruthenium photosen-

sitizer than for the chromium catalyst. This fact results from the

different redox potentials between the two sensitizers, which re-

sulted in a geminate charge recombination with different driving

forces for the two photosensitizers. For the ruthenium catalyst,

the charge recombination driving force within the solvent cage

was more favorable compared to the chromium catalyst. As a

consequence, the rate constant for charge recombination is

located further in the Marcus inverted region (see also Figure 8)

and this process is comparably slow. In contrast, charge recom-

bination was closer to the normal region for the chromium photo-

sensitizer and geminate charge recombination was therefore

dominant. As a consequence, the slower charge recombination

of the geminate radical pair with ruthenium as photosensitizer—

and subsequently a smaller rate constant for this process; see

kGCR in Figure 1—resulted in a higher relative contribution for

the cage escape pathway within the decay pathways of this

radical pair. To allow a comparison between both sensitizers,

the same rate constant for cage escape kCE was assumed for

both complexes and, consequently, the differences in the gemi-

nate charge recombination rate constants kGCR was used to

rationalize the increased cage escape yields for smaller recom-

bination rate constants. The authors further expanded their

investigation in an attempt to correlate cage escape yields with

reaction yields. To do so, they investigated three benchmark

photocatalytic reactions: an aerobic hydroxylation, a reductive

debromination, and an aza-Henry reaction. In all three cases,

the rate of product formation proceeded more efficiently with

the Ru(II) photosensitizer than with the Cr(III) photosensitizer

and correlated well with the cage escape yields determined by

transient absorption spectroscopy.

While an analysis based onMarcus theory could rationalize the

observations of cage escape yields in the comparison between

ruthenium and chromium photosensitizers, other parameters

have also been shown to significantly impact these yields.176

Recently, a study focusing of Ru(II), Os(II), Ir(III), and Fe(III) pho-

tosensitizers proposed that the spin state of the geminate radical

pair was a key contributor to the cage escape yields after

excited-state quenching via electron transfer.191

REACTION QUANTUM YIELD

Moving away from individual steps to full catalytic cycles, the

determination of the overall efficiency of the photocatalysis be-

comes interesting. The photochemical quantum yield for a

photoreaction FRxn correlates the amount of product formed

with the number of photons absorbed by the photosensitizer

(Equation 15).

FRxn =
nproduct

nabsorbed photons

(Equation 15)
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To analyze the reaction quantum yield, the determination of

product formation over time is needed together with the number

of photons absorbed after the respective irradiation time. Kinetic

monitoring of a light-driven reaction can be performed in a vari-

ety of different reaction setups. Although the vessel and setup

used for photochemical studies may vary, these studies require

a calibrated light source to understand the relationship between

absorbed photons and the reaction rates or the photochemical

quantum yield. In principle, white light sources such as Xe arc

lamps can be used, but narrow-band or monochromatic light

simplifies the relationship between absorbed photons and the

reaction yield. Modern high-output LEDs provide relatively

cheap light sources, where a variety of different wavelengths

can be selected. Intense continuous-wave lasers can also be

used as a light source, although care must be taken to avoid

excessive light flux, which might lead to higher-order absorptive

processes.192,193

Light sources can be calibrated against radiometers such as

thermopiles or piezoelectric radiometers, which themselves are

calibrated to read absolute flux values. However, a common

drawback of such instruments is their cost and the need to

frequently recalibrate to compensate for any loss in sensitivity

with use. As a result, chemical actinometers are often employed

as an alternative.194,195 Chemical actinometers are simple

and well-studied photochemical systems that possess known

reaction quantum yield (FRxn) values over a range of wave-

lengths. In addition, chemical actinometers are easily adapted

to a variety of non-traditional reactor vessel types, including

larger batch, photo-microfludic,196 and more traditional flow-

through reactors.

