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edox catalysis with bridged
fluorescein derivatives: mechanistic insights and
application to fluoride-responsive
photopolymerization

Dokyeong Lee,a Hoyun Kim,a Byunghyuck Jung, b Sung Ho Yang, c

Hong-In Lee *a and Jungkyu K. Lee *a

We demonstrated bridged fluoresceins (BFLs) as a class of metal-free red-light photocatalysts that feature

structurally tunable and switchable activity in aqueous solutions. Mechanistic studies using photoinitiated

radical polymerizations under controlled atmospheres revealed that BFLs engage in efficient oxidative

and reductive quenching cycles with co-initiators proceeding through excitation, intersystem crossing,

single-electron transfer, and regeneration processes. Notably, molecular oxygen plays dual roles: (i)

serving as a co-initiator through O2-derived reactive oxygen species that initiate radical chains, and (ii)

functioning as a redox mediator that accelerates regeneration of BFL radical ions. Regarding the

structure-performance relationship, bromine substituents on the BFL backbone considerably enhance

photocatalytic efficacy by increasing spin–orbit coupling (i.e., the heavy-atom effect), thereby promoting

intersystem crossing yield. These findings are supported by thermodynamic and kinetic analyses,

including voltammetry, time-resolved photoluminescence under cryogenic conditions, electron

paramagnetic resonance (EPR) spectroscopy, and photobleaching studies. We also developed

a switchable photoredox catalyst based on a sulfonyl-protected bridged fluorescein. This latent

photocatalyst is selectively activated by fluoride ions to restore its photocatalytic activity, enabling red-

light photopolymerization. Thus, this work not only offers fundamental mechanistic insights into

photoredox catalysis and photoinitiated polymerization, but also establishes design principles for the

development of switchable photocatalysts.
Introduction

Inspired by nature, visible-light photoredox catalysis has
attracted signicant attention as a powerful strategy for driving
chemical transformations under mild conditions, in which
photoinduced electron-transfer processes generate reactive
open-shell species that enable diverse reactions and
applications.1–8 However, most reported studies still rely on
blue-to-green light (approximately 400–570 nm) to drive these
reactions. Such relatively short wavelengths present several
limitations, including potential safety risks, poor light pene-
tration, susceptibility to photodegradation, and absorption
overlap with common chromophores.9 For example, exposure to
blue light can increase the risk of retinal photodamage and fails
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to penetrate the dermal layer of skin, thereby restricting access
to biological targets.10,11 These limitations motivate the devel-
opment of photocatalysis that operates efficiently at longer
wavelengths, offering safer and more versatile platforms for
photochemical and photobiological applications.

Red-light photoredox catalysis provides distinct advantages,
including lower energy requirements, reduced phototoxicity, and
deeper penetration, rendering it highly attractive for a wide range
of applications.12–16 The lower photon energy can also enable
enhanced selectivity. For example, Gianetti and co-workers
demonstrated that red light selectively activates weaker bonds
such as C(sp2)-I, facilitating chromoselective catalysis, whereas blue
light activates stronger C(sp2)-Br bonds.17 Furthermore, MacMillan
and co-workers demonstrated a compelling biological application:
proximity-based mapping of complex biological environments.
Thismicroenvironmentmapping strategy highlighted the ability of
red light to minimize health risks and penetrate deeply into tissue,
thus enabling biological and in vivo applications.18 In addition,
Matyjaszewski and co-workers synthesized well-dened polymers
under biologically relevant conditions through red-light-induced
atom transfer radical polymerization.19,20
Chem. Sci.
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Despite these benets, the intrinsically lower photon energy
of red light presents fundamental challenges in reactivity,
emphasizing the critical need for more efficient photo-
catalysts.21 Additionally, metal-free red-light photoredox cata-
lysts have emerged as a promising class of materials, featuring
nely tunable redox potentials that enable broad substrate
compatibility and low cytotoxicity for biological applica-
tions.22,23 For example, methylene blue is widely employed as
a red-light photoredox catalyst due to its high photoredox
catalytic efficiency.24–26 However, structural modication
through chemical functionalization remains challenging,
thereby limiting opportunities for further development. In
particular, incorporating stimulus-responsive functionalities
could further expand the versatility of photocatalysts for
advanced applications, including polymerization-based signal
amplication, cell encapsulation, and photodynamic therapy.

Fluorescein derivatives are widely utilized as representative
organic photocatalysts in green-light photoredox catalysis,
exhibiting robust performance under aerobic conditions with
both electron donors and electron acceptors.27,28 Furthermore,
their low cytotoxicity, good water solubility, high accessibility,
and ease of structural modication make them highly attractive
for expanding their application scope.29 For example, we previ-
ously demonstrated their successful use in selective hydro-
gelation, enabling both single-cell nanoencapsulation and
naked-eye detection of target analytes via photoinitiated
polymerization.30–33 Recently, bridged uorescein derivatives
(BFLs) were shown to catalyze the C–H arylation of (hetero) ar-
enes with diazonium salts under red-light irradiation and inert
atmosphere conditions.34,35

Owing to their facile synthetic accessibility to diverse struc-
tural derivatives and favorable water solubility, BFLs were
selected in this work as red-light photoredox catalysts to eluci-
date the underlying catalytic mechanisms under different
atmospheric conditions. Three different BFLs were synthesized,
and their photocatalytic activities were systematically evaluated
through photoinitiated radical polymerizations, which offer
a convenient platform for assessing catalytic performance due
Fig. 1 Schematic depiction of photo-RAFT and free-radical photopolym
bridged dibromofluorescein; BEY: bridged eosin Y; CTA: chain-transfer ag
2-acrylamido-2-methyl-1-propanesulfonate.

