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tum efficiency, detailed analy-
sis of mechanisms and kinetic data for key steps are essential. In this work, using time-re-
solved emission and absorption spectroscopy, we conducted a mechanistic study focusing on
the excited-state properties of representative photocatalysts and their quenching efficiencies
during the initial quenching process ([Ir(dFCF3ppy)2(dtbbpy)]™ (IrIIl), Eosin Y (EY), Rose
Bengal (RB), and 4CzPN). Our findings revealed that RB is active in its triplet states
(*RBH*), with lifetimes of 103 ns (in air) and 3.4 ps (in anaerobic conditions), while EY and
4CzPN are active in their singlet states (‘EYH* and '4CzPN*), with lifetimes of 2.9 ns and
5.1 ns, respectively. We measured the second-order rate constants for quenching by electron
transfer from a-keto acids: "EYH*, 2.3 x 10? (mol/L)!-s71; SRBH*, 3.2 x 10% (mol/L) *-s7};
14CzPN*, 2.8 x 10% (mol /L) !-s™1. With our previously reported data for IrIII, we established
the quenching efficiency relationships for these photocatalysts with a-keto acids concentra-
tion. Our steady-state chromatography experiments determined the quantum efficiencies for
consumption of o-keto acids (IrIIIl > RBH > EYH > 4CzPN), correlating these efficiencies with
the initial quenching process. The results suggest that IrIIl/RBH under anaerobic conditions
could be optimal for high quantum efficiency. This study provides a foundation for designing
new photocatalytic a-keto acid radical acylation systems with enhanced quantum efficiency.
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I. INTRODUCTION

T Part of Special Issue “In Memory of Prof. Xingxiao Ma on the oc- Acyl radicals are highly reactive species that play a

casion of his 90th Anniversary”. ) crucial role in organic synthesis chemistry, participat-
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Scheme 1. Novel photocatalytic a-keto acids radical acylation reactions and the structures of photocatalysts used in these

reactions.

synthesizing functional organic molecules. Compared to
other acylating agents such as acyl chlorides and car-
bon monoxide, a-keto acids (RCOCOOH) offer advan-
tages like structural stability and low toxicity, making
them ideal acylating agents [1, 2]. In this context, the
decarboxylation of RCOCOOH to generate acyl radi-
cals has garnered significant attention [2]. However,
most current methods require excess strong oxidants
and/or high reaction temperatures. Consequently, de-
veloping a mild and environmentally friendly method to
facilitate the decarboxylation of RCOCOOH holds sig-
nificant research value. In recent years, photocatalytic
reactions have become a green and practical synthetic
technology [3]. Similarly, the photoredox catalytic
RCOCOOH decarboxylation, which facilitates the easy
formation of various carbonyl products under mild con-
ditions, has recently been recognized as an appealing
and promising method [4—16].

For example, in 2015, Fu et al. reported that iridium
(Ir) photoredox catalysts facilitated the decarboxyla-
tive addition of RCOCOOH to olefine Michael accep-
tors [7]. This work introduced a novel acyl Michael ad-
dition, utilizing RCOCOOH to produce acyl anion via
photocatalytic decarboxylation (Scheme 1). In the same
year, Wang et al. presented a photocatalytic decar-
boxylative ortho-acylation of acetanilides with RCO-
COOH using a dual catalytic system involving Eosin Y
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and Pd, which demonstrated a wide substrate scope and
excellent functional group tolerance [8] (Scheme 1). In
2019, using Rose Bengal as the photocatalyst, Wei et al.
unveiled a method for synthesizing a-ketoamides from
RCOCOOH, involving photocatalytic promoting decar-
boxylation, radical addition, and hydration [13]
(Scheme 1). In 2020, utilizing 4CzPN as the photocata-
lyst, Liu et al described a photoredox catalytic route
for preparing 2,5-disubstituted 1,3,4-oxadiazoles species
via a decarboxylative cyclization reaction of RCO-
COOH, which involved the coupling of radical interme-
diates to construct new C—N/C—-0 bonds [17] (Scheme 1).

From the perspective of synthetic methodology, pho-
tocatalytic systems need to consider the sustainability
of the reaction, with high quantum efficiency being es-
sential [18, 19]. However, despite the rapid expansion of
reaction systems for implementing various photocat-
alytic o-keto acid decarboxylation-mediated radical
acylation systems, quantum efficiencies have typically
been overlooked and not optimized. In principle, such
photocatalytic reactions often involve multiple highly
reactive transient species, including excited states and
radicals, and various reaction pathways [3]. Optimizing
and improving the quantum efficiency of this type of
photocatalysis requires a detailed analysis of these com-
plex underlying mechanisms and precise measurement
of the kinetic data involved [19]. Since these photocat-

© 2024 Chinese Physical Society
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alytic reactions are typically driven by electron transfer
between the catalytically active excited states of photo-
catalysts and RCOCOOH substrates, the quenching ef-
ficiency of this key step largely determines the quan-
tum efficiency of the entire catalytic cycle. Therefore, it
is crucial to obtain information on the properties of
these catalytically active excited states, such as excited-
state singlet/triplet and lifetimes, as well as their
quenching rate constants by substrates. However, stud-
ies focusing on these key reaction steps and kinetic in-
formation remain scarce.

In this context, using time-resolved emission and ab-
sorption spectroscopic techniques, we thoroughly ex-
plored the initial quenching steps of various photocata-
lysts previously reported for photoredox catalytic RCO-
COOH radical acylation reactions, including
[Ir(dFCF3ppy)2(dtbbpy)]t (Ir1ll), Eosin Y (EY), Rose
Bengal (RB), and 4CzPN. We found that the photocat-
alytic excited state of RB is its lowest triplet state:
SRBH* (RBH, the protonated form of RB). The life-
times of SRBH* are 103 ns in air and 3.4 ps under anaer-
obic conditions. In contrast, the photocatalytic excited
states of both EY and 4CzPN are their singlet states:
'EYH* (EYH, the protonated form of EY) and
14CzPN*, with measured lifetimes of 2.9 ns and 5.1 ns,
respectively. Meanwhile, we measured the second-order
rate constants for the quenching of the photocatalytic
excited states of these catalysts by electron transfer
from a-keto acids (PhCOCOOH): 'EYH*, 2.3x
10° (mol/L) Ls7t; 3RBH*, 3.2x10% (mol/L) sl
14CzPN*, 2.8x10° (mol/L)'-s™!. Together with the
photocatalytic excited-state properties and quenching
data recently reported by our group for IrIII as the pho-
tocatalyst (*IrTIT*, 2.8x107 (mol/L) !-s7!, with life-
times of 200 ns in air and 2.3 ps in anaerobic
conditions), we obtained critical kinetic data on the
substrate concentration-dependent quenching efficien-
cies for these four photocatalysts under both air and
anaerobic conditions. Additionally, through steady-
state chromatography measurements, we determined
the quantum efficiencies for photocatalytic decarboxy-
lation of a-keto acids (IrIII > RBH > EYH > 4CzPN) for
these four species, and established correlations between
quantum efficiencies and the initial quenching process.
Based on these findings, we presented photocatalysts
(IrIIT/RBH) and reaction conditions (anaerobic envi-
ronment) that potentially exhibit high catalytic quan-
tum efficiency. These results provide a foundational ba-
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sis for the rational design of novel photocatalytic RCO-
COOH radical acylation systems with high quantum ef-