Chemical actinometers should ideally have robust photo-

chemical properties and typically be inexpensive or easily pre-

pared. Additionally, these reactions should show no dark reac-

tivity and have spectral features that enable facile monitoring

of the reaction rate. In general, the chemical quantum yield is

defined for a given actinometer at a specified wavelength under

certain conditions. The ferrioxalate actinometer is a well-known

standard, although its light sensitivity (QY > 1) can complicate

the calibration process.194 Numerous alternative actinometers,

which cover a significant wavelength range, are known and inter-

ested readers are referred to the appropriate literature.195

Experimentally, in order to determine the intensity of a light

source, a solution of the actinometer is illuminated and the reac-

tion rate is quantified and converted to the light intensity using

Equation 16:

�d½Act�
dt

= I0f
�
1 � 10� εl½Act�

�
(Equation 16)

In this equation, I0 is the light intensity, ε themolar absorption co-

efficient, and I is the sample pathlength. In many cases, it is ad-

vantageous to prepare solutions such that the solution absor-

bance at the wavelength of interest is greater than two so that

light absorbance can be assumed to be quantitative (less than

1% transmitted). Under these conditions, Equation 16 can be

written as Equation 17, where k0 (in M�1 s�1) is the zeroth order

rate constant. This assumption is particularly useful when using
small, or irregularly shaped, reaction vessels such as NMR

tubes.

I0 =
k0
f

(Equation 17)

Several techniques, such as UV-visible absorption or NMR

spectroscopy, can be used to monitor the reaction of the acti-

nometer. Once the light source is calibrated against the actinom-

eter, the unknown reaction of interest can be monitored with a

known photon flux incident per unit of time. The relationship be-

tween the observed reaction rate and the photon flux can then be

related back to a quantum yield (FRxn, Equation 15).

NMR spectroscopy has become a common technique for

monitoring photochemical reactions.197–201 In contrast to many

other techniques, the small size of common NMR tubes requires

special attention due to their narrow cylindrical shape, which

provides a limited and often ill-defined absorption pathlength.

Although high concentrations can be used to achieve sufficient

absorption to guarantee low light transmission, reactions per-

formed in high concentrations can impact solvent viscosity, re-

sulting in erroneous rate constants.202 In order to balance these

effects, Reibarkh and coworkers suggested performing multiple

trials of a given actinometer over a series of increasing concen-

trations.198,202 The group recently used this technique tomonitor

the progression of a photoinduced, iron-catalyzed cycloisomeri-

zation of an alkynol to cyclic enol ethers.197 Monitoring the reac-

tion progress via NMRmeasurements resulted in the detection of

unstable intermediates that were not observed by other tech-

niques, such as high-pressure liquid chromatography (HPLC).

In addition to structural information normally afforded from

NMRspectra, the authors were able to conclude that a paramag-

netic Fe3+ species was not generated during the reaction due to

the sharpness of all of the observed peaks. By using the previ-

ously described actinometry method,8 the authors determined

that 33% of incident photons lead to product formation.

In another example, Pichette and coworkers recently reported

the use of NMR-based actinometry to determine the reaction

quantum yield of a photolabile bis-alkoxysilane.200 The authors

found that incorporating this silyl linker into mesoporous organo-

silica particles imparted novel light instability. The reaction quan-

tum yield for linker breakage was determined using Reibarkh’s

method and was found to be 0.30 ± 0.09.202 This value

compared favorable against the relatively few other light break-

able silica systems and provides an important benchmark for

comparing the rate of nanoparticle degradation to the reaction

quantum yield of the photolabile linker.
CONCLUSIONS AND FUTURE OUTLOOKS

In this tutorial review, we have highlighted the significance of

various key parameters in photoredox catalysis. The exploration

of these parameters using advanced spectroscopic techniques

offers a robust tool for investigating the behavior and reactivity

of photocatalytic systems. Moreover, a deeper understanding

of excited-state reactivity, cage escape, and reaction quantum

yield will be pivotal for advancing the field of photoredox catal-

ysis. This will not only enable the development of more efficient
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and selective systems but also open the way for the design of

novel strategies for organic synthesis and sustainable chemical

processes. Thus, developing research in this direction holds

great promise for addressing current challenges and unlocking

new opportunities and methodologies in the field of photo-

induced chemical transformations. Several areas of focus to

continue advancing the field of light-induced transformations

can thus be proposed.

