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ABSTRACT: Many important synthetic-oriented works have proposed
excited organic radicals as photoactive species, yet mechanistic studies
raised doubts about whether they can truly function as photocatalysts.
This skepticism originates from the formation of (photo)redox-active
degradation products and the picosecond decay of electronically excited
radicals, which is considered too short for diffusion-based photoinduced
electron transfer reactions. From this perspective, we analyze important
synthetic transformations where organic radicals have been proposed as
photocatalysts, comparing their theoretical maximum excited state
potentials with the potentials required for the observed photocatalytic
reactivity. We summarize mechanistic studies of structurally similar
photocatalysts indicating different reaction pathways for some catalytic
systems, addressing cases where the proposed radical photocatalysts
exceed their theoretical maximum reactivity. Additionally, we perform a kinetic analysis to explain the photoinduced electron transfer
observed in excited radicals on subpicosecond time scales. We further rationalize the potential anti-Kasha reactivity from higher
excited states with femtosecond lifetimes, highlighting how future photocatalysis advancements could unlock new photochemical
pathways.
KEYWORDS: Photocatalysis, Mechanistic Analysis, Electron Transfer, anti-Kasha Reactivity, Picosecond Photochemistry

1. INTRODUCTION
Electronically excited organic radicals have been identified as
potentially extremely potent photocatalysts, reaching electro-
chemical potentials greater than +3 and −3 V versus SCE.1,2

Numerous synthetically motivated studies invoked excited
radicals as the photoactive species,1−28 but mechanistically
oriented studies questioned whether excited organic radicals can
act as true photocatalysts. The two main reasons for this
skepticism are the observed formation of (photo)redox-active
degradation products,29−31 and the picosecond decays of the
excited radicals, a time frame too short for diffusion-based single
electron transfer (SET).32−35 One way to enable picosecond
SET would be preassociation between the organic radicals and
the substrate,36,37 but until recently, the experimental evidence
for this hypothesis has been scant.38 While the synthetic value of
using excited organic radicals for thermodynamically challeng-
ing reactions is undisputed,36,37,39 the mechanistic aspects
remain debatable. This Perspective aims to identify the
fundamental preconditions for excited organic radicals to act
as true photocatalysts, thus advancing the rational design of
photoredox reactions. We begin with a brief recapitulation of the
differentmethods to form organic radicals and thenmove on to a
collective analysis of reactions that claim organic radical
photoreactivity. This analysis leads us to clear insights that
define the application potential and limits of excited organic
radicals inmodern photoredox catalysis. The upshot is that there
could be overlooked aspects, such as anti-Kasha reactivity,

which, if made broadly accessible in a rationally predictable
manner, could significantly influence the field of photo-
chemistry.

2. METHODS FOR THE GENERATION OF EXCITED
RADICALS

2.1. Consecutive Photoinduced Electron Transfer (ConPET)

One of the first, if not the first study to claim excited radicals as
photocatalysts on a broad preparative scale used a consecutive
photoinduced electron transfer (ConPET) excitation strategy
(Figure 1a),22 similar to a [Cu(dmp)2]+ (dmp = 2,9-dimethyl-
1,10-phenanthroline) system, where ConPET was initially
described but not used in photoredox catalysis.40 In this two-
photonic ConPET mechanism, the organic precursor com-
pound ([PC]) absorbs the first photon, forming its excited state
(*[PC], Figure 1a). Subsequent SET, either from a sacrificial
electron donor (e.g., Et3N)

22,41 or to an electron acceptor (e.g.,
SF6),

42 can result in the generation of the organic radical
(2[PC]•, Figure 1a). Eventually, this radical is excited to activate
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otherwise redox-inert substrates. The ConPET mechanism is
often compared to the Z-scheme of natural photosynthesis,43−45

but an important difference is that nature uses two distinct and
mutually independent light absorbers. The interdependence of
[PC] and 2[PC]• in the ConPET excitation strategy restricts the
search for suitable systems and limits the maximally achievable
redox power.43 This is because system design typically requires
that both the precursor compound and the resulting radical
absorb visible light. However, by using a photosensitizer ([PC-
1], Figure 1b) to generate the redox-active organic radical
(2[PC-2]•) through SET or energy transfer (EnT) separates the
two light-absorbing events, allowing for greater redox power,38

or the use of lower-energy input light.43,46

2.2. Electrochemically Mediated Photoredox Catalysis
(e-PRC)
Photoactive organic radicals can also be generated electro-
chemically using a low-magnitude potential as highlighted in
several review articles.36,39,48 The absorbed photon energy then
adds to the applied potential upon photoexcitation. Compared
to the ConPET mechanism, the e-PRC methodology, some-
times also called electron-primed photoredox catalysis, has the
advantage that the precursor compound PC no longer needs to
absorb visible light. Further, no sacrificial redox reagents are
required. However, a somewhat more sophisticated exper-
imental setup is needed, and overpotential can lead to
decomposition or side reactions.
2.3. Chemically Primed Photoinduced Electron Transfer
Organic radicals are also accessible chemically instead of
electrochemically, which has been mostly used in mechanisti-
cally oriented studies.23,24 Employing strong redox reagents for
radical formation may cause side reactions, limiting its
practicability in synthetic contexts. Specific examples explored
until now include 9,10-dicyanoanthracene (DCA) and naph-
thalene monoimide (NMI), which were reduced to their
monoanionic forms using KC8.

24

3. EXCITED STATE REACTIVITY OF ORGANIC
RADICALS

For leveraging organic radicals as photocatalysts, assessing their
theoretical maximal excited state redox potential is essential to
guide the selection of suitable reactants. The lowest doublet
excited state redox potential of the proposed radical ions can be
estimated using the well-known Rehm−Weller equation for
radical anions: E(PC/2*PC•−) ≈ E(PC/2PC•−) − ED1 × e, and
for radical cations: E(2*PC•+/PC) ≈ E(2PC•+/PC) + ED1 × e.
Here, e is the elementary charge, E(PC/2PC•−) or E(2PC•+/PC)

represents the ground state redox potential of the precatalyst,
and ED1 is the transition energy of the organic radical (in eV),
with D1 denoting the lowest-energy doublet excited state.49

(The lowest excited state is a doublet due to the presence of one
unpaired electron). Accessing the ground state redox potential
(E(2PC•+/PC) or E(PC/2PC•−)) via cyclic voltammetry is a
standard method.50 The D1 excited-state energy of the organic
radical (ED1) is usually obtained from UV−vis absorption
spectra of the radicals, as luminescence is commonly not
observed due to the picosecond excited states lifetimes. Higher-
lying excited states (Dn, n > 1) typically undergo internal
conversion (IC) to D1 on a subpicosecond time scale.35,51

Consequently, it is assumed that reactivity can only occur from
the lowest excited state, with excited state lifetimes in the
picosecond range. Therefore, the most red-shifted UV−vis
absorption band, corresponding to the lowest excited state,
should normally be used to estimate the transition energy of
organic radicals.
In this Chapter, we compare the theoretically calculated

excited state redox potentials with the observed reactivity, which
provides indirect evidence of whether the excited radicals can
serve as a catalytically active species.43 Examples where reactivity
surpasses the theoretically predicted excited state potentials
sugges t the invo lvement o f a l t e rna t i ve mecha -
nisms.14,19,20,27,28,52−58 Many of the considered substrates
undergo irreversible redox processes, making it challenging to
accurately determine their true thermodynamic redox poten-
tials. Nonetheless, cyclic voltammetry can provide reasonable
estimates of their redox potentials.
3.1. Reductive Catalysis Using Excited Organic Radicals

Excited radicals have found broad applications in challenging
reductive activation of C(sp2)- and C(sp3)-halide bonds (Figure
2b-n). The literature-known organic radical photocatalysts are
summarized and ranked along increasing reduction power,
determined from the theoretical excited state reduction
potentials described above. In cases where the reactivity of
organic radical photocatalysts exceeds the theoretical limit, the
gray and blue hatched areas in Figure 2a mark the range of
achieved reduction potentials.
The ConPET excitation strategy was introduced in a

synthetically oriented context for activating electron-deficient
aryl halides (I, Br, Cl), employing PDI•− as a presumed
photocatalyst.22 Following SET from the excited PDI•− to the
aryl-halide, the resulting aryl radical can be captured by a
hydrogen atom donor, forming an H�C(sp2) bond, or by
trapping agents like N-methyl pyrrole derivatives, forming
C(sp2)�C(sp2) bonds (Figure 2g).22,59,60 In a similar study,
PDI-based hybrid materials ((PDI)2·SiW12O40) served as
ConPET photocatalysts for the reductive activation of
perfluoroalkyl iodide, leading to perfluoroalkylation in the
presence of an alkene (Figure 2f).61 PDI is widely used in
ConPET,22,59−62 and it is noteworthy that the most challenging
substrate that was successfully activated requires a significantly
more negative redox potential of approximately −2.1 V versus
SCE (estimated from 2-chlorobenzonitrile)63 than the theoreti-
cal excited state reduction potential of 2*PDI•− (−1.7 V versus
SCE).22

Similar to PDI•−, the reductive activation of electron-deficient
aryl-halides (Figure 2) has also been achieved using 9-hydroxyl-
1-oxophenalenylene (Phen),64 1,8-dihydroxyanthraquinone
(Aq−OH),16 naphthalene diimide (NDI),65,66 or donor−
acceptor compounds (D-A PC)67 as ConPET photocatalysts.

Figure 1. a. Consecutive photoinduced electron transfer (ConPET)
strategy to generate excited radicals (2*[PC]•) to initiate challenging
substrate activations.22 b. Consecutive photoinduced electron transfer
using two different light absorbers ([PC-1] and 2[PC-2]•).38,43,47
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The resulting aryl radical intermediates can be captured by
various trapping agents, including triethyl phosphite (P-
(OEt)3),

64 benzene,65,66 bis(pinacolato)diboron (B2pin2),
67 or

N-methyl pyrrole derivatives (Figure 2 and Table 1, entries 2−

5).16 In contrast to PDI, these ConPET photocatalysts exhibit
good agreement between observed and theoretically calculated
excited-state redox potentials of approximately −2.2 V versus
SCE.