ficiency.

Il. MATERIALS AND METHODS

A. Materials

[Ir(dFCF3ppy)a(dtbbpy)|PFs (Macklin), Rose Ben-
gal (Aladdin), Eosin Y (Macklin), 4CzPN (APINNO),
benzoylformic acid (Innochem), acetonitrile (CH3CN,
Macklin), disodium hydrogen phosphate (NagHPOy, In-
(NaH2POy, In-

nochem) were used as received. Ultrapure water was ob-

nochem), monosodium phosphate

tained by millipore filtration.

B. Time-resolved luminescence spectra

Time-resolved luminescence spectra were measured
by the high-resolution streak camera system through
the combined operation of a streak camera (C10910-05,
Hamamatsu) with a CMOS camera (C13440-20CU) and
a spectrometer (HRS-300-S). The 430 nm excitation
light is generated by an OPA, and the fundamental
pulse (800 nm, 40 fs, 1 kHz) is produced by a Ti:sap-
phire laser system (Coherent Astrella).

C. Laser flash photolysis

Nanosecond time-resolved transient absorption spec-
tra were measured using a flash photolysis setup Edin-
burgh LP980 spectrometer (Edinburgh Instruments
Ltd.). A Surelite II-10 Q-Switched Nd:YAG laser (Con-
tinuum) provides third harmonic laser pulses at 355 nm
with a repetition rate of 10 Hz and maximum output of
1.5 W. The laser output was directed to a Horizon I Mid-
band Optical Parametric Oscillator (OPO) (Continu-
um) to produce tunable pump pulses from 192 nm to
2750 nm spectral region. In this work, the sample was
excited by a 430 nm laser pulse (1 Hz,

20 mJ-pulse '+ cm ™2, FWHM = 7 ns).

D. Steady-state spectral measurement

The UV-Vis absorption spectra were measured us-
ing a UV-Vis spectrometer (U-3010, Hitachi). The scan
speed was 600 nm/min. Emission spectra were mea-
sured on a fluorescence spectrometer (F4600, Hitachi).

1 cm x 1 cm cuvettes were used for these measurements.

© 2024 Chinese Physical Society
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E. Steady-state photocatalytic measurement

For photocatalytic experiments, 28 pmol benzoyl-
formic acid, 42 pmol (1.5 eq) 3-penten-2-one and 0.28
pmol (1 mol%) photocatalyst were dissolved in 0.35 mL
CH3CN, while NapHPO4 and NaHoPOy, 26.25 pmol of
each, were dissolved in 0.35 mL water. Two solutions
were further mixed and sonicated to achieve a homoge-
neous reaction solution, which was then transferred in-
to a sealed quartz cuvette and degassed by bubbling Ar
via an needle for 60 s. The photocatalytic reactions were
carried out by irradiating the sample with a 450 nm
beam of around 300 mW from a CW-laser at room tem-
perature for 40 min. The samples before and after illu-
mination were further analyzed by a ultra-performance
liquid chromatography (Shimadzu LC-20) equipped
with a UV detector and a phenyl reversed phase col-
umn (Agilent Poroshell 120, 4.6x150 mm, 2.7 pm). A
gradient elution program with components of acetoni-
trile-water mixed mobile phase varying from 3/7 to
6.5/3.5 (V/V), and total flow rate of 1 mL/min was ap-
plied.

I1l. RESULTS AND DISCUSSION

A. The quenching of Irlll triplet state (3IrIII*) by the o-ke-

to acid substrates

Using [Ir(dFCF3ppy)2(dtbbpy)]™ (IrIII) as the pho-
tocatalysts, a series of important acylation reactions
over the past decade have been achieved [5-7, 9, 11, 13,
14]. Due to the strong spin-orbit coupling of the Ir com-
plex (£1;=3909 (mol/L) !-em™), it readily undergoes
intersystem crossing (ISC) to triplet states (<100 fs,
®15c=1), thereby suppressing photochemical and pho-
tophysical processes in its singlet [20—22]. Our very re-
cent study has clearly demonstrated that the IrIIl pho-
tocatalytic a-keto acid radical acylation reaction is initi-
ated by the electron-transfer quenching of IrIII triplet
(IrTIT*) with o-keto acid substrates [23]. In that work,
key kinetic data were clearly measured and obtained,
including the decay rate constants of *IrIIT* under both
air (5.0x10% s71) and anaerobic conditions (4.3 x
10° s_l)7 as well as the second-order quenching reaction
rate constant for a-keto acid substrates (PhCOCOOH,
kp=2.8x107 (mol/L)L-s7h).