Excited states’ properties and reactivity
Controlling and understanding the excited-state properties such

as the redox potential, excited-state lifetime, and excited-state

energy play an important role in exerting fine control over reac-

tion mechanisms of photocatalytic processes.203 In the develop-

ment of photosensitizers based on Earth-abundant metals for

photocatalysis applications, leveraging short excited-state life-

times represents a significant challenge. However, as detailed

in this perspective, exploiting pre-association through non-co-

valent interactions or coordination bonding can facilitate efficient

charge transfer and promote subsequent productive reaction

pathways. Controlling the reactivity of a photosensitizer by tun-

ing its coordination sphere presents an interesting avenue in

the field of photocatalysis, akin to the recent work of Nocera

and coworkers. Therefore, although the development of long-

lived excited states based on Earth-abundant photosensitizers

still represents an important research avenue, the development

of strategies to pre-associate quencher with short-lived

excited-state Earth-abundant photosensitizers will probably

allow the field to efficiently move forward.

Control reaction conditions
Controlling the reaction conditions such as the reaction time, the

light source and power, temperature, concentration, solvent

and stoichiometry is of paramount importance in determining

reactivity and products distribution for a given photocatalytic

process. Thus, as emphasized by other researchers, the need

for standardized protocol and irradiation setup is para-

mount.204–206 The field of photoredox catalysis could also

benefit from a clearer understanding of the impact of sacrificial

electron donors or electron acceptors (SED/SEA) on the overall

reaction. There are indeed reports where two distinct photosen-

sitizers are used that generated different product distribu-

tions.174,207 However, if the same mechanistic steps are initially

involved, they should give the same product distribution unless

alternative stabilization/destabilization of transition states are

accessible with the different photosensitizers. Even more, a

screening of sacrificial reagents is often carried out with the

sole purpose of maximizing the yield of a product. However, in

some case, different product distributions are observed with

different SED/SEA using the same photosensitizers. Hence,

gaining a deeper understanding of the impact of the choice of

PS, SED, and SEA will definitely move the field forward.

Photostability
In most cases, degradation of the photosensitizers is not ad-

dressed individually, but trying to replicate examples from the

literature has shown that the photosensitizer is often degraded

over the course of the reaction.208–210 This raises questions
16 Chem Catalysis 4, 101110, November 21, 2024
related to the actual reaction mechanism, or evolution of the

mechanism during the course of the photoredox catalysis, as in-

termediate PS degradation products or metal nanoparticles/

metal oxides (in the case of transition metal PS) could potentially

trigger mechanistic changes or contribute to the reaction

yield.208,211 This analysis is often performed for electrocatalytic

reactions212 and could thus help improve the reliability of some

photoredox transformations. As the catalyst stability is highly

dependent on the reaction environment, it can change over

time, and careful analyses are needed to understand this aspect

of catalysis. In that regard, we believe that it is important to

develop novel, more robust photosensitizers and to investigate

the recyclability. In a recent study, we have shown that polynu-

clear Ru(II) PS are much more photostable than [Ru(bpy)3]
2+,

with no signs of degradation over prolonged illumination. The

iron complexes recently reported by Wärnmark and coworkers

also show great photostability, both in solution190 as well as in

photocatalytic conditions,163 where they have been recovered

post reaction with yields greater than 88%.
Cage escape yields
As mentioned in the previous sections, cage escape yields play

an important role in the observation of photo-products and in the

overall chemical transformation. Parameters that influence cage

escape yields are not well defined, but strategies exist to maxi-

mize those yields.176,191 It is foreseen that maximizing the

amount of charge-separated species could speed the corre-

sponding reaction and, in some case, maybe even control prod-

uct distribution. Hence, understanding factors that govern cage

escape yields will be very important to continue moving the field

of photoredox catalysis forward.