Figure 2. a. Excited-state redox potentials of various organic radicals determined using the Rehm−Weller equation (arrows). Themolecular structures
shown are those of the closed-shell precursors prior to radical formation. In cases where the observed reactivity surpasses the theoretical reduction
potential, the blue and gray hatched regions represent the deviation to the reduction potentials of activatable substrates. b−m. Previously performed
reactions claimed to utilize the reactivity of excited radicals and their required reduction potentials: b. Radical−radical cross-coupling of 4-
cyanopyridine and oxamaic acid.53 c. Reductive coupling of dienes with ketones.54 d.Ketyl radical coupling reactions with acrylamide.52 e.N−O bond
cleavage reaction of Weinreb amides.14 f. Perfluoroalkylation reaction.61 g. Debromination reaction of aryl bromides.10,15,16,22,24,27,43,59,60,64−71 h.
Detosylation reactions.2,55 i. Ketone olefin coupling reaction.12 j. Aryl C(sp2)−N and C(sp2)−O bond cleavage reaction.20,57 k. Dechlorination
reaction of unactivated aryl chlorides.2,19,20,24,27,28 l. Carboxylation reaction of C−N bonds in cyclic amines with CO2.

58 m. Base-promoted homolytic
aromatic substitution (BHAS) of an aryl fluoride.38 n. Birch reduction of benzene derivatives.13
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2,4,5,6-Tetra(9H-carbazol-9-yl)isophthalonitrile radical
anion (4CzIPN•−) is a widely employed photocatalyst in
challenging reductions (Table 1, entry 6), such as N�O bond
cleavage of Weinreb amides, which typically rely on relatively
harsh conditions (Figure 2e).14 Moreover, 4CzIPN•− enables
redox-neutral ketyl radical coupling reactions of carbonyls with
N-aryl acrylamides,52 as well as radical−radical cross-coupling
reactions, activating 4-cyanopyridine to form N-substituted
nicotinamides in the presence of oxamic acid derivatives (Figure
2b).53 Notably, 4CzIPN•− also finds application in dual catalysis
systems.54,55 One example enables the intermolecular reductive
coupling of dienes and styrene with ketones using 4CzIPN•− in
combination with Co(salentBu,tBu)Cl.
Employing the ConPET mechanism facilitates the formation

of the catalytically active cobalt hydride and SET to ketones,
resulting in ketyl radical formation (Figure 2c).54 Another dual
catalytic system utilizes 4CzIPN•− for single-electron transfer to
a bis(terpyridine)ruthenium(II) cocatalyst, enabling CO2
reduction to CO in solution.55 With the theoretically obtained
D1 energy of 0.8 eV, using DFT calculations,72 an excited state
reduction potential of−2.0 V versus SCE can be estimated. This
matches the most difficult to reduce substrate used in a ConPET
excitation strategy, especially considering the uncertainty of the
estimated D1 energy using DFT calculations.55

Rhodamine 6G radical (Rh-6G•) has demonstrated the
reductive activation of electron-rich (hetero)aryl-bromides15,68

and electron-deficient (hetero)aryl-chlorides,70 forming the
corresponding (hetero)aryl radicals (Table 1, entry 7). Various
trapping reagents such as N-methyl pyrrole derivatives,15,70

pyrrole derivatives,15,70 benzene,15,70 1,2-diphenylethylene,15,70

or triethyl phosphite,68 could be employed to form different
C(sp2)�C(sp2) and C(sp2)�P(sp3) bonds by trapping the
(hetero)aryl radical intermediates (Figure 2g). The theoretical
limit of the excited state redox potential of −2.4 V versus SCE is
in good agreement with the most challenging tested substrates
(i.e., p-trifluoromethylphenyl bromide with a reduction
potential of −2.5 V versus SCE).43

9,10-Dicyanoanthracene radical anion (DCA•−) shows
similar reactivity to Rh-6G• (Table 1, entry 8). Employing a
ConPET excitation strategy, both electron-rich bromo-(hetero)
arenes and electron-deficient chloro-(hetero) arenes were
activated under blue light irradiation (Figure 2g).10,71

Comparable reactivity was observed when employing a ConPET
excitation strategy with a second chromophore. In this system,
DCA•− is formed through red light-induced electron transfer
from [Cu(dap)2]+ (dap = 2,9-dianisyl-1,10-phenanthroline) to
DCA. Upon absorption of a second red photon by DCA•−, the
redox-active 2*DCA•− is formed, facilitating dehalogenation of
aryl-bromides or aryl-chlorides (Figure 2g), as well as
detosylation reactions (Figure 2h).43 Notably, no substrate
could be activated with a significantly more negative reduction
potential than the theoretical maximum of −2.6 V versus
SCE.10,43,71 However, employing an e-PRC27 method or
chemical formation of DCA•−,24 the activation of electron-rich
aryl-chlorides in moderate to good yields (21−90%) was
achieved.70 These substrates often exhibit reduction potentials
as low as −2.9 V versus SCE (Figure 2j), which would surpass
the expected reduction potential of 2*DCA•−. Similar behavior
was reported for naphthalene monoimide radical anions
(NMI•−).28 When employing e-PRC or chemical formation of
radical anions, electron-rich aryl-chlorides were activated with
reduction potentials as negative as −3.4 V versus SCE (Figure
2k). This is obviously significantly more negative than the −2.7

V versus SCE that 2*NMI•− is estimated to provide (Table 1,
entry 9).
A modified ConPET excitation strategy employed benzo-

[ghi]perylene monoimides (Birch-O-PC) as a precatalyst
(Table 1, entry 10).13 The photoactive Birch-O-PC•−

compound is generated by adding hydroxide (OH−) to the
imide, forming the covalent hydroxide adduct ([Birch-O-PC−
OH]−). Following photoexcitation of [Birch-O-PC−OH]−, an
intramolecular SET is proposed fromOH− to the imide, forming
the radical anion Birch-O-PC•− and OH•. This step was invoked
as commonly used electron donors cannot reduce the excited
Birch-O-PC. Upon photoexcitation, the resulting 2*Birch-O-
PC•− effectively reduced various benzene derivatives to 1,4-
cyclohexadiene products in yields ranging from 24% to 91%
(Figure 2n). These reductions require exceptionally powerful
reduction potentials of −3.4 V versus SCE, marking a significant
breakthrough in synthetic photoredox catalysis. However, the
estimated excited state redox potential appears insufficient with
−2.8 V versus SCE. This discrepancy was explained in a later
study, which included the same research group,76 in which the
underlying mechanism and the true photoactive catalyst were
identified (see discussion below).
Similarly strong reduction potentials were claimed using a

modified acridinium salt (Mes-Acr+) as a precatalyst (Table 1,
entry 11).2 Employing a presumed ConPET excitation strategy,
remarkable reactivities were observed, such as hydro-dehaloge-
nation reactions of various electron-poor and electron-rich aryl-
bromides and chlorides (Figure 2k), as well as detosylation
reactions (Figure 2h), which typically require reduction
potentials as low as −2.9 V versus SCE.2 Additionally, Mes-
Acr• could be used as a photocatalyst to activate electron-rich
carbonyls for ketone-olefin coupling (Figure 2i), further
demonstrating the usability of the catalytic system.12 In these
studies, the theoretically achievable excited state reduction
potential was estimated based on a claimed twisted intra-
molecular charge transfer (TICT) state with a transition energy
of 2.5 eV. This TICT state would result in an extremely negative
excited state redox potential of −3.4 V versus SCE. However,
considering the lowest claimed excited state transition energy of
2.3 eV, a still highly reactive excited state reduction potential of
−3.2 V versus SCE is instead achieved. It is worth noting that the
lowest transition energy is estimated using an emission band,
which is higher in energy than the lowest energy UV−vis
absorption band. Such an anti-Kasha emission seems implau-
sible, perhaps indicating that the observed emission may
originate from an emissive decomposition product instead of
the excited radical itself, which leads to an overestimation of the
excited state redox potential of Mes-Acr• and possibly to a
complete mechanistic misinterpretation.
Donor−acceptor cyanoarenes such as 4-DPAIPN (2,4,5,6-

tetrakis(diphenylamine)isophthalonitrile) and 3CzEPAIPN
(2,4,5-tri(9H-carbazol-9-yl)-6-(ethyl(phenyl)amino)-
isophthalonitrile) are strong photoreductants in their excited
radical anion forms. In the case of 3CzEPAIPN (Table 1, entry
12), electron-rich aryl-chlorides with reduction potentials as
negative as −2.9 V versus SCE were reduced using a ConPET
excitation strategy (Figure 2k). Excited 4-DPAIPN•− exhibits
even more extreme reduction power (Table 1, entry 13),
regardless of the excitation strategy employed (ConPET or e-
PRC).20,57 Using a ConPET excitation strategy, electron-poor
aryl-chlorides with reduction potentials as low as −3.4 V versus
SCE could be activated and trapped with various reagents such
as P(OEt)3 or B2pin2 in yields ranging from 70% to 92% (Figure
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2k). Furthermore, cleavage of C�N bonds in cyclic amines was
accomplished, forming amino acids in the presence of CO2
(Figure 2l). When utilizing an e-PRC excitation strategy,
cleavage of strong aryl C−N and C−O bonds to form aryl
radical intermediates was attained, with yields ranging from 40%
to 98% (Figure 2j).20,57 Evidently, substrates requiring
potentials as negative as −3.4 V versus SCE were activated,
which is difficult to rationalize based on the theoretical excited
state potential of −3.1 V versus SCE for 4-DPAIPN•−.
The 4,4′-dicyanobiphenyl radical anion (DCB•−) is an

extremely strong photoreductant, capable of initiating base-
promoted homolytic aromatic substitution (BHAS) (Figure
2m) and intramolecular radical nucleophilic substitution
reaction of 2-halide-N-phenylanilines to carbazole.38 Due to
the absence of a visible absorption band in the precursor
photocatalyst (DCB), a ConPET excitation strategy with a
second chromophore was employed to enable visible light-
driven catalysis (Figure 1b). This catalytic system was
successfully applied to activate C(sp2)�Cl and C(sp2)�F
bonds, requiring reduction potentials of down to −3.0 V versus
SCE, matching the theoretically available potentials of −3.2 V
versus SCE.38