For photocatalytic a-keto acids radical acylation re-
actions involving photocatalyst triplets (PC*), the
quenching efficiency of 3PC* by o-keto acid substrates
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under both air and anaerobic conditions can be mathe-
matically expressed through the following formulas:

air  _ ko[Substrate]
PO [Substrate] +&i*

X Prsc (1)

Qanaerobici ko [Substrate]
SpCr o anaerobic X
kg [Substrate] 4k

Prisc (2)

Here, ko signifies the second-order quenching reaction
rate constant of *PC* by a-keto acid substrates. kiﬂr
and k:1N2 represent the self-decay rate constant for 3PC*
under air and anaerobic (e.g. No-saturated) conditions,
respectively. [Substrate] is the concentration of a-keto
acid substrates used in the quenching reaction, and
®rgc is the quantum yield of intersystem crossing for
SpC*,

Based on the above expressions, together with the
collected kinetic information for 3IrIIT*, including the
decay rate constants of 3IrTIT* (k3 =5.0% 108 s~ and
klNQ: 4.3x10° s_l), SIrIIT* quantum yield (Prsc=1),
and the second-order quenching reaction rate constant
by o-keto acid substrates (PhCOCOOH, ky=2.8x
107 (mol/L)'+s1), the concentration-dependent quan-
tum quenching efficiency of STrIIr* by a-keto acid sub-
strates (PhCOCOOH) under both air (Qgifrm*) and

anaerobic

anaerobic (Q3IrHI* ) conditions, can thus be obtained,

respectively.
air k2[PhCOCOOH]
Qspp = - X Prsc
k2[PhCOCOOH] + ki

B 2.8 x 107 x [PhCOCOOH]
2.8 x 107 x [PhCOCOOH] + 5.0 x 106

(3)

Qanacrobic _ ko [PhCOCOOH] y
STl o anaerobic
k2 [PhCOCOOH] + ki
2.8 x 107 x [PhCOCOOH]

~ 2.8 x 107 x [PhCOCOOH] + 4.3 x 105
(4)

Pr5c

Based on the derived expressions (3) and (4), we fur-
ther plotted the relationship curves between the quan-
tum quenching efficiency of IrIIT* by PhCOCOOH and
the concentration of PhCOCOOH under both air and

anaerobic conditions. As shown in FIG. 1, the quantum

air anaerobic
SIrIIr* / Q3 IrIIT*

the increasing concentration of PhCOCOOH in both

quenching efficiency (Q ) increases with
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FIG. 1 The quenching efficiency of SIrIII* at different
concentrations of PhCOCOOH in both air and anaerobic
conditions.

conditions. Additionally, the quantum quenching effi-
ciency is consistently higher under anaerobic condition
than under air condition. This is because, in the pres-
ence of air, oxygen introduces an additional quenching
pathway for STrIIT*, competing with PhCOCOOH and
reducing its corresponding quantum quenching efficien-
cy. Moreover, under anaerobic conditions, if the concen-
tration of PhCOCOOH is sufficiently high (e.g.
1 mol/L), the quantum efficiency of the SIrIIT* quench-
ing pathway by PhCOCOQOH can approach near unity
(PhCOCOOH] =1 mol/L, Qihacrebic —0.985). This
high quantum quenching efficiency of *IrIIT* by PhCO-
COOH suggests that IrIII could potentially be one of
the most effective photocatalysts for catalyzing o-keto
acids radical acylation reactions.

B. The quenching of protonated Eosin Y singlet state
(LEYH*) by the o-keto acid substrates

Besides these heavy metal complexes as photocata-
lysts, various organic dyes have also been utilized to
promote the efficient photoinduced conversion of sub-
strates into desired products, as they are low-cost and
readily available [24, 25]. Among these organic dyes,
Eosin Y, a member of the triarylmethane dyes, has been
shown to facilitate radical acylation reactions of a-keto
acids [8].

When in solution, due to the presence of two rela-
tively acidic protons (pKa1=2.0 and pK,2=3.8 in wa-
ter), Eosin Y generally exists in two distinct forms in so-
lution: an anionic form (denoted as EY) and a protonat-
ed form (denoted as EYH), as depicted in Scheme 1 [26,
27]. These two forms are pH dependent: at low H con-
centrations (e.g. pH>5), Eosin Y predominantly exists
in its anionic EY form, whereas at high H" concentra-
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tions (e.g. pH<1), the -O"/COO™ groups transform in-
to -OH/COOH, resulting in the protonated EYH form
[27]. Given the potential differences in the properties of
the singlet and triplet states between these two forms,
we conducted individual investigations into their excit-
ed-state characteristics and their reaction with o-keto
acids in the following experiments.

1. The anionic form of Eosin Y (EY) is not the catalytically

active form

As shown in FIG. 2(a), the steady-state UV-Vis ab-
sorption spectrum of EY displays broad absorptions
around both 300-400 nm and 450-550 nm, with a peak
at 520 nm, consistent with previous reports. The steady-
state absorption spectrum of the mixed solution con-
taining EY and o-keto acid (PhCOCOOH) matches the
combined spectra of the individual components, con-
firming the absence of any chemical reaction between
EY and o-keto acid.

First, fluorescence quenching experiments were con-
ducted to evaluate the potential reaction between the
singlet state of EY ('EY*) and a-keto acid substrates
(PhCOCOOH). As shown in FIG. 2(b), the steady-state
fluorescence spectrum of EY exhibits a strong band
peaking at 550 nm. In the presence of a-keto acids (Ph-
COCOOH), the emission intensity of "EY* remains un-
changed, indicating no reaction between 'EY* and o-
keto acid substrates (PhCOCOOH). This excludes the
possibility of 'EY* as the catalytically active state for
facilitating radical acylation reactions of a-keto acids.

Second, employing nanosecond time-resolved absorp-
tion spectroscopy, we further assessed the possible reac-
tion between the triplet state of EY (*EY*) and PhCO-
COOH. Upon 532 nm laser excitation of EY under No-
saturated condition, as shown in FIG. 2(c), both ground-
state bleaching (470 — 560 nm, negative peaking around
520 nm) and excited-state absorption of *EY* (350-470
nm and 550-700 nm) are initially observed. The decay
dynamics of >EY* were monitored at 580 nm. FIG. 2(d)
displays the decay curves for SEY* under both No-satu-
rated and air conditions. The decay of SEY* at 580 nm
follows a monoexponential behavior, with a lifetime of
25 ps (k1N2 =4.0x10* s7!) under No-saturated condi-
tion and a lifetime of 240 ns (k%ir =4.2x10% s71) under
air condition. This pronounced oxygen sensitivity fur-
ther supports the assignment of this excited state as
SEY*. In the presence of PhCOCOOH (FIG. 2(d)), the
decay dynamics of *EY* also remains unchanged, indi-

© 2024 Chinese Physical Society
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FIG. 2 (a) Steady-state UV-Vis absorption spectra for 10 pmol/L EY (red), 20 mmol/L. PhCOCOOH (green) and 10
pmol/L EY+20 mmol/L PhCOCOOH (blue) in ACN/phosphate buffer (pH=7.0); (b) steady-state emission spectra of EY
(10 pmol/L) at different concentrations of PhCOCOOH following 532 nm excitation; (c) transient absorption spectra of EY
(10 pmol/L) under deoxygenated condition; (d) in the presence of PhCOCOOH, the decay dynamics of >EY* at 580 nm

under No-saturated and air conditions (inset).

cating no reaction between SEY* and a-keto acid sub-
strates (PhCOCOOH). This further excludes the possi-
bility of SEY* as the catalytically active state for facili-
tating radical acylation reactions of a-keto acids. Tak-
en together, our results here clearly demonstrate that
the anionic Eosin Y (EY) should not be the catalytical-
ly active form.