It is complicated to estimate the minimum cage escape yields

that would be needed for an efficient photoreaction as the overall

reaction yield also depends on the photon flux, the quenching

rate constant, the electron transfer rate constant, and the rate

constant associated with bond forming and bond breaking to

generate the desired product. However, taking the examples

presented into consideration as well as those recently re-

viewed,176 we postulate that, with an efficient quenching rate

constant and using commercially available LED irradiation setup,

cage escape yields of at least 0.2–0.3 are needed for efficient

photoredox catalytic transformations to occur in less than 16

h. Lower cage escape yields would result in inefficient/incom-

plete reaction or prolonged irradiation times.

ACKNOWLEDGMENTS
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139. Turró, C., Zaleski, J.M., Karabatsos, Y.M., and Nocera, D.G. (1996).

Bimolecular Electron Transfer in the Marcus Inverted Region. J. Am.

Chem. Soc. 118, 6060–6067. https://doi.org/10.1021/ja960575p.

140. Piechota, E.J., and Meyer, G.J. (2019). Introduction to Electron Transfer:

Theoretical Foundations and Pedagogical Examples. J. Chem. 96, 2450–

2466. https://doi.org/10.1021/acs.jchemed.9b00489.

141. Marcus, R.A., and Sutin, N. (1985). Electron transfers in chemistry and

biology. BBA-Bioenergetics 811, 265–322. https://doi.org/10.1016/

0304-4173(85)90014-X.

142. Miller, J.R., Calcaterra, L.T., and Closs, G.L. (1984). Intramolecular long-

distance electron transfer in radical anions. The effects of free energy and

solvent on the reaction rates. J. Am. Chem. Soc. 106, 3047–3049. https://

doi.org/10.1021/ja00322a058.

143. Rosspeintner, A., Angulo, G., and Vauthey, E. (2014). Bimolecular Photo-

induced Electron Transfer Beyond the Diffusion Limit: The Rehm–Weller

Experiment Revisited with Femtosecond Time Resolution. J. Am. Chem.

Soc. 136, 2026–2032. https://doi.org/10.1021/ja4118279.

144. Eriksen, J., Joergensen, K.A., Linderberg, J., and Lund, H. (1984). Elec-

tron-transfer fluorescence quenching of radical ions. Experimental

work and theoretical calculations. J. Am. Chem. Soc. 106, 5083–5087.

https://doi.org/10.1021/ja00330a008.

145. Gould, I.R., Ege, D., Mattes, S.L., and Farid, S. (1987). Return electron

transfer within geminate radical ion pairs. Observation of the Marcus in-

verted region. J. Am. Chem. Soc. 109, 3794–3796. https://doi.org/10.

1021/ja00246a055.

146. Juneau, A., Hope, T.O., Malenfant, J., Mesko, M., McNeill, J., and Fren-

ette, M. (2022). Methods to Predict Potential Reagents in Iridium-Based

Photoredox Catalysis Calibrated with Stern–Volmer Quenching Rate

Constants. ACS Catal. 12, 2348–2356. https://doi.org/10.1021/acsca-

tal.1c04740.

147. (2019). Rehm–Weller Equation (International Union of Pure and Applied

Chemistry (IUPAC)). https://doi.org/10.1351/goldbook.RT07472.

148. Stubbe, J., Nocera, D.G., Yee, C.S., and Chang, M.C.Y. (2003). Radical

Initiation in the Class I Ribonucleotide Reductase: Long-Range Proton-

Coupled Electron Transfer? Chem. Rev. 103, 2167–2201. https://doi.

org/10.1021/cr020421u.

149. Agmon, N., and Levine, R.D. (1977). Energy, entropy and the reaction co-

ordinate: thermodynamic-like relations in chemical kinetics. Chem. Phys.