3.2. Oxidative Catalysis Using Excited Organic Radicals

Organic radical cations, serving as potent photo-oxidants, have
been less frequently studied than excited organic radical anions.
This difference may arise from the availability of numerous
electron donors compared to fewer electron acceptors.6 Hence,
most excited organic radical cations are generated using the e-
PRC strategy.1,4,6,25,81−85 The few ConPET excitation strategy

examples often incorporate the used electron acceptor into their
final product.7,42,86 In the following, photocatalytic systems
employing organic radical cations are considered and ordered
along their calculated theoretical excited state oxidation
potential (Table 2). In cases where the organic radical cationic
photocatalyst could be successfully used for catalysis requiring
oxidation potentials more positive than the calculated
theoretical value, the deviation is marked by a gray hatched
areas in Figure 3a.
In 1979, an electrochemically mediated photoredox strategy

was employed on phenothiazine (PTZ) to generate the excited
phenothiazine radical cation (2*PTZ•+).85 This species was
utilized to oxidize diphenylethylene to form 1,1,4-triphenyl-1,2-
dihydronaphthalene and 2,2,5,5-tetraphenyl-tetrahydrofuran
(Figure 3b). This reaction requires an oxidation potential of
+1.5 V versus SCE, which is substantially lower than the
calculated 2*PTZ•+ oxidation potential of +2.0 V versus SCE
(Table 2, entry 1). Whether or not PTZ•+ reacts catalytically in
this initial example remained unclear.85 The same research
group excited the electrochemically generated N,N,N′,N′-
tetraphenyl-p-phenylenediamine radical cation (TPPD•+) with
UV light to achieve the oxidation reaction of benzyl alcohol to
benzaldehyde (Figure 3j) with a turnover number (TON) of
3.48,87 Benzyl alcohol oxidation typically requires redox
potentials of ∼ +1.9 V versus SCE,.88 In contrast, the calculated
oxidation potential for excited TPPD•+ is ∼ +2.2 V versus SCE
(Table 2, entry 2). Other early studies demonstrated the
photoreactivity of radical cations in stoichiometric
amounts,89−91 but subsequently, it took almost half a century
until excited radical cations regained attention as possible

Table 2. Summary of Selected Key Properties of Known Reactive Excited Organic Radical Cations and the Corresponding
Precursor Compounds

PC•+

E
(PC•+/
PC)/V
vs SCE ED1/eV

a τD1/ps

E
(2*PC•+/
PC)/V vs
SCE
calc.b

E
(2*PC•+/
PC)/V vs
SCE
obs.c applications

1 PTZ•+ 0.685 1.485 n/a 2.0 1.5d Bimolecular [1 + 4] cyclization or [1,2] addition of 1,1-diphenylethylene.85

2 TPPD•+ 0.787 1.697 n/a 2.2 1.9e Oxidation reaction of benzyl alcohol to benzaldehyde.87

3 TpBPA•+ 0.925 1.3
(D1)

25
n/a 2.2 (D1) 2.2f C−H heteroamination reaction of electron-rich arenes.25

3.1
(D2)

25
4.0 (D2)

4 TPAC(Me)2•+ 0.792 1.592 ∼1092 2.2 2.4g C−H heteroamination of electron-deficient arenes.92

5 PTH•+ 0.95 1.35 368 2.2 2.5h C−H heteroamination of electron deficient arenes.6 Pentafluorosulfanylation reaction of α-
methyl- and α-phenylstyrene using SF6.7,42,86 Chloride anion oxidation reaction.5

6 TCBPA•+ 1.025 1.4
(D1)

25
n/a 2.4 (D1) 2.3i C−H heteroamination of arenes.25

3.2
(D2)

25
4.2 (D2)

7 TdCBPA•+ 1.325 1.4
(D1)

25
n/a 2.7 (D1) ≥3.0j C−H heteroamination of highly electron-deficient arenes.25

3.1
(D2)

25
4.4 (D2)

8 TAC•2+ 1.34 2.04 n/a 3.3 2.4k C−H functionalization of electron-deficient arenes.4 Acetoxyhydroxylation reaction of aryl
olefins.81 C−H functionalization reaction of ethers.82 Aminooxygenation reactions of aryl
olefins.83 Diamination and oxyamination reactions of vicinal C−H bonds.1 Oxygenation of
multiple adjacent C−H bonds.84

aThe lowest doublet excited state energies (ED1) were estimated by taking the point on the low-energy side of the absorption spectra of the
photocatalysts, at which 10% of the maximum absorption is reached. The higher doublet excited state energies (ED2) were estimated by taking the
point on the low-energy side of the second absorption band, at which 10% of the maximum absorption is reached. bThe excited state redox
potentials (E (2*PC•+/PC)) were calculated using the Rehm−Weller equation E (2*PC•+/PC) ≈ E(PC•+/PC) + ED × e, with the elementary
charge e, the ground state potentials (E(PC•+/PC), column 3), and the D1 energy or D2 energy (ED, column 4). cDetermined by analyzing the
substrate with the lowest oxidation potentials. dEstimated from 1,1-diphenylethylene.98 eEstimated from benzylalcohol.88 fEstimated from
bromobenzene.4 gEstimated from 1,4-dichlorobenzene.4 hEstimated from benzene.6 jEstimated from chlorobenzene.4 iEstimated from α,α,α-
trifluorotoluene and 1,2,4-trifluorobenzene.25 kEstimated from 1,3-dichlorobenzene.4

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.4c00974
JACS Au 2025, 5, 426−447

431

pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00974?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


photocatalysts,4 using structurally similar compounds such asN-

phenyl-phenothiazine5−7,42,86 or diphenylamine derivatives.25,92

Using an e-PRC excitation strategy, tri(biphenyl-4-yl)amine
derivatives (TpBPA, TCBPA, TdCBPA, Figure 3a) could be
applied to activate electron-deficient arenes for C�H or

Figure 3. a. Excited state oxidation potentials of various radical cations as determined using the Rehm−Weller equation. In cases where the observed
reactivity surpasses the theoretical oxidation potential, the gray hatched regions highlight the deviation to the oxidation potentials of activatable
substrates. b. Bimolecular cyclization reaction of 1,1-diphenylethylene.85 c−e. Pentafluorosulfanylation of α-methyl- and α-phenylstyrene using
SF6.

7,42,86 f. Chloride oxidation reaction.5 g. Acetoxyhydroxylation reaction of aryl-olefins.81,95 h. Diamination and oxyamination reactions of vicinal
C�H bonds.1 i. Regioselective C�H functionalization of ethers. j.Oxidation reaction of benzyl alcohol to benzaldehyde.87 k.Oxygenation reaction
of multiple adjacent C�H bonds.84,96 l. Oxidative activation of electron-deficient arenes.4,6,25,92 m. Oxidative activation of α,α,α-trifluorotoluene.25
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electron-deficient fluoroarenes for C�F functionalization with
1H-pyrazole derivatives (Figure 3l/m). Depending on the
functionalization of the tri(biphenyl-4-yl)amines, different
excited state redox potentials between +2.2 and +2.7 V versus
SCE were calculated, which contrasts with the observed
reactivity of substrates requiring potentials > +3.0 V versus
SCE (Figure 3m). DFT calculations suggested that the biphenyl
units of TpBPA, TCBPA, TdCBPA enable better preassociation
with substrate molecules than single phenyl units, and the
authors speculated that anti-Kasha reactivity from an ultrashort-
lived higher excited state (Table 2, entry 7) could occur.25 This
would rationalize the observed reactivity, as potentials up to +4.4
V versus SCE could be reachable by anti-Kasha behavior (Table
2, entries 3, 6, and 7).
Chemically interlocked triarylamine derivatives (TPAC-

(Me)2, Figure 3a) were also investigated. Their more planar
geometry was hypothesized to improve the preassociation of
substrate molecules via cation-π interaction. The interlocked
phenyl units may also extend the radical cation’s excited state
lifetime, as the aromatic rings’ rotation often facilitates excited
state relaxation.93 The authors further anticipated higher
photostability, although the more planar structure could make
these compounds more prone to electrophilic attack, similar to
what is observed for square planar transition metal complexes.94

By employing oxygen as an electron acceptor and 400 nm light
irradiation, a ConPET excitation strategy was used to generate
the highly oxidative 2*[TPAC(Me)2]•+ species for the oxidation
of benzene. The resulting phenyl radical cation could be trapped
using ethyl 1H-pyrazole-4-carboxylate (Figure 3l). However,
only yields of ∼6% were observed. Therefore, the authors added
SbCl5, a strong oxidant in catalytic amount for the in situ
generation of the photoactive TPAC(Me)2•+, leading to yields of
88%. This enabled the activation of electron-deficient arenes for
C�H functionalization and activated electron-deficient fluo-
roarenes for C�F functionalization with 1H-pyrazole deriva-
tives. These reactions usually require oxidation potentials of ∼
+2.4 V versus SCE. This is slightly higher than the calculated
oxidation potential of ∼ +2.2 V versus SCE for 2*[TPAC-
(Me)2]•+. Interestingly, only product traces were reported for
any triarylamine photocatalyst when employing an e-PRC
strategy using red light, to excite into the lowest excited state,
which could indicate the need for anti-Kasha behavior.
N-phenyl-phenothiazine (PTH) and its derivatives represent

another class of photosensitizers used for their highly oxidative
properties in the doublet excited state (2*PTH•+).5−7,42,86 One
research group employed a ConPET excitation strategy using
UV light for the catalytic pentafluorosulfanylation of α-
substituted alkenes.7,42,86 Upon UV light excitation, phenothia-
zine’s strong excited state reduction potential enables the
activation of challenging substrates such as SF6, leading to the
formation of PTH•+ with an oxidation potential of +0.6 V versus
SCE and SF6•−, which subsequently fragments into SF5• and F−.
Upon photoexcitation with a second UV photon, 2*PTH•+ is
formed, activating styrene derivatives with oxidation potentials
of approximately +1.5 V versus SCE. The resulting benzyl
radical cations were trapped by the SF5•, ultimately forming a
vinylic SF5 functional group after additional treatment with BF3·
OEt2 (Figure 3c).