2. The singlet state of protonated Eosin Y (*EYH*) is the cat-

alytically active species

As shown in FIG. 3(a), the steady-state UV-Vis ab-
sorption spectrum of the protonated Eosin Y (EYH)
displays broad absorptions spanning from 400 nm to
550 nm, with two resolved bands around 480 and 510
nm. Similarly, the steady-state absorption spectrum of
the mixed solution containing EYH and o-keto acid
(PhCOCOOH) matches the combined spectra of the in-
dividual components, confirming the absence of any
chemical reaction between EYH and a-keto acid.

Then, fluorescence quenching experiments were con-
ducted to evaluate the potential reaction between the
singlet state of EYH (‘EYH*) and a-keto acid sub-
strates (PhCOCOOH). As shown in FIG. 3(b), the
steady-state fluorescence spectrum of EYH exhibits a
strong band peaking at 560 nm. In the presence of a-ke-
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to acids (PhCOCOOH), the emission intensity of
'EYH* is noticeably reduced, exhibiting a linear con-
centration dependence. This results clearly demon-
strate that "EYH* can be efficiently quenched by a-ke-
to acids (PhCOCOOH) substrates. Meanwhile, for the
time-resolved emission of 1EYH*, as shown in
FIG. 3(c), the decay of IEYH* follows in a mono-expo-
nential behavior with a lifetime of 2.9 ns (k; =3.4x
108 s_l). Interestingly, in the presence of excess a-keto
acids (PhCOCOOH) substrates, the decay of 'EYH* is
significantly different, showing an accelerated decay at
higher concentration of substrates. Linear fitting of the
measured pseudo-first-order reaction rate constants wvs.
PhCOCOOH concentration enables direct determina-
tion for the quenching second-order reaction rate con-
stant (1.1x10% (mol/L) 1571, FIG. 3(d)) of 'EYH* by
PhCOCOOH.

Subsequently, employing nanosecond time-resolved
absorption spectroscopy, we further assessed the possi-
ble reaction between the triplet state of EYH (*EYH*)
and PhCOCOOH. Upon 532 nm laser excitation of
EYH under Ns-saturated condition, as shown
FIG. 3(e), both ground-state bleaching (350-550 nm,
two resolved negative bands around 480 and 510 nm)
and excited-state absorption of SEYH* (300-350 nm,

in
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FIG. 3 (a) Steady-state UV-Vis absorption spectra for EYH, with 300 pmol/L EY (red), 20 mmol/L PhCOCOOH (green)
and 300 pmol/L EY+20 mmol/L. PhCOCOOH (blue) in ACN/phosphate buffer (pH=1.0); (b) steady-state emission spec-
tra for EYH, with EY (300 pmol/L) at different concentrations of PhCOCOOH following 532 nm excitation; (c¢) normal-
ized transient emission kinetics of "EYH* at different concentrations of PhCOCOOH following 532 nm excitation; (d) Stern-
Volmer plot obtained from the decay lifetime of 'EYH* with different concentrations of PhCOCOOH; (e) transient absorp-
tion spectra of EYH (300 pmol/L) under deoxygenated condition; in the presence of PhCOCOOH, the decay dynamics of
SEYH* at 570 nm under No-saturated condition (inset); (f) the quenching efficiency of 'EYH* at different concentrations of

PhCOCOOH.

peaking around 330 nm and featureless flat absorption
within 550-800 nm) are initially observed. The decay
dynamics of SEYH* were monitored at 570 nm. Inset in
FIG. 3(e) displays the decay curves for SEYH* in the
absence and in the presence of PhCOCOOH, showing
the decay dynamics of EYH* unaffected by a-keto
acids substrates. This kinetics analysis rules out the
possibility of SEYH* as the catalytically active species
triggering the conversion of a-keto acids into acylation
radicals.

On the basis of above accumulated evidence, we de-
duce that for Eosin Y, only the singlet state of protonat-
ed Eosin Y (IEYH*) is the catalytically active species
that promotes conversion of a-keto acids into acylation
radicals. We note that besides the form of Eosin Y be-
ing affected by pH, the form of the substrate PhCO-
COOH is also influenced. At low pH, it exists as PhCO-
COOH, but at high pH, PhCOCOOH is expected to
easily deprotonate and exist in the deprotonated form
PhCOCOO™. Compared to the PhCOCOOH form, the
PhCOCOO™ form, due to its higher electron density, is
theoretically more prone to donate electrons, making it
more likely to quench the excited state. However, we
found that under neutral conditions, EY exists in its an-
ionic form and the substrate exists as PhCOCOQO, but
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no effective quenching occurs. This indicates that the
effect of pH on the form of the photocatalyst and its ex-
cited state activity is more significant than the change
in the form of the substrate.

3. The quenching efficiency of IEYH* by o-keto acid sub-

strates

For photocatalytic a-keto acids radical acylation re-
actions involving photocatalyst singlets (‘PC*), the
quenching efficiency of 'PC* by o-keto acid substrates
can be mathematically expressed through the following
formulas:

air :Qanaerobic _ kQ[SUbStrate] (5)
'PC*IpC ko [Substrate] +k;

Here, ko signifies the second-order quenching reaction
rate constant of "PC* by oa-keto acid substrates. ki rep-
resents the self-decay rate constant for 'PC*. [Sub-
strate] is the concentration of a-keto acid substrates
used in the quenching reaction. Considering that the
singlet state is not affected by oxygen concentration,
the quenching efficiency under both air and anaerobic
conditions can be expressed using the same equation.
Based on the above expression, together with the col-
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TABLE I Quenching quantum efficiency of photocatalysts (3IrIII*, IEYH*, SRBH*, and 14CzPN*) with low, medium, and

high concentrations of a-keto acids (PhCOCOOH).