Lett. 52, 197–201. https://doi.org/10.1016/0009-2614(77)80523-X.

150. Scandola, F., and Balzani, V. (1979). Free-energy relationships for elec-

tron-transfer processes. J. Am. Chem. Soc. 101, 6140–6142. https://

doi.org/10.1021/ja00514a057.
151. Eriksen, J., Lund, H., Nyvad, A.I., Yamato, T., Mitchell, R.H., Dingle, T.W.,

Williams, R.V., andMahedevan, R. (1983). Electron-transfer fluorescence

quenching of radical ions. Acta Chem. Scand. 37b, 459–466.

152. Zeman, C.J., 4th, Kim, S., Zhang, F., and Schanze, K.S. (2020). Direct

Observation of the Reduction of Aryl Halides by a Photoexcited Perylene

Diimide Radical Anion. J. Am. Chem. Soc. 142, 2204–2207. https://doi.

org/10.1021/jacs.9b13027.

153. Sau, S.C., Schmitz, M., Burdenski, C., Baumert, M., Antoni, P.W., Kerzig,

C., and Hansmann, M.M. (2024). Dicationic Acridinium/Carbene Hybrids

as Strongly Oxidizing Photocatalysts. J. Am. Chem. Soc. 146, 3416–

3426. https://doi.org/10.1021/jacs.3c12766.

154. B€urgin, T.H., Glaser, F., and Wenger, O.S. (2022). Shedding Light on the

Oxidizing Properties of Spin-Flip Excited States in a CrIII Polypyridine

Complex and Their Use in Photoredox Catalysis. J. Am. Chem. Soc.

144, 14181–14194. https://doi.org/10.1021/jacs.2c04465.

155. Sandros, K., Haglid, F., Ryhage, R., Ryhage, R., and Stevens, R. (1964).

Transfer of Triplet State Energy in Fluid Solutions. III. Reversible Energy

Transfer. Acta Chem. Scand. 18, 2355–2374.

156. Herkstroeter, W.G., and Hammond, G.S. (1966). Mechanisms of Photo-

chemical Reactions in Solution. XXXIX.1 Study of Energy Transfer by Ki-

netic Spectrophotometry. J. Am. Chem. Soc. 88, 4769–4777. https://doi.

org/10.1021/ja00973a001.

157. Balzani, V., Bolletta, F., and Scandola, F. (1980). Vertical and "nonverti-

cal" energy transfer processes. A general classical treatment. J. Am.

Chem. Soc. 102, 2152–2163. https://doi.org/10.1021/ja00527a002.

158. Zähringer, T.J.B., Wienhold, M., Gilmour, R., and Kerzig, C. (2023). Direct

Observation of Triplet States in the Isomerization of Alkenylboronates by

Energy Transfer Catalysis. J. Am. Chem. Soc. 145, 21576–21586. https://

doi.org/10.1021/jacs.3c07678.

159. Kornfeld, G., Farkas, L., and Rabinowitsch, E. (1934). General discussion.

Trans. Faraday Soc. 30, 130–131. https://doi.org/10.1039/TF9343000130.

160. Franck, J., and Rabinowitsch, E. (1934). Some remarks about free radi-

cals and the photochemistry of solutions. Trans. Faraday Soc. 30,

120–130. https://doi.org/10.1039/TF9343000120.

161. Lyon, R.K., and Levy, D.H. (1961). Demonstration of the ‘‘Cage’’ Effect.

J. Am. Chem. Soc. 83, 4290. https://doi.org/10.1021/ja01481a047.

162. Jayanthi, S.S., and Ramamurthy, P. (1999). Photoinduced electron trans-

fer reactions of 2,4,6 triphenylpyrylium: solvent effect and charge-shift

type of systems. Phys. Chem. Chem. Phys. 1, 4751–4757.

163. Aydogan, A., Bangle, R.E., Cadranel, A., Turlington, M.D., Conroy, D.T.,
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