42

When adding MeOH to the reaction, the formed benzylic
radical is first captured by MeOH, followed by pentafluor-
osulfanylation by the remaining SF5• (Figure 3d).7 Similarly, in
the presence of 3-butynol, an analogous ether intermediate is
formed, but eventually, intramolecular cyclization occurs,

followed by recombination with SF5•, resulting in the product
in Figure 3e.86 The oxidizing PTH•+ species can also be
generated via 390 nm excitation of PTH followed by one-
electron oxidation by oxygen. Upon a second UV photon
absorption, the doublet excited state (2*PTH•+) is formed,
activating benzene derivatives. The formed aryl cation can be
trapped using 1H-pyrazole derivatives (Figure 3). The same
excitation strategy using oxygen as an electron acceptor was used
to oxidize chloride anions, which usually requires ∼ +1.5 V
versus SCE. The formed chloride radical could be used to
chlorinate unactivated C(sp3)�H bonds, such as in cyclo-
hexane (Figure 3f).5 Despite the wide variety of reactions,
2*PTH•+ only exhibits a calculated maximum oxidation
potential of approximately +2.2 V versus SCE. Surprisingly,
reactions of substrates requiring potentials of up to +2.5 V versus
SCE were achieved.
The trisaminocyclopropenium radical dication (TAC•2+) was

broadly used in e-PRC studies.39 Using a 23 W compact
fluorescent light, benzyl derivatives were oxidized and trapped
by 1H-pyrazole derivatives (Figure 3). Using the same
methodology, TAC•2+ was employed for regioselective C�H
functionalization of ethers (Figure 3i),82 acetoxyhdroxylation of
aryl olefins (Figure 3g),81 diamination and oxyamination of
vincinal C�H bonds,1 aminooxygenation of aryl olefins (Figure
3h)1,83 and oxygenation of multiple adjacent C�H bonds
(Figure 3k).84 Here, an excited state oxidation potential of +3.3
V versus SCE was calculated. Despite this extreme theoretical
oxidation potential, photocatalytic reactions with α,α,α-
trifluorotoluene, which requires an oxidation potential of +3.0
V versus SCE, could not be observed.

4. MECHANISTIC INVESTIGATIONS OF EXCITED
RADICALS

Despite the demonstrated applications of organic radicals in
synthetically oriented photoredox catalysis, the reaction
mechanisms have remained largely unclear. In many cases, it is
uncertain whether the excited organic radicals are truly the
active species in the photocatalytic process. One reason for
doubt is that the observed chemical reactivity in many cases
implies redox potentials significantly beyond the expected values
of the respective excited organic radicals (see discussion above
and Figures 2 and 3). These discrepancies between expected and
observed reactivity suggest the involvement of alternative
primary mechanisms, such as the in situ generation of
photoactive decomposition products with more potent redox
potentials.29,76 Another possibility is the underestimation of the
excitation energies of the radicals, leading to underestimated
excited state redox potentials. However, this scenario would
necessitate reactivity from higher excited states, which typically
undergo internal conversion to the lowest excited state within
<100 fs following Kasha’s rule.99 It is currently believed that such
short excited state lifetimes are orders of magnitude too short for
photoinduced electron transfer, even when preassociation
between organic radicals and substrate molecules is consid-
ered.32−35

In the following, we summarize mechanistic studies involving
photoactive excited radical ions to explore the primary
mechanism, whereas discussion of key spectroscopic and
analytical techniques can be found in other review
articles.100−103 Given the relative scarcity of such studies,
structurally similar photocatalysts are collectively analyzed. This
direct comparative approach leads to mechanistic insight even

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.4c00974
JACS Au 2025, 5, 426−447

433

pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00974?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


for radical ions that so far have not been studied in
mechanistically oriented work.
4.1. Radical Anions

Polyaromatic Imide Radical Anions. Polyaromatic imides
are widely used precatalysts to form the corresponding radical
anion, initiating the photocatalysis upon excitation (Figure
2).21,22,24,28,59−62,65,66 However, this class of radical anion
photocatalysts shows reactivity beyond their expected limits
set by the radical anion excited state potential (Table 1). The
2*PDI•− reactivity was examined using ultrafast UV−vis
transient absorption (TA) spectroscopy to experimentally
determine the radical anion’s excited state redox potential.35

PDI•− was chemically generated, and upon excitation into the
lowest excited state, UV−vis TA spectroscopy revealed a D1
excited state lifetime of 160 ps in solution at room temperature.
A decrease in the excited state lifetime was observed in the
presence of various aromatic electron acceptors, and Stern−

Volmer analysis provided the diffusion-based bimolecular
electron transfer rate constants for these electron acceptors.
The Rehm−Weller analysis of the electron transfer rate constant
and the reduction potentials of various electron acceptors
resulted in an oxidation potential of −1.87 V versus SCE for D1-
excited PDI•− (Figure 4a).49,104,105 This value represents the
experimentally measured excited state redox potential, which
falls within the uncertainty margin of the calculated excited state
reduction potential of −1.7 V versus SCE.35 Surprisingly,
dynamic quenching for 4-bromoacetophenone was unobserv-
able in the UV/vis TA study, even though this substrate was
employed in photoredox catalysis using PDI•− as a photo-
catalyst,22 indicating a bimolecular reaction rate constant of <1
× 108 M−1 s−1. This, in turn, implies a maximum electron
transfer efficiency of ∼0.3% from the excited PDI•− to 4-
bromoacetophenone for the relevant concentration of 4-
bromoacetophenone (170 mM) and the natural D1-excited

Figure 4. a. Rehm−Weller analysis of the diffusion-based rate constant for photoinduced electron transfer from excited PDI•− against the reduction
potentials of various electron acceptors. The blue trace represents the calculated fit according to the Rehm−Weller model.35 Raw data were
extracted106 from ref.35 b. Yield for the reaction of 4-bromoacetophenone to acetophenone (orange trace) and relative percentage of PDI•− present
(blue trace) as a function of irradiation time.30 Raw data were extracted106 from ref.30

Figure 5. a. Single electron reduction of naphthalene monoimide (NMI) to the radical anion (NMI•−) with a doublet excited state lifetime of 24 ps.
Following a second electron transfer and protonation, an emissive Meisenheimer complex ([NMI(H)]−) with a singlet excited state lifetime of 20 ns is
formed.29 b. Normalized absorption spectra of the NMI radical anion (solid blue trace) and the Meisenheimer complex (solid orange trace).29 Raw
data were extracted106 from ref.29 c. Conversion of aryl-chloride derivatives to dimethylphenylphosphonates (relative to the used internal standard)
using quantitative 31P NMR spectroscopy after excitation at different wavelengths (λ, as marked by vertical dotted lines in b) using chemically
generated NMI•− in stoichiometric amounts.24
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state lifetime of PDI•− (160 ps).22 Such a low reaction efficiency
seems an unrealistic driver of the observable photochemistry
considering the usage of a low-power LED, the comparatively
short reaction time (3 h), and the product yield of 82% obtained
in the initial synthetically oriented study.22 To understand these
peculiarities, the reaction progress of 4-bromoacetophenone to
acetophenone was monitored over time (Figure 4b).30 This
study used UV−vis absorption spectroscopy to track the relative
concentration of PDI•− over a reaction period of 900 min using
450 nm light excitation. The UV−vis absorption signal of PDI•−

at 950 nm increased during the initial 20 min but declined after a
longer irradiation time (Figure 4b). In contrast, product
formation was relatively slow during the first 20 min of the
reaction, where a high concentration of the proposed photo-
active PDI•− was present. However, as irradiation progressed
and the concentration of PDI•− decreased, the rate of product
formation accelerated. Collectively, these findings quite clearly
indicate that PDI•− cannot act as the catalyst upon 450 nm
excitation for the reduction of 4-bromoacetophenone, and the
authors concluded that an in situ formed photodecomposition
product is likely to act as the photocatalyst in this case. However,
identifying the photoactive decomposition products of PDI•−

remained unsuccessful. Nevertheless, this study revealed that
decomposition only occurs in the presence of 4-bromoaceto-
phenone, leading to the appearance of a new paramagnetic
species.
A recent study utilized various red light-absorbing photo-

sensitizers to generate the proposed photoactive PDI•− via a
triplet-mediated ConPET excitation strategy.46 In this mecha-
nism, a photosensitizer is excited, reaching a triplet excited state.
A subsequent triplet−triplet energy transfer to PDI generates
3PDI. In the presence of an electron donor, the triplet excited
state is reductively quenched, forming the claimed photocatalyst
PDI•−. This catalytic system enables the use of 650 nm light
irradiation, compared to 450 nm without a photosensitizer,
while maintaining comparable reactivity with similar reaction
times and low-power LEDs. This paves the way for larger-scale
photocatalytic reactions and potential biological applications.46

However, as photostability in the presence of 4-bromoaceto-
phenone was not investigated, it remains unclear whether the
unknown decomposition product also absorbs red light or if
sensitized ConPET remains the dominant mechanism with this
specific excitation strategy. This uncertainty is underscored by a
related study on naphthalene diimide (NDI), where complete
decomposition of NDI•− was observed after 25 min of
irradiation in the presence of 4-bromobenzonitrile.66 As a result,
this study also suggested the presence of a photoactive
decomposition product, however, the specific photoactive
degradation product remained unidentified.66