SIrIIT 'EYH* SRBH* '4CzPN*
[PhCOCOOH]/(m01/L) Qair Qanaerobic Qair Qanaerobic Qair Qanaerobic Qair Qanaerobic
0.01 5.3% 39.4% 3.1% 3.1% 19.1% 70.6% 1.4% 1.4%
0.1 35.9% 86.7% 24.4% 24.4% 59.1% 76.3% 12.3% 12.3%
1 84.8% 98.5% 76.4% 76.4% 74.7% 76.9% 58.3% 58.3%

lected kinetic information for EYH, including the decay
rate constants of 'EYH* (k; =3.4x10% s7!) and the sec-
ond-order quenching reaction rate constant by o-keto
(PhCOCOOH,  kp=1.1x10"
(mol/ L)fl-sfl), the concentration-dependent quantum

acid substrates

quenching efficiency of IEYH* by o-keto acid sub-
strates (PhCOCOOH) can thus be obtained (Eq.(6)).
tho = QA
- 1.1x10?x[PhCOCOOH] (©)
~ 1.1x109%[PhCOCOOH] + 3.4x 108

Based on the derived expressions (6), we further
plotted the relationship curves between the quantum
quenching efficiency of "EYH* by PhCOCOOH and the
concentration of PhCOCOOH. As shown in FIG. 3(f),
the quantum quenching efficiency increases with the in-
creasing concentration of PhCOCOOH. Besides, we
found that the quenching efficiencies of 'EYH* at low
(0.01 mol/L, @=3.1%), medium (0.1 mol/L,
Q=24.4%), and high (1 mol/L, @=76.4%) PhCO-
COOH substrate concentrations are consistently lower
than those of ®IrIIT* under both acrobic and anaerobic
conditions (0.01 mol/L, Qair=5.3%, Qanacrobic = 39.4%;
0.1 mol/L, Qar=35.9%, Qanaerobic=386.7%; 1 mol/L,
Qair = 84.8%, Qanaerobic = 98.5%) (Table I), even though
the bimolecular quenching rate constant of IEYH* by
PhCOCOOH (1.1x10” (mol/L) *s7!) is significantly
higher than that of SIrTII* (2.8x107 (mol/L)t-s7h).
This can be attributed to the fact that quenching effi-
ciency depends not only on the bimolecular quenching
rate constant but also on the intrinsic decay rate con-
stant of photocatalytically active excited state. The
lower the intrinsic decay rate constant, the more favor-
able it is for the bimolecular reaction to dominate the
decay pathway of the photocatalytically active excited
state, thereby enhancing the quenching efficiency. Com-
pared to the decay rate constant of 'EYH* (3.4x10%
s_l), we found that the decay rate constant of SIrIIT* is
significantly lower under both aerobic (5.0x10% s71)
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and anaerobic (4.3x10° s7!) conditions. This explains
why TPIIT* exhibits higher quenching efficiency at the
same substrate concentration. These results highlight
the importance of considering both factors when evalu-
ating the overall efficiency of a quenching reaction, as
relying solely on the bimolecular quenching rate con-
stant provides an incomplete assessment of reaction ef-
ficiency.

C. The quenching of protonated Rose Bengal triplet
(3RBH*) by the o-keto acid substrates

Rose Bengal, a common organic photocatalyst, has a
xanthene backbone and features aromatic ring struc-
tures similar to those of Eosin Y [13, 28]. However, due
to differences in their specific substituents, Rose Bengal
is primarily substituted with iodine while Eosin Y is
substituted with bromine (Scheme 1), and their chemi-
cal properties and applications, such as their use as the
photocatalysts for facilitating the radical acylation of -
keto acids, may be accordingly impacted.

Likely, in solution, due to the presence of two rela-
tively acidic protons (pKa1=1.9 and pK,y2=3.9 in wa-
ter), Rose Bengal generally exists in two distinct forms
in solution: an anionic form (denoted as RB) and a pro-
tonated form (denoted as RBH), as depicted in Scheme
1 [27]. At high pH (e.g. pH>5), Rose Bengal predomi-
nantly exists in its anionic RB form, whereas at low pH
(e.g. pH<1), the protonated RBH form become pre-
dominant [27]. Given the potential differences in the
properties of the singlet and triplet states between these
two forms, we conducted individual investigations into
their excited-state characteristics and their reaction
with a-keto acids in the following experiments.

1. The anionic form of Rose Bengal (RB) is not the catalyti-

cally active form

As shown in FIG. 4(a), the steady-state UV-Vis ab-
sorption spectrum of RB is very similar in shape to that
of EY, but its maximum absorption peak is red-shifted
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FIG. 4 (a) Steady-state UV-Vis absorption spectra for 10 pmol/L RB (red), 20 mmol/L PhCOCOOH (green) and 10
pmol/L RB420 mmol/L PhCOCOOH (blue) in ACN/phosphate buffer (pH=7.0); (b) steady-state emission spectra of RB
(10 pmol/L) at different concentrations of PhCOCOOH following 532 nm excitation; (c) transient absorption spectra of RB
(10 pmol/L) under deoxygenated condition; (d) in the presence of PhCOCOOH, the decay dynamics of 3RB* at 610 nm

under No-saturated and air conditions (inset).

from 520 nm (as seen in EY) to 550 nm. Similarly, we
found that the absorption spectrum of the mixed solu-
tion (RB+PhCOCOOH) is the sum of the individual
spectra of the two species, ruling out the possibility of
their reaction in the ground state. Then, we performed
steady-state fluorescence quenching experiments and
found that the emission intensity of 'RB* (peaking
around 580 nm) remains unchanged in the presence of
varying concentrations of a-keto acids (PhCOCOOH)
(FIG. 4(b)). This excludes the possibility of 'TRB* being
the catalytically active state for facilitating radical acy-
lation reactions of o-keto acids.

Subsequently, using nanosecond time-resolved ab-
sorption spectroscopy, we investigated the potential
quenching reaction of the triplet state of RB (3RB*) by
PhCOCOOH. Upon 532 nm laser excitation of RB un-
der No-saturated condition, a broad excited-state ab-
sorption of SRB* (350-700 nm) featuring three charac-
teristic bands around 370, 470, and 610 nm, is initially
observed, as shown in FIG. 4(c). The decay dynamics of
3RB* were monitored at 610 nm. FIG. 4(d) shows the
decay curves for SRB*, which exhibits an accelerated
decay under air compared to No-saturated conditions.
This pronounced oxygen sensitivity further supports
the assignment of this transient as *RB*. In the pres-
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ence of PhCOCOOH (FIG. 4(d)), the decay dynamics
of SRB* keep unchanged, indicating no reaction be-
tween SRB* and o-keto acid substrates (PhCOCOOH).
This further excludes the possibility of SRB* being the
catalytically active state for facilitating radical acyla-
tion reactions of a-keto acids. Overall, our results clear-
ly demonstrate that the anionic Rose Bengal (RB) is

not the catalytically active form.