A recent study into the structurally related naphthalene
monoimide precatalyst (NMI, Figure 5a) provided insight into
the possible nature of the observed photoactive decomposition
products of NMI•− and PDI•−. This study found that the
photoactive species might not be the NMI radical anion
(NMI•−) with its excited state lifetime of 24 ps, but rather a two-
electron reduced and protonated, closed shell Meisenheimer
complex ([NMI(H)]−) with a significantly longer excited state
lifetime of 20 ns (Figure 5a). Using UV−vis spectroelec-
trochemistry, the authors identified both NMI•− and [NMI-
(H)]− species (Figure 5b) and determined their excited state
redox potential to be approximately −2.7 V versus SCE in both
cases. However, the 3 orders of magnitude longer excited state
lifetime of the closed-shell Meisenheimer complex [NMI(H)]−

makes diffusion-controlled redox reactions far more kinetically
competitive with the inherent excited-state deactivation path-
way compared to 2*NMI•−. A Stern−Volmer analysis resulted in
a rate constant of 3 × 109 M−1 s−1 for SET from the
Meisenheimer complex ([NMI(H)]−) to 4-methylchloroben-
zoate and a rate constant of 1 × 107 M−1 s−1 in the case of
chlorobenzene, which is a compelling evidence for the
photoredox activity of the Meisenheimer complex.
In an alternative approach to understanding the reaction

mechanism, NMI•− was chemically generated and isolated using
KC8 to investigate its photocatalytic reactivity.24 Utilizing
NMI•− species as a photoreductant in stoichiometric amounts,
they explored the photoreactivity as a function of excitation
wavelengths (Figure 5c). When using methyl 4-chlorobenzoate
with a redox potential of −2.0 V versus SCE as a substrate,107

conversions (relative to the used internal standard) of 225% (at
455 nm), 155% (at 530 nm), 159% (at 630 nm), and 173% (at
730 nm) were observed (Figure 5c, entry 1−4). These results
are consistent with the absorption spectrum of NMI•− (Figure
5b, blue line), which displays a strong absorption across all
applied wavelengths. Furthermore, these results align with the
calculated excited-state reduction potential of −2.7 V versus
SCE for D1-excited NMI•−. However, when chlorobenzene with
a redox potential of −2.8 V versus SCE was employed as a
substrate,108 significant conversions were exclusively observed
when using either 455 nm (157%) or 530 nm (106%) light
excitation (Figure 5c, entries 5−8). These findings align more
closely with the UV−vis absorption spectrum of the
Meisenheimer complex (Figure 5b), even though the authors
could not detect its formation. But, in the initial mechanistic
study, the Meisenheimer complex did undergo dynamic excited-
state quenching with chlorobenzene, suggesting the formation
of [NMI(H)]− under these catalytic conditions.29 However,
neither the formed Meisenheimer complex nor the NMI•− can
explain the observed reactivity of extremely inert substrates,
such as 1,3-di-tert-5-chloro-2-methoxybenzene, which has a
reduction potential of −3.4 V versus SCE.28 Both potentially
photoactive species exhibit significantly lower excited-state
potentials.
A possible explanation can be found in the mechanistic study

of the structurally related benzo[ghi]perylene monoimide
precatalyst (Figure 6a).76 This proposed photoactive precatalyst
was applied for a photoinduced Birch reduction of benzene,
requiring reduction potentials of −3.4 V versus SCE (Figure
2n).13 Initially, reactivity was attributed to the excited radical
anion,13 s imilar to PDI• − and NMI• − discussed
above.21,22,24,28,59−62,65,66 A recent study including the same
research group uncovered the possibility of an imide ring
opening reaction under reaction conditions (Figure 6c).13 The
authors identified BPI-RO (Figure 6d) as the most plausible
photoactive decomposition product. Due to the instability of the
BPI-RO intermediate, a model photocatalyst was employed for
the mechanistic investigation (Figure 6b), representing the ring-
opened species. Using this model compound, they observed
reactivity from an emissive doubly reduced and protonated
intermediate (Figure 6d),76 similar to the above-discussed
Meisenheimer complex.29 The emission of the reactive
intermediate (Figure 6d) could be quenched by adding benzene,
resulting in a Stern−Volmer constant (KSV) of 0.39 M−1. This
study convincingly demonstrates that the photoactive species
may also arise from a more complex photodegradation product.
Hence, a similar decomposition product could perhaps explain

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.4c00974
JACS Au 2025, 5, 426−447

435

pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00974?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the observed reactivity of 2*NMI•− with 1,3-di-tert-butyl-5-
chloro-2-methoxybenzene.13

To summarize this section on polyaromatic diimides, our
simple analysis indicates the possibility of different main
reaction pathways depending on the involved substrates or
used excitation wavelength. This could be due to differences in
preassociation strength, the formation of different decom-
position products, variations in reaction rate constants, or even
reactions from higher excited states (anti-Kasha reactivity).
Overall, most mechanistic studies investigating the photoredox
activity of polyaromatic imide radical anions strongly suggest
that decomposition products are often responsible for the
observed photoreactivity. This relatively new insight into
photodegradation products could pave the way for designing
novel closed shell photocatalysts with extremely high excited-
state redox potentials,13,29,109,110 showing the importance of
such mechanistic investigations.
Dicyanoarene Radical Anions. 9,10-Dicyanoanthracene

radical anion (DCA•−) is a widely used compound for ConPET
and e-PRC (Figure 7a).10,24,27,43,71 However, the limited
stability and the observed photoreactivity of DCA•−, which in
some cases exceeds its predicted reduction power significantly,
raise doubts about whether DCA•− is really the photoactive
species driving the catalysis.29,33

Earlier investigations attributed strong fluorescence emission
centered around 500 nm to 2*DCA•−, suggesting a transition
energy of approximately 2.4 eV and an excited state lifetime of
12.5 ns.111,112 However, recent studies have revealed a much
shorter excited state lifetime of 3 ps,33 and a lower transition
energy of 1.7 eV,10,43 resulting in a lower excited state reduction
potential of −2.6 V versus SCE. Further, the observed emissive
species was identified as the 10-cyanoanthrolate anion formed

through the reaction of DCA•− with oxygen.29,90,113 Nowadays,
anthrolates are recognized as potent photocatalysts with
absorption bands between 400 and 550 nm (Figure 7c, blue
trace).114,115 This can be problematic, as many synthetically
oriented studies employ blue or green light to generate
2*DCA•−. In the presence of trace amounts of oxygen, the
photoactive 10-cyanoanthrolate anion degradation product can
be formed and is then excited efficiently with light of these
wavelengths.10,27,43,71

To minimize the risk of exciting 10-cyanoanthrolate anion or
other photoactive decomposition products, a recent study
employed [Cu(dap)2]+ as a photosensitizer to generate the
proposed photocatalytically active DCA•− using red light (635
nm).43 Upon absorption of a second red photon, SET from
2*DCA•− activates a selection of 50 substrates, with reduction
potentials ranging from −1.8 V versus SCE to −2.6 V versus
SCE (Figure 7b). This ConPET approach with two different
chromophores avoids the need for blue or green light excitation,
which might otherwise excite photoactive decomposition
products (Figure 7c). Further, no reactivity requiring stronger
reduction potential was observed than indicated by the
calculated potential limit of 2*DCA•− (−2.6 V versus SCE).
A mechanistically oriented study utilized a similar approach,

using chemically generated DCA•− in stoichiometric amounts to
activate different aryl chlorides (Figure 7d) across various
excitation wavelengths.24 For methyl 4-chlorobenzoate with a
reduction potential of −2.0 V versus SCE,107 reactivity was
observed across all applied wavelengths (Figure 7d, entries 1−
4). The conversions (relative to the used internal standard) of
247% (at 455 nm), 82% (at 530 nm), 77% (at 630 nm), and 37%
(at 730 nm) align well with the UV−vis absorption spectrum of
DCA•− (Figure 7c, orange trace) with strong absorption features
at all applied wavelengths. In contrast, the resulting conversions
do not align with the absorption spectrum of the proposed
decomposition product, 10-cyanoanthrolate anion, which shows
no absorption above 550 nm (Figure 7c, blue trace). However,
when chlorobenzene, with a redox potential of −2.8 V versus
SCE108 was tested, conversions of 174% (at 455 nm), 3% (at 530
nm), 0% (at 630 nm), and 0% (at 730 nm) were observed
(Figure 7d, entries 5−8). The lack of conversion with 630 and
730 nm light excitation, as well as the required high reduction
potential contrasts with the UV−vis absorption spectrum of
DCA•− and the expected reduction power of excited DCA•−.
Conversely, the UV−vis absorption spectrum of 10-cyanoan-
throlate anion is in relatively good agreement with the observed
excitation wavelength-dependent conversion. However, anthro-
late anions typically possess reduction potentials of −2.5 V
versus SCE,114,115 which should be insufficient to activate
chlorobenzene.
Speculatively, a doubly reduced and protonated DCA species

([DCA(H)]−), similar to what has been observed for NMI (see
discussion above), could be the photoactive species (Figure 7a).
This hypothesis appears plausible, considering the excess (1.1
equiv) of the KC8 reductant agent used, with a potential of −1.8
V versus SCE.117 This potential would be sufficient to generate
the doubly reduced DCA species with a reduction potential of
approximately −1.6 V versus SCE,43 and proton-coupling is
expected to further facilitate this 2-fold reduction event. The
UV−vis absorption spectrum of [DCA(H)]− (Figure 7c) shows
spectral features from 455 to 595 nm (corresponding to >2.0
eV), resulting in an estimated excited state redox potential of
approximately −3.6 V versus SCE, sufficient for the observed
reactivity.27 However, the UV−vis absorption signals observed

Figure 6. a. Used catalyst for the photoinduced Birch reduction of
benzene.13 b. Model compound for the ring-opened precursor
photocatalyst. c. Proposed photoactive Meisenheimer complex of the
model compound. d. Proposed ring opening decomposition pathway of
the precursor compound.76
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between 455 and 510 nm may be attributed to the presence of
the 10-cyanoanthrolate anion, as they closely match the
reference spectrum. Consequently, the absorption features of
[DCA(H)]− within that wavelength range remain unknown,
making a direct comparison to the observed reactivity with
chlorobenzene challenging. Nonetheless, an electrophotocata-
lytic study demonstrated that DCA could be utilized as an e-

PRC catalyst to activate substrates with excited state potentials
down to −2.9 V versus SCE.27 This is compatible with the
formation of [DCA(H)]−. These observations demonstrate the
possibility of different reactionmechanisms becoming dominant
depending on the substrates, light excitation wavelength,
catalytic conditions, and excitation strategy, even though the
same photoactive precursor compound was initially present.

Figure 7. a. Formation of the 9,10-dicyanoanthracene radical anion (DCA•−) and the photodegradation products 10-cyanoanthrolate anion and the
doubly reduced and protonated 9,10-dicyanoanthracene ([DCA(H)]−). b.Obtained substrate conversion yields for dehalogenation and detosylation
reactions against the reduction potential of 50 tested substrates. For these red-light driven reactions, almost all substrates with a reduction potential less
negative than −2.3 V lead to 80% or higher conversion (green box), whereas substrates with more negative potentials (red box) lead to lower
conversions. Data was extracted106 from ref.43 c. UV−vis absorption spectrum of DCA•−,43 10-cyanoantholate,116 and the doubly reduced and
protonated dicyanoanthracene ([DCA(H)]−).27 Raw data was extracted106 from the corresponding refs27,43,116 d. Conversion of aryl chloride
derivatives to dimethylphenylphosphonates determined by quantitative 31P NMR spectroscopy using different excitation wavelengths (λ) and
chemically generated DCA•− in stoichiometric amounts.24

Figure 8. a. Double logarithmic plot of the product concentration of the BHAS reaction of 1-(2-chlorobenzyl)-1H-pyrrole to 5H-pyrrolo[2,1-
a]isoindole after 30 minutes as a function of excitation power density. b. Two-color pump−pump−probe experiment performed at variable electron
acceptor concentrations. The arrow illustrates the key observablesΔODpp (pp = pump−probe, signal intensity just before the second pump pulse) and
ΔODppp (ppp = pump−pump−probe, signal intensity immediately after the second pump pulse). The inset shows the Stern−Volmer-like plot based
on the two-color pump−pump−probe experiment performed at variable electron acceptor concentrations. c. Static quenching of the kinetic traces of
the transient UV−vis absorption ground state bleach of DCB•− at 760 nm in the presence of different 5H-pyrrolo[2,1-a]isoindole substrate
concentrations. The inset shows a Benesi−Hildebrand plot assuming a 1:1 preassociation between DCB•− and 5H-pyrrolo[2,1-a]isoindole, based on
the integrated differences of changes in optical densities (ΔΔODInt). All raw data are summarized from ref.38
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In a recent study, we identified 4,4’’-dicyano-p-terphenyl
(DCT) and 4,4′-dicyanobiphenyl (DCB) as strong reductants
in their excited radical anionic form.38 Since both DCT and
DCB absorb only in the ultraviolet range, a conventional
ConPET strategy is not applicable. Instead, we employed a
ConPET approach with a second chromophore to enable the
formation of the photoredox active DCT•− and DCB•− under
visible light (Figure 1b). These species were then applied in
challenging redox-neutral base-promoted homolytic aromatic
substitution (BHAS) reactions (Figure 2m). The use of visible
light excitation and the absence of classical amine-based electron
donors minimize the risk of forming possible photoactive
decomposition products.29,33 Further, mechanistic insights were
obtained through a two-photonic process analysis of the BHAS
reaction (Figure 8a, inset).102 The product formation yield
versus the excitation power density showed two regimes (Figure
8a): a biphotonic process with a slope of 1.8 and a pseudo
monophotonic process with a slope of 1.1 at higher excitation
power densities (above 20 W/cm2). This suggests a high steady
state concentration of DCB•− at high laser power, leading to a
pseudo monophotonic reaction regime. Such a two-regime
observation is often observed for two-photonic mechanisms
with relatively long-lived intermediates.118,119 Spectroscopic
evidence for the photoredox activity of the radical ions was
provided by two-color pump−pump−probe laser flash
photolysis (Figure 8b), similar to an approach used in a previous
study.5 In this experiment, a 355 nm nanosecond laser pulse
generated DCT•−, which, upon a 4 μs delay, was selectively
excited by a 532 nm pulse to form 2*DCT•−. This pulse caused
significant bleaching of the DCT•− signal in the presence of an
electron acceptor (in this case CH2Cl2), indicating SET of
2*DCT•−. The preassociation of the radical anion with the
substrate (in this case 1-(2-chlorobenzyl)-1H-pyrrole) was
quantified using femtosecond two-color pump−pump−probe
experiments. Here, the kinetic trace of the ground state bleach
was detected at 760 nm in the presence of increasing substrate
concentrations (Figure 8c). Although decay kinetics remained
unchanged up to 130 mM substrate concentration, the
amplitude of the transient absorption signal decreased with
higher substrate concentrations, suggesting static excited-state
quenching. Benesi−Hildebrand analysis assuming a 1:1
preassociation between DCB•− and 5H-pyrrolo[2,1-a]isoindole
provided an association constant of 185± 40M−1 for the radical
anion-substrate interaction (Figure 8c, inset). Calculating the
free energy of this association usingΔG =−RT ln(Ka) (with R as
the universal gas constant and T = 293 K), yielded a value of 13
kJ/mol.120 This value is lower than typical anion-π interaction
energies of 20−50 kJ/mol121 and a reported 21 kJ/mol for
aminium radical cation-chlorobenzene interactions.25 Never-
theless, this indicates a substantial driving force for radical ion−
substrate preassociation, which could form the basis for fast
static SET in more cases than previously recognized.
Donor−Acceptor Cyanoarene Radical Ions. Donor−

acceptor cyanoarene radical ions are a widely applied class of
photocatalysts, with numerous examples in the litera-
ture.14,19,20,52−55,57,58,73,74 However, mechanistic studies remain
scarce, which is particularly problematic given that cyanoarenes
are known to form photoactive decomposition prod-
ucts.79,122,123 In a recent study, 3CzIPN•− and 4DPAIPN•−

(Figure 2a) were investigated using ultrafast TA spectroscopy.72

They observed a biexponential decay of the excited radical
anion, with a 300 fs component attributed to internal conversion
from the higher-lying Dn (n > 1) states and an approximately 20

ps component corresponding to the D1 excited state. However,
when examining the transient absorption decay kinetic in the
often inaccessible NIR range from 800 to 1600 nm, they found a
broad TA signal at 1440 nm, decaying on a much longer time
scale (nanosecond range). This observed absorption band at
1440 nm is characteristic of solvated electrons in acetoni-
trile.124,125 The quantum yield of solvated electron production
was estimated to be 10% for 4CzIPN•− and 20% for
4DPAIPN•−.72 The excited state lifetime of D1 and Dn remained
unchanged in the presence of an electron acceptor, such as 4-
bromoanisole or 4-chloroanisole, with a reduction potential of
down to −2.9 V versus SCE.2 However, the lifetime of the
formed solvated electron decreased significantly, from which a
reaction rate constant of ∼3.4 × 1010 M−1 s−1 was determined.
This indicates a diffusion-based reactivity of the solvated
electron,44,47,126 kinetically outcompeting the excited organic
radical anion (Figure 9). Further, TDDFT calculations suggest

that photoionization occurs by exciting the system to a higher
excited state (Dn), as the lowest excited state with an energy of
0.8 eV shows insufficient redox power to generate the solvated
electron (Figure 9).72 The generation of solvated electrons
could be generally feasible for many other reductive organic
radicals upon photoexcitation, particularly when extreme
excited-state reduction potentials are reached.
4.2. Radical Cations

N-Phenylphenothiazine Radical Cation. N-Phenylphe-
nothiazine radical cation (PTH•+) is widely used in oxidative
photocatalysis as discussed above (Figure 3a). For its D1-excited
state, an oxidation potential of +2.2 V versus SCE is expected
(Table 2, entry 5). Next to C−H heteroamination of electron-
deficient arenes,6 or pentafluorosulfanylation reactions,7,42,86

PTH•+ can also be utilized in chloride oxidation reactions
(Figure 10).5 In this study, the authors employed a nanosecond
two-color pump−pump−probe experiment, similar as shown in
Figure 8b, to explore the SET of 2*PTH•+ with Cl−.5 Similarly to
Figure 8b (inset), with increased chloride concentration a
stronger signal bleach was observed. Analogous data analysis
revealed a Stern−Volmer constant of 0.36 M−1. Hence, the

Figure 9. Schematic reactivity of donor−acceptor cyanoarene radical
anions based on their redox potentials. The excitation energy of 0.8 eV
to the D1 state corresponds to the lowest-energy transitions of the
cyanoarene radical anion, as determined by DFT calculations. The
excitation energy of 2.4 eV to the Dn states (n > 1) corresponds to the
observed visible absorption band of 4CzIPN•−. The 300 fs excited state
lifetime of the Dn state prevents efficient photoinduced electron transfer
(purple leftward arrow) to the substrate (ArX). The photoionization
(orange rightward arrow) generates a solvated electron storing the
extreme redox potential on a nanosecond time scale, acting as a
mediator. Now, diffusion-based single electron transfer to the substrate
(ArX) can occur (blue arrow).
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authors concluded preassociation of the PTH•+ and chloride ion
with an ion-pairing equilibrium constant of Ks = 0.36 M−1.5

However, the authors also noted that the persistence time of
PTH•+ (in its electronic ground state) decreased in the presence
of high chloride concentrations. Given that the direct oxidation
of chloride by PTH•+ is thermodynamically unfavorable by >500
mV, the authors proposed an alternative disproportionation
mechanism (Figure 10). In this mechanism, two PTH•+

molecules combine to form one neutral PTH and one highly
oxidative doubly oxidized PTH2+ species. Analysis of PTH’s first
and second oxidation potentials revealed that the disproportio-
nation equilibrium heavily favors PTH•+. Nonetheless, the
irreversible chloride oxidation may shift the equilibrium toward
PTH2+ over the course of a proceeding photoreaction. Using the
transient absorption kinetics, the authors estimated the
disproportionation equilibrium using a kinetic model. The
resulting low disproportionation equilibrium in the presence of
chloride of ∼5.5 × 10−8 M−1 is in line with the observed low
reaction yields under these conditions.5 Such disproportiona-
tion reactions can, in principle, also occur for other radical ions.
However, in most cases, the disproportionation equilibrium of
photoactive radical ions is unfavorable. Consequently, such a
disproportionation mechanism is unlikely to be the main
reaction pathway in most cases of synthetically oriented studies.
Triarylammonium Radical Cations. In recent studies,36,92

triphenylammonium radical cations (TPA•+) were used for the
blue light driven activation of substrates that require oxidation
potentials > +3.0 V versus SCE (Figure 3a).36 The observed
excited state lifetime of TPA•+ around 10 ps rules out diffusion
controlled bimolecular reactivity at commonly used substrate
concentrations. Hence, the required preassociation between
TPA•+ and substrate molecules was investigated.
The UV−vis absorption spectrum of TPA•+ was recorded in