2. The triplet state of protonated Rose Bengal (3RBH*) is the

catalytically active species

As shown in FIG. 5(a), the steady-state UV-Vis ab-
sorption spectrum of the protonated Rose Bengal
(RBH) displays broad absorptions spanning from 400
nm to 550 nm, with two resolved bands around 500 and
560 nm. Similarly, the steady-state absorption spec-
trum of the mixed solution containing RBH and a-keto
acid (PhCOCOOH) matches the combined spectra of
the individual components, confirming the absence of
any chemical reaction between RBH and a-keto acid.
Then, fluorescence quenching experiments were con-
ducted to evaluate the potential reaction between the
singlet state of RBH (‘RBH*) and o-keto acid sub-
strates (PhCOCOOH). As shown in FIG. 5(b), the
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FIG. 5 (a) Steady-state UV-Vis absorption spectra for RBH, with 300 pmol/L RB (red), 20 mmol/L PhCOCOOH (green)
and 300 pmol/L RB+20 mmol/L PhCOCOOH (blue) in ACN/phosphate buffer (pH 1.0); (b) steady-state emission spectra
for RBH, with RB (300 pmol/L) at different concentrations of PhCOCOOH following 532 nm excitation; (c) transient ab-
sorption spectra of RBH (300 pmol/L) under deoxygenated condition; (d) in the presence of PhCOCOOH, the normalized
decay dynamics of SRBH* at 480 nm under Np-saturated condition and air conditions (inset); (e) Stern-Volmer plot ob-
tained from the decay lifetime of SRBH* with different concentrations of PhCOCOOH; (f) the quenching efficiency of

SRBH* at different concentrations of PnCOCOOH.

steady-state fluorescence spectrum of RBH exhibits a
strong band peaking at 580 nm. In the presence of a-ke-
to acids (PhCOCOOH), the emission intensity of
'RBH* remains unchanged, indicating no reaction be-
tween 'RBH* and o-keto acid substrates (PhCO-
COOH). This excludes the possibility of 'RBH* as the
catalytically active state for facilitating radical acyla-
tion reactions of a-keto acids.

Subsequently, employing nanosecond time-resolved
absorption spectroscopy, we further assessed the possi-
ble reaction between the triplet state of RBH (*RBH*)
and PhCOCOOH. Upon 532 nm laser excitation of
RBH under Na-saturated condition, as shown in
FIG. 5(c), a broad excited-state absorption of *RBH*
spanning from 400 nm to 700 nm (two bands around
480 nm and 590 nm) is initially observed. The decay dy-
namics of SRBH* were monitored at 480 nm. FIG. 5(d)
displays the decay curves for SRBH* under both No-sat-
urated and air conditions. The decay of SRBH* follows
a monoexponential behavior, with a lifetime of 3.4 ps
(lcll\I2 =2.9x10° s 1) under No-saturated condition and a
lifetime of 103 ns (k’fir =9.7x10% s71) under air condi-
tion. This pronounced oxygen sensitivity further sup-
ports the assignment of this excited state as SRBH*. In-
terestingly, under No-saturated condition, the decay of
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SRBH* is significantly accelerated decay in the pres-
ence of PhnCOCOOH (FIG. 5(d)). Linear fitting of the
measured pseudo-first-order reaction rate constants wvs.
PhCOCOOH concentration enables direct determina-
tion for the quenching second-order reaction rate con-
stant (3.2x 108 (mol/L) 1571, FIG. 5(e)) of RBH* by
PhCOCOOH.

On the basis of above accumulated evidence, we de-
duce that for Rose Bengal, only the triplet state of pro-
tonated Rose Bengal (PRBH*) is the catalytically ac-
tive species that promotes conversion of a-keto acids in-

to acylation radicals.

3. The quenching efficiency of 3RBH* by a-keto acid sub-

strates

Based on expressions of Eq.(1) and Eq.(2), together
with the collected kinetic information for RBH, the de-
cay rate constants of SRBH* (k:ifi]r =9.7x10% s and
k= 29x10° s!), SRBH*
(P1gc =0.77) [3, 29, 30], and the second-order quench-
ing reaction rate constant by o-keto acid substrates
(PhCOCOOH, kp=3.2x10% (mol/L) *s!), the con-
centration-dependent quantum quenching efficiency of
SRBH* by a-keto acid substrates (PhCOCOOH) under

quantum  yield
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both air ( f‘;“f{BH*) and anaerobic (Q%rﬁa]ggfic) condi-
tions, can thus be obtained, respectively.
Quir ko[PhCOCOOH] P
RBHT ™ k) [PhCOCOOH] +3
B 3.2 x108x[PhCOCOOH] < 077
3.2 x108x [PhCOCOOH] 4+9.7 x106 "~
(7)
Qanaerobic _ ko [PhCOCOOH] P
3RBH* 1SC

- — X
ko[PhCOCOOH] + k?naeroblc

B 3.2x 108 x [PhCOCOOH] .
~ 3.2x108x[PhCOCOOH] 4 2.9x10° =
(8)

Based on the derived Eqs. (7) and (8), we further
plotted the relationship curves between the quantum
quenching efficiency of RBH* by PhCOCOOH and the
concentration of PhCOCOOH under both air and
anaerobic  conditions (FIG. 5(f), 0.01 mol/L,
Qair=19.1%, Qanaerobic = 70.6%; 0.1 mol /L,
Qair =59.1%, Qanaerobic = 76.3%; 1 mol/L, Qair=T74.7%,
Qanaerobic = 76.9%). As shown in Table I, we found that
at low concentrations of the substrate PhCOCOOH,
the quenching efficiency of SRBH* surpasses that of

SPIIT* under both aerobic and anaerobic conditions.
However, as the concentration of PhCOCOOH increas-
es, although the quenching efficiencies of both photocat-
alysts improve, the quenching efficiency of STLIIT* even-
tually exceeds that of 3RBH*, particularly under anaer-
obic conditions. This observation can be attributed to
the fact that quenching efficiency is determined not on-
ly by the quenching second-order reaction rate con-
stant and the decay rate constant of the excited state,
but also by the quantum yield of the catalytically ac-
tive excited state of the photocatalyst. At low concen-
trations, the predominant factors are the second-order
reaction rate constant of quenching and the decay rate
constant of the excited state. In contrast, at high con-
centrations, the quantum yield of the catalytically ac-
tive excited state becomes the primary influencing fac-
tor.

D. The quenching of 4CzPN singlet (14CzPN*) by the o-
keto acid substrates

1. The singlet state of 4CzPN (14CzPN*) is the catalytically

active species

4CzPN belongs to the carbazolyl benzonitriles fami-
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ly. The structure of 4CzPN is shown in Scheme 1, where
the carbazolyl groups are positioned adjacent and oppo-
site to the nitrile groups [31, 32]. The UV-Vis absorp-
tion spectrum is also illustrated in FIG. 6(a), highlight-
ing the characteristic absorption bands in the UV re-
gion around 320 nm, 330 nm, and 360 nm, along with a
red tail extending up to 500 nm. In like manner, the in-
teraction between 4CzPN and a-keto acid prior to irra-
diation is ruled out, as the steady-state absorption spec-
trum of the mixed solution containing 4CzPN and o-ke-
to acid (PhCOCOOH) matches the combined spectra of
the individual components.

The steady-state fluorescence spectrum of 14CzPN*
shows strong emission between 450 and 750 nm, with a
peak at 600 nm (FIG. 6(b)). In the presence of PhCO-
COOH, the emission intensity of '4CzPN* exhibits a
slight but clear linear decrease with increasing concen-
tration. Meanwhile, the time-resolved emission spectra
of "4CzPN* exhibit a mono-exponential decay behavior
(FIG. 6(c)). Through mono-exponential fitting, the de-
cay rate constants of '4CzPN* can be determined
(k1 =2.0x108 s71). Furthermore, the decay of '4CzPN*
is found to be accelerated in the presence of excess Ph-
COCOOQOH. Linear fitting of the measured pseudo-first-
order reaction rate constants vs. PhCOCOOH concen-
tration enables direct determination of the quenching
second-order rate constant of '4CzPN* by PhCO-
COOH (2.0x10® (mol/L)'-s7!, FIG. 6(d)).

Additionally, we further investigated the potential
reaction between the triplet state of 4CzPN (34CzPN*)
and PhCOCOOH using nanosecond time-resolved ab-
sorption spectroscopy (FIG. 6(e)). By exclusively excit-
ing 4CzPN, we did not observe a distinct signal of
34CZzPN* in the transient absorption spectra. This
might be due to the relatively low quantum yield of
34CzPN* in ACN solvent. Therefore, under the condi-
tions of ACN solvent, we excluded the contribution of
34CzPN* pathway. Thus, we conclude that for 4CzPN,
the singlet state of 4CzPN (14CzPN*) should be mainly
the catalytically active species that promotes conver-
sion of a-keto acids into acylation radicals.

2. The quenching efficiency of 14CzPN* by o-keto acid sub-

strates

Based on the expression of (5), together with the col-
lected kinetic information for '4CzPN*, including the
decay rate constants of '4CzPN* (ki =2.0x10%s7!) and
the second-order quenching reaction rate constant by o-

© 2024 Chinese Physical Society
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FIG. 6 (a) Steady-state UV-Vis absorption spectra for 50 pmol/L 4CzPN (red), 20 mmol/L. PhCOCOOH (green) and
50 pmol/L 4CzPN+20 mmol/L PhCOCOOH (blue) in ACN; (b) steady-state emission spectra of 4CzPN (50 pmol/L) at
different concentrations of PhCOCOOH following 430 nm excitation; (c) normalized transient emission kinetics of ‘4CzPN*
at different concentrations of PhCOCOOH following 430 nm excitation; (d) Stern-Volmer plot obtained from the decay
lifetime of '4CzPN* with different concentrations of PhCOCOOH; (e) transient absorption spectra of 4CzPN (50 pmol/L)
under deoxygenated condition; (f) the quenching efficiency of 14CzPN* at different concentrations of PhCOCOOH.

keto acid (PhCOCOOH, k=2.8x10°
(mol/L)~s71), the concentration-dependent quantum

substrates

quenching efficiency of 14CzPN* by o-keto acid sub-
strates (PhCOCOOH) can thus be obtained (Eq.(9)).

air _ Qanacrobic
14CzPN* = % 14CzPN*

B 2.8x 108 x [PhCOCOOH]
2.8 x108x [PhCOCOOH] 2.0 x108

)

Based on the derived expressions (9), we further
plotted the relationship curves between the quantum
quenching efficiency of "4CzPN* by PhCOCOOH and
the concentration of PhCOCOOH (FIG. 6(f)). Com-
pared to the substrate concentration-dependent singlet
quenching efficiency of 'EYH* by PhCOCOOH, we
found that the quenching efficiency of '4CzPN* is sig-
nificantly lower. This discrepancy may be attributed to
the considerably smaller second-order reaction rate con-
stant of 4CzPN, despite its intrinsic singlet state life-
time being longer than that of EYH. Consequently, the
quenching quantum efficiency of 14CzPN* remains
much lower than that of 'EYH* across low, medium,
and high substrate concentrations (0.01 mol/L,
Q=1.4%; 0.1 mol/L, @=12.3%; 1 mol/L, Q@=58.3%).

Furthermore, by comparing the quenching efficien-
cies of 'EYH* and '4CzPN* with those of IrIIl* and
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SRBH* (Table I), we found that, overall, the quenching
efficiencies of photocatalysts following the singlet state
pathway are inferior to those following the triplet state
pathway. This is largely due to the significantly shorter
intrinsic lifetimes of singlet states compared to triplet
states, resulting in higher utilization efficiencies for
triplet states. Therefore, for the four representative
photocatalysts mentioned above, SIrIII* and *RBH* are
more effective in triggering the decarboxylation reac-
tion of a-keto acids. Moreover, higher quenching effi-
ciencies are always achieved under anaerobic condi-
tions compared to aerobic conditions.