the presence and absence of a substrate. When utilizing
TCBPA•+ (Figure 3a), a slight shift of the UV−vis absorption
signal from 384 to 395 nm was reported upon adding
chlorobenzene, suggesting preassociation.25,36 The EPR signal
of TCBPA•+ revealed two radical species corresponding to one
triplet and one superimposed singlet signal (Figure 11a, black
trace). This finding was taken as evidence for the existence of
two rotamers. A significant change in the signal shape occurred
upon adding chlorobenzene, resulting in the almost exclusive
appearance of the triplet signal, which suggests an association of
chlorobenzene with one of the two TCBPA•+ rotamers (Figure
11a, orange trace).25,36 Similar, but smaller effects were observed
when using 1,2-dichlorobenzene (Figure 11a, blue trace), and

only minor differences could be observed using 1,4-dichlor-
obenzene (not shown). This is in line with the observed
decrease in C−H heteroamination reaction yields of 65%
(chlorobenzene), 17% (1,2-dichlorobenzene), and 6% (1,4-
dichlorobenzene), indicating that substrate preassociation is
crucial for the reaction performance. Density functional theory
(DFT) calculations were performed with variable substrates to
quantify the free energy of the proposed preassociation. A value
of approximately 19.2 kJ/mol was obtained for TCBPA•+ with
chlorobenzene. Additionally, a change in spin density was
calculated for TpBPA•+ upon substrate aggregation (Figure
11c), which explains the observed changes in the EPR signal and
the UV−vis absorption spectrum. Interestingly, this could only
be observed with TpBPA•+, whereas structurally similar TPA•+

shows only minor changes in the EPR signal and no differences
in the UV−vis absorption spectra despite the demonstrated
reactivity.25 Nonetheless, preassociation with TPA•+ could be
shown by DFT calculations. However, no changes in the spin
density were found (Figure 11b). Even though the authors
showed evidence for the expected preassociation, direct D0 →
D1 excitation of different TPA•+ photocatalysts resulted in no
reactivity. Furthermore, some substrates had oxidation
potentials above >3.0 V versus SCE, whereas D1-excited
TdCBA•+ can only provide an oxidation power of up to 2.7 V
versus SCE (Table 2, entry 7). Hence, the authors speculated
that anti-Kasha reactivity might occur from a higher excited state
(Dn, n > 1) absorbing at 395 nm.36

However, another investigation that examined structurally
related prephotocatalysts, specifically TPAC(Me)2 (Figure 3a),
questioned this interpretation.92 In this study, ultrafast transient
absorption spectroscopy demonstrated reductive quenching of
2*[TPAC(Me)2]•+ by 1,2-dimethoxybenzene. This SET was
evidenced by the formation of oxidized 1,2-dimethoxybenzene,
characterized by an absorption band at 505 nm. This formation
of 1,2-dimethoxybenzene radical cation indicates reactivity of
2*[TPAC(Me)2]•+, but no changes were observed when using
different excitation wavelengths, resulting in the formation of D1
(700 nm) or Dn (400 nm) excited states, indicating that anti-
Kasha reactivity is not occurring in this case.

5. POSSIBLE ANTI-KASHA BEHAVIOR INVOLVING
ULTRA-SHORT-LIVED EXCITED STATES

All electronically excited species decay by cumulative relaxations
back to their ground state. Any photochemical reaction step
leading to a substrate activation must compete with these

Figure 10. Proposed mechanism of the investigated chloride oxidation
using PTH and a ConPET excitation strategy.5

Figure 11. a. EPR spectra of TCBPA•+ in the absence (black line) and
presence of chlorobenzene (orange line) or 1,2-dichlorobenzene (blue
line). The raw data were extracted106 from ref.25 b/c.DFT spin density
plot of TpBPA•+ with mesitylene (b) or TCBPA•+ with chlorobenzene
(c).25 Copyright 2021 Authors, licensed under a Creative Commons
Attribution (CC-BY-3.0) license.
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relaxation processes. The ratio η between the substrate
activation rate and the total excited-state decay rates can be
used as a descriptor of the probability of the excited state to
initiate a chemical reaction. For bimolecular reactions, this
substrate activation efficiency η can be determined by using eq
1,118,127,128

=
× [ ]

+ × [ ]
=

k Q

k Q
q

q
1

0

0
0 (1)

where kq is the bimolecular reaction rate constant in units ofM−1

s−1, τ0 is the natural excited state lifetime (i.e., the lifetime in the
absence of substrate), and [Q] is the substrate concentration.
To analyze whether diffusion-based SET can occur from

excited radical ions, we examine the reaction efficiency (η) at
typical excited state lifetimes of radical ions between 1 and 100
ps (Tables 1 and 2). Additionally, excited state lifetimes of 10
and 100 fs were analyzed to assess under what conditions anti-
Kasha reactivity from higher excited states might occur.25,92 As
the excited radical ions often show high driving forces for SET
reactions (leading to essentially activationless electron transfer),
diffusion-controlled reaction rates of kq = 5 × 109 M−1 s−1 were
assumed similar to previous studies.129 Substrate concentrations
between 0 and 50 mM were considered as typical substrate
concentrations, in line with most synthetically oriented
photoredox studies. The resulting substrate activation efficien-
cies η for different excited state lifetimes τ0 are shown in Figure
12b.
For excited state lifetimes of <100 ps, a quenching efficiency

of less than 2% is expected at a substrate concentration of 50
mM. Hence, less than every 50th absorbed photon leads to the
formation of the primary photoproducts. This substrate
activation efficiency η drops even further with the more
common radical ion excited state lifetimes of ∼10 ps (Tables
1 and 2) and lower substrate concentrations. This raises the

question of whether the initial substrate activation step (Figure
12a) is efficient enough to drive reactions involving such
picosecond-lived excited states, even under conditions, where all
subsequent elementary steps proceed with 100% efficiency. To
address this question, we calculated the maximally expectable
number of equivalents of primary photoproduct (Figure 12c)
after the initial SET reaction for various light sources with
different irradiances and for various excited state lifetimes using
eq 2,

=
×
×

n

n
equiv of primary photoproduct photon

substrate (2)

where nphoton corresponds to the total amount of absorbed
photons, η is the substrate activation efficiency, nsubstrate is the
molar quantity of substrate starting material, and ν the number
of photons needed per catalytic turnover (in the case of the
biphotonic ConPET mechanism ν = 2).
To estimate the total number of photons and substrate

molecules involved in a hypothetical reaction, we considered a
model reaction setup where a 1 cm2 area of a total volume of 1
mL is irradiated. These assumptions resemble reactions
conducted in optical cuvettes, with a path length of 1 cm,
which is a common setup for mechanistic investigations in
photoredox catalysis.127 Assuming a substrate concentration of
50 mM, complete photon absorption, and an irradiation time of
10 h at an excitation wavelength of 447 nm, the amount of
absorbed photons (in mol) can be calculated with eq 3,

=
×
×

n
P t

E NA
photon

light

photon (3)

where Plight is the power output of different light sources inW, t is
the irradiation time (36000 s = 10 h), Ephoton is the energy of a
single photon with a wavelength of 447 nm (4.44× 10−19 J), and
NA is Avogadro’s constant.

Figure 12. a. Simplified reaction scheme for diffusion-controlled bimolecular SET with radical ion photoactive compounds (PC). For simplicity, the
radicals are depicted as 2PC•, representing both the radical anion (2PC•−) and the radical cation (2PC•+). Initially, the radical ion undergoes
photoexcitation, forming the excited radical ion (2*PC•). Diffusion brings the substrate into spatial proximity, to form a so-called “encounter complex”,
in which SET occurs from the excited radical ion to a substrate (Sub) forming the radical cation or radical anion of the substrate (2Sub•). If the
determination of kq is based on excited-state quenching experiments, the substrate activation efficiency η describes the efficiency for forming the
primary photoproducts [PC + 2Sub•], which are still embedded in a solvent cage. The subsequent elementary reaction step of cage escape then
liberates the photoproducts. Since the cage escape efficiency is generally not unity,130 the product formation efficiency is lower than the substrate
activation efficiency, though this fact is often ignored.131 b.Diffusion controlled substrate activation efficiency (η) for typical excited state lifetimes and
substrate concentrations using eq 1. A diffusion-controlled SET rate constant of 5× 109M−1 s−1 was assumed, a typical value for many organic solvents
at room temperature.129 c. Theoretically available equivalents of primary photoproducts per substrate molecule after the initial SET at different excited
lifetimes of the radical ions and various light sources with different irradiances (see text for details).
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The total amount of substrate molecules initially present in
the reaction mixture can be calculated with eq 4,

= ×n c Vsubstrate (4)

where c is the substrate concentration (50 mM), and V is the
reaction volume (1 mL). Substituting eqs 3 and 4 into eq 2, we
then calculated the expectable number of formed equivalents of
primary photoproduct as a function of different excited state
lifetimes at typical irradiances of commonly used light sources: 2
W cm−2 (continuous wave (cw) laser),132 400 mW cm−2 Kessil
lamp, and 100 mW cm−2 microscope LED’s (Figure 12c).127

Equivalence of primary photoproduct greater than 1 indicates
an excess of activated substrate with respect to initially present
substrate (implying repeated activation of a given substrate
molecule during the continuous photoexcitation). In contrast, a
value below 1 indicates insufficient primary photoproduct
formation to obtain full substrate conversion. At excited state
lifetimes below 3 ps, it appears evident that diffusion-based
reactivity is not sufficient to drive the catalysis, regardless of the
excitation sources used. This is even true when a faster reaction
rate of 1010 M−1 s−1 is assumed. However, with excited state
lifetimes approaching 100 ps, diffusion-based reactivity might
become a possible mechanism. In this scenario, up to 32 times
more primary photoproducts can be theoretically formed than
the initial number of substrate molecules when using a cw laser
and up to 13 timesmore with a Kessil LED. As a result, even with
a typically observed cage escape quantum yield of∼10% (Figure
12a), full conversion can be possible, assuming there are no
other major loss channels after cage escape.130,131,133−135

A similar analysis can be applied to a scenario where
preassociation between the photoactive radical ion and a
substrate molecule facilitates static and, consequently, much
faster SET to the substrate (Figure 13a). The substrate
activation efficiency η, in this case, can be estimated using eq 5:

=
+

×k
k

ET

ET0
1 preassociation

(5)

where τ0 is the natural excited state lifetime, kET is the electron
transfer rates, and ηpreassociation is the preassociation efficiency
between the substrate and the 2PC•.
To estimate the efficiency of preassociation (ηpreassociation), the

ratio of substrate-2PC• aggregate concentration ([Sub···2PC•])
to initial 2PC• concentration ([2PC•]start) was calculated using
eq 6,

= [ ··· ]
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where Ka is the association constant and [Sub]start is the starting
concentration of substrate. The derivation of eq 6 is provided in
the (SI).
Using classical concentrations of substrate (1 mM to 100

mM) and 2PC• (100 μM), the aggregation efficiency was
calculated for various association constants (Figure 13b). A
value of 1 indicates that each 2PC• is aggregated with a substrate.
With the previously reported association constant of 180 M−1

for radical anion-π interactions,38 a classical substrate concen-
tration of 50 mM and a 2PC• concentration of 100 μM,
approximately 90% of the 2PC• is preassociated with the
substrate. This suggests that preassociation is not necessarily the
limiting factor for subpicosecond reactivity, at least at the
beginning of the reaction.
Now, the substrate activation efficiency (η) can be calculated

using eq 5 as a function of excited state lifetime (τ0 = 10 fs to 10
ps) for various electron transfer rates (kET = 109 s−1 to 1013 s−1),
assuming a preassociation efficiency of 1 (Figure 13b). For the
relatively slow electron transfer rate of 1010 s−1 and with excited
lifetimes above 1 ps, a substrate activation efficiency of above

Figure 13. a. Simplified reaction scheme for static SET between radical photocatalysts (2PC•) and substrate molecules (Sub). For simplicity, the
radicals are designated as 2PC•, representing both the radical anion (2PC•−) and the radical cation 2PC•+). First, preassociation needs to occur between
2PC• and Sub, forming the preaggregate ([2PC•···Sub]). Second, the [2PC•···Sub] gets excited, forming the excited radical ion-substrate aggregate
([2*PC•···Sub]). Subsequently, static SET forms the radical cation or radical anion of the substrate (2Sub•). The substrate activation efficiency η
describes the efficiency for forming the primary photoproducts [PC + 2Sub•], which are still embedded in a solvent cage. The subsequent elementary
reaction step of cage escape then liberates the photoproducts. Since the cage escape efficiency is generally not unity,130,131 the product formation
efficiency is lower than the substrate activation efficiency, though this fact is often ignored. The primary photoproduct ([PC + 2Sub•]), and the
activated substrate can further react upon cage escape. b. Preassociation efficiency (ηpreassociaton) of 2PC• and Sub as a function of association constant
(Ka) and substrate concentrations. c. Static excited state quenching efficiency (η) for different natural excited state lifetimes and substrate
concentrations using eq 5. d. Theoretically available equivalents of primary photoproducts per substrate molecule after the initial SET at different kET
values and different excited state lifetimes (see text for details).
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∼1% is observed (Figure 13c, green line). However, when kET
reaches 1012 s−1,136 which can occur when the driving force
matches the system’s reorganization energy (λ) of approx-
imately 0.7 eV,137,138 efficiencies greater than 1% can, in
principle, be expected even with ultrashort excited state lifetimes
of 10 to 100 fs (Figure 13b, orange and blue traces). Such short
decay times are typical for internal conversion from a higher
excited state to lower excited states. The significantly higher
driving force for SET from the higher excited states could make
anti-Kasha reactivity competitive with their inherent excited
state decay, according to our analysis.
With the substrate activation efficiency determined, the

theoretically available equivalents of primary photoproducts
were calculated for a 400 mW cm−2 Kessil LED using eq 2.
These values were then plotted against kET values ranging from
108 s−1 to 1013 s−1 for various excited state lifetimes between 10
fs and 10 ps (Figure 13d). For excited radical ions with lifetimes
greater than 1 ps, approximately six equivalents of primary
photoproducts can be expected when using a Kessil lamp (400
mW cm−2) and assuming a relatively low kET value of 1010 s−1.
This relatively high value of 6 underscores the benefit of
preassociation between the substrate and the photocatalyst
when the excited state decays rapidly (i.e., < 10 ps).
Interestingly, even higher excited states with ultrashort lifetimes
of 10 to 100 fs can still form the primary photoproduct
effectively, producing approximately 5 to 60 equiv of the
theoretical primary photoproduct when a kET value of 1012 s−1 is
assumed. As a result, even with a typical 10% cage escape
quantum yield, anti-Kasha reactivity seems plausible using a
simple Kessil LED, assuming there are no other major loss
channels after cage escape,130,131,133−135 potentially opening a
door to new photochemistry that was previously unthinkable.
The key requirement seems to be quite simply efficient
preaggregation between the photoactive species and the
substrate.

6. CONCLUSION AND OUTLOOK
Excited radicals have long been recognized as potentially
important photoactive species that might become useful for
photocatalysis.32,34,40,85,87,89 However, it was not until 2014,
with the introduction of a synthetically oriented ConPET
excitation strategy, that excited radicals were rediscovered as
potent compounds in organic photoredox catalysis.22 Synthetic
studies reveal a broad application potential for excited radical
ions using the ConPET or the e-PRC strategy. Nevertheless, in-
depth mechanistic studies on excited radicals have identified
different possible reaction pathways.24,25,30,35,38,43 These
include forming decomposition products which can act as
photocatalysts,29,76,90,113−115 disproportionation reactions lead-
ing to doubly oxidized or reduced species,5 or the formation of
solvated electrons.17,72

Our analysis suggests that the primary mechanism may vary
throughout the reaction or depending on the substrate used.
This variability presents challenges for mechanistic studies, as
time-dependent spectroscopy techniques such as nanosecond
two-color pump−pump−probe experiments,5,38 or femto-
second transient absorption experiments35,38,67,92 usually only
reveal the possible reaction pathway at the start of a
photocatalysis. However, this pathway can significantly change
over the irradiation time. As a result, these experiments may not
necessarily elucidate the primary reaction mechanism through-
out the entire irradiation period relevant to synthetic conditions.
This may be achieved by monitoring product formation as a

function of irradiation timewhile observing the generation of the
primary photoactive species, in this case, the radical ions.30,66,139

In scenarios where product formation follows the decay of the
photocatalyst concentration, it indicates that a decomposition
product drives the reaction.30 Conversely, when increased
reactivity correlates with higher levels of formed radical ions, it
provides evidence that the radical is responsible for the
photoreactivity. Another approach is observing product
formation at different excitation wavelengths (indicated in
Figure 7c/d). The absorption spectrum of the photoactive
species should reflect the observed reaction yield when the same
power densities are used.24,140 However, such an analysis may be
inconclusive for the biphotonic ConPET excitation strategy, as
the first photon absorption event is often much more efficient
than the second. When using two photosensitizers, they might
show different absorption behavior. Hence, this methodology
may be more applicable when photoredox active radical ions are
generated chemically or electrochemically.24 For the ConPET
excitation strategy, a quadratic power dependencymay serve as a
relatively straightforward means to investigate the biphotonic
nature of the ConPET mechanism,67,102 keeping in mind that
deviations from this behavior can occur at high excitation
densities.38 Problematically, such quadratic dependencies are
expected for many different types of biphotonic mechanisms,
including biphotonic mechanisms that originate from the
formation of photodegradation products.122,123 Hence, combin-
ing time-resolved spectroscopy with the arguably simpler
observation of product yields at different irradiation times,
excitation wavelengths, or power densities can provide a more
comprehensive picture of the dominant mechanism over a
typical irradiation time of multiple hours. Obtaining a more
complete understanding of the dominant mechanisms may lead
to designing more efficient catalytic systems and discovering
novel and more efficient photocatalysts or mechanistic path-
ways.
Arguably, the extremely short excited state lifetimes of organic

radicals remain a significant challenge in the rational design of
novel catalytic systems. Our analysis indicates that excited state
lifetimes of less than 10 ps necessitate preassociation of the
organic radical photocatalyst with the substrate, as diffusion-
based SET is too slow for efficient catalysis. Understanding and
developing effective preassociation strategies remains a
significant limitation in developing efficient catalytic systems
utilizing organic radicals. Effective preassociation of organic
radical photocatalysts with substrates could enable faster SET
even on the ultrafast time scale of 10−100 fs, as demonstrated by
our analysis (Figure 13). Rapid SET within photocatalyst-
substrate aggregates might indeed facilitate reactivity from
higher excited states (Dn, n > 1), a phenomenon known as anti-
Kasha reactivity.141 Anti-Kasha reactivity leads to significantly
higher redox potentials because it allows more energy to be
retained in the catalytic system, enhancing energy efficiency by
preventing nonradiative decay to the lowest excited state (Figure
14). This effect has been recognized in zinc(II) porphyrins,
where anti-Kasha emission from the S2 state, with a relatively
slow internal conversion with an excited state lifetime of 1.5
ps.142 In this case, subpicosecond SET can be observed in
covalently linked and preassociation-based donor/acceptor
systems.143−153 Additionally, such anti-Kasha reactivity has
been applied for SET initiation reactions in polymerization.153

For such a fast reaction to occur, an SET rate constant of 1012 s−1

is necessary. Achieving such fast rate constants requires an SET
driving force on the order of the typical reorganization energy of
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approximately 0.7 eV to achieve a barrierless SET.138 In classical
excited radical anions, the energy difference between D1 and D2
excited states can be as large as 1.5 eV, making this a realistic
scenario. Further, the excited state lifetime of higher excited
states may be increased by introducing symmetry that forbids
the transition of the higher excited state, increasing the
likelihood of anti-Kasha reactivity.154−156

Applying this principle to organic radicals could unlock
extreme redox potentials, enabling selective reactivity for
applications such as chiral resolution, selective decomposition
of persistent pollutants, or addressing particularly challenging
SET reactions, provided that efficient preassociation can be
precisely controlled.
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Figure 14. Concept of anti-Kasha reactivity for excited radical anions.
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lowest excited state D1 (black dotted arrow).
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