E. Steady-state photocatalysis

Steady-state
further performed to evaluate the overall efficiency
of the four photocatalysts, including
[Ir(dFCF3ppy)2(dtbbpy)]*, Eosin Y, Rose Bengal and
4CzPN, in photocatalytic organic transformation of o-

photocatalytic  experiments were

keto acid at room temperature. The study involved con-
ducting photocatalytic reactions between model com-
pounds, PnCOCOOH (1a) and 3-penten-2-one (2a), in
a de-aerated quartz cuvette under illumination of a
450 nm monochromatic CW-laser with light power of
around 300 mW, as shown in Scheme 2. For all the pho-
tocatalytic reactions, only the acylation product (2-

© 2024 Chinese Physical Society
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Scheme 2. Photocatalytic reaction between PhCOCOOH (1a) and 3-penten-2-one (2a).
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FIG. 7 Representative liquid chromatogram of the sam-
ple solution before and after the photocatalytic reaction.

methyl-1-phenylpentane-1,4-dione, 3a) and hydrogenat-
ed product (benzaldehyde, 4a) were observed, as shown
in the representative liquid chromatogram (FIG. 7).
The peaks at 1.35 and 2.7 min correspond to substrates,
namely PhCOCOOQOH and 3-penten-2-one, respectively.
Additionally, the peaks with retention time of 5.04 and
6.22 min were attributed to benzaldehyde and the acy-
lation products, respectively.

The calibration curve of PhCOCOOH was made
based on the corresponding peak area of liquid chro-
matogram and used for quantification of reacted
amount of PhCOCOOH during photocatalytic reaction.
The reeaction condition: PhCOCOOH (0.028 mmol), 3-
penten-2-one (1.5 e.q.), photocatalyst (1 mol%),
NagHPO4/NaH2POy (375 mmol/L), CH3CN
(0.35 mL)/H20 (0.35 mL), 300 mW 450 nm at room
temperature for 40 min under argon atmosphere.

mole of reacted substrate

o= 100
mole of absorbed photons % %

nrheNy
= ——= x 100%
LapstA

(10)

where @ is the quantum yield of the photocatalytic re-
action; n; is the reacted benzoylformic acid in mole;
I1s 1s the absorbed light power by the solution in watt;
t is the duration of light illumination in second; X is the
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TABLE II Steady-state efficiency of photocatalytic con-
version of PhCOCOOH.

Entry Photocatalyst Conversion® /% Quantum yicldb/%

1 IrllIT 45 0.63
2 Eosin Y 34 0.054
3 Rose Bengal 74 0.086
4 4CzPN 3.0 0.032

& Conversion was calculated based on the reacted amount
of benzoylformic acid measured by UPLC.
b Quantum yield was calculated by Eq.(10).

wavelength of the light source in meter; h is the Planck
constant, 6.62 x 10734 J.s; ¢ is the speed of light,
3.0x108m/s; Ny is the
6.022 x 10%3 mol .

For all the photocatalysts tested, IrIIl exhibits the
highest conversion rate of benzoylformic acid as 45%

Avogadro constant,

(Table II, entry 1), significantly outperforming the oth-
er three photocatalysts (Table II). To take into account
the difference of light power absorbed by different pho-
tocatalysts and thus better correlate the steady-state ef-
ficiency with the transient kinetics, we further quantify
the quantum yield (QY) of photocatalytic reaction
based on the conversion of PhCOCOOH according to
Eq.(10). The light power impinging on and transmit-
ting through the cuvette reactor were measured via a
power meter with thermal sensor (Thorlab PM160T)
and thus the light power absorbed by the PCs (I,)
was obtained by subtracting the impinging light power
from the transmitting one. The results in Table II re-
vealed that the IrIII still exhibits the highest quantum
yield among the four photocatalysts, achieving 0.63%.
The QYs of the photocatalysts are ranked as
IrIII>RBH>EYH>4CzPN, in good accordance with
the quenching efficiency of electronically excited photo-
catalysts by PhCOCOOH observed in transient spec-
troscopy experiments (Table I). This supports the con-
clusion that IrIIl and RBH, with triplet states as their
catalytically active excited states, may exhibit higher

photocatalytic efficiency, particularly under anaerobic
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conditions. The gap between the absolute values of
quantum yield measured from steady-state photocat-
alytic reaction and transient quenching experiments is
likely due to the existence of back-electron-transfer
event after the single electron transfer induced by pho-
toexcitation.

IV. SUMMARY

In this study, we employed time-resolved absorption
and emission spectroscopy to thoroughly characterize
the key quenching steps of photocatalysts, including the
transition metal complex [Ir(dFCF3ppy)a(dtbbpy)]™
(IrIII) and the organic small molecules Eosin Y (EY),
Rose Bengal (RB), and 4CzPN, in promoting the radi-
cal acylation of o-keto acids. Our results demonstrate
that the catalytically active excited state of RB is its
protonated  triplet state (SRBH*: D150 =0.77;
Fair =9.7x10% 71 ky, =2.9x10° s71), while both EY
and 4CzPN show catalytic activity in its singlet state
(EYH*: k=34x10% s7!; MCzPN*: k=2.0x10% s71).
We further measured the second-order reaction rate
constants for the quenching of these catalytically active
excited states by the o-keto acid substrates (‘EYH*:
2.3x107 (mol/L)*-s71; SRBH*: 3.2x10® (mol /L) '-s7;
14CzPN*: 2.8x10°% (mol/L)1-s71). Using these kinetic
data, together with the results recently reported by our
group for IrIll (3IrIII*: Ogc=1; kaip=5.0x10% s71,
kn, =4.3x10° 571 2.8x107 (mol/L)L-s71), we estab-
lished a relationship between substrate concentration
and excited-state quenching efficiency for these four
photocatalysts both under aerobic and anaerobic condi-
tions. We found that key factors influencing the
quenching efficiency include the intrinsic lifetime of the
excited state, the quantum yield of the catalytically ac-
tive excited state, its susceptibility to oxygen, and the
second-order reaction rate constant with the substrate.

Meanwhile, through steady-state chromatography
measurements, we measured the quantum efficiencies of
the photocatalytic decarboxylation of PhCOCOOH for
these four photocatalysts (IrIlI>RBH>EYH>4CzPN),
and established correlations between the efficiencies
and initial quenching process, which suggest IrIII and
RBH, with triplet states as their catalytically active ex-
cited states, may exhibit higher photocatalytic efficien-
cy, particularly under anaerobic conditions. Consider-
ing that the quantum efficiency of the entire catalytic
cycle for the radical acylation of a-keto acids is largely
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affected by the quenching efficiency of the initial step,
our analysis of substrate concentration-dependent
quenching efficiency provides a foundation for under-
standing the catalytic quantum efficiency of different
photosensitizers. We note that, in addition to the
quenching efficiency of the initial step, factors such as
cage escape quantum yields, solvent polarity, and sub-
sequent back electron transfer also affect the overall ef-
ficiency of the photocatalytic cycle. Future work is
strongly encouraged to investigate the effects of these
factors on quantum efficiency.
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