Chem. Sci.
to their rapid kinetics and straightforward characterization.27,36

In particular, photoinduced reversible addition–fragmentation
chain transfer (photo-RAFT) polymerization as a controlled/
living radical polymerization (CRP) and photoinduced free-
radical polymerization were employed to investigate mecha-
nistic insights under different atmospheric environments
(Fig. 1). In free-radical photopolymerization, the reductive and
oxidative quenching cycles were thoroughly investigated as the
primary photoredox pathways. Finally, we demonstrated
stimuli-responsive red-light photoredox catalysis using a uo-
ride ion-responsive photocatalyst through free-radical photo-
polymerization, highlighting its potential for advanced
photopolymerization applications.
Results and discussion
Synthesis and characterization of bridged uorescein
derivatives (BFLs)

BFLs were readily synthesized from uorescein derivatives
through Friedel–Cras cyclization in the presence of sulfuric
acid, as described in the literature.34,35 Typically, uorescein
analogue was dissolved in concentrated sulfuric acid and stir-
red at 180 °C for 24 h under an argon atmosphere. Aer the
purication processes, the yields of black solids were 31.7% for
bridged uorescein (coerulein B, or CB), 52.2% for bridged di-
bromouorescein (BBF), and 45.9% for bridged eosin Y (BEY),
as detailed in the SI. For example, we suggest the following
mechanism for BEY: initial protonation of carbonyl oxygen by
a Brønsted–Lowry acid activates it toward electrophilic aromatic
substitution with the adjacent aromatic ring, yielding a sigma
complex bearing a diol group. Subsequent deprotonation
restores aromaticity, and further protonation of the diol leads to
water elimination via an oxonium ion intermediate. This step is
followed by an oxa-Michael addition,37 accompanied by elimi-
nation of a bromide ion, resulting in formation of the new
carbonyl oxygen (Scheme S1).

The obtained BFLs were initially characterized using NMR
and mass spectrometry (Fig. S1–S8). Additionally, UV-vis and
erization using BFLs under irradiation of red light. CB: coerulein B; BBF:
ent; OEGMA: oligo(ethylene glycol) methyl ether methacrylate; AMPS:

© 2026 The Author(s). Published by the Royal Society of Chemistry
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uorescence spectra of the BFLs showed excitation and emis-
sion in the 600–800 nm range (Fig. S9). The wavelengths of
maximum visible excitation (lex,vis) and their corresponding
molar absorptivity (3) were 600 nm (3 = 1225 cm−1 M−1) for CB,
605 nm (3 = 1385 cm−1 M−1) for BBF, and 620 nm (3 =

1340 cm−1 M−1) for BEY. This trend exhibits a red shi in lex

with increasing numbers of incorporated bromine atoms,
presumably due to the heavy halogen atom effect.38,39 Further-
more, the wavelengths of maximum uorescence (lf) were
740 nm for CB, 770 nm (with a shoulder at 720 nm) for BBF, and
740 nm for BEY.
Photo-RAFT polymerization

We carried out this CRP using BFLs as red-light photoredox
catalysts/initiators under various reaction conditions to eluci-
date the mechanisms of photoredox catalysis and photo-
polymerization. In addition, three different BFLs (CB, BBF and
BEY) were systematically evaluated to correlate molecular
structure with photocatalytic performance. Oligo(ethylene
glycol) methyl ether methacrylate (OEGMA) was used as a water-
soluble and biocompatible monomer, while 4-((((2-
carboxyethyl)thio)carbonothioyl)thio)-4-cyanopentanoic acid
(1) served as a water-soluble RAFT chain transfer agent (CTA)
exhibiting high compatibility with methacrylates.40 A red light-
Table 1 Photo-RAFT polymerization of OEGMA with different BFLs un
5.9 W cm−2) irradiationa

Entry Type of BFL [OEGMA] : [CTA] : [TEOA] : [BFL](mM)

1 CB 250 : 1.25 : 0 : 0.1
2 BBF 250 : 1.25 : 0 : 0.1
3 BEY 250 : 1.25 : 0 : 0.1
4 BEY 250 : 2.50 : 0 : 0.1
5 BEY 250 : 5.00 : 0 : 0.1
6 CB 250 : 1.25 : 1 : 0.1
7 BBF 250 : 1.25 : 1 : 0.1
8 BEY 250 : 1.25 : 1 : 0.1
9 BEY 250 : 1.25 : 3 : 0.1
10 BEY 250 : 1.25 : 5 : 0.1
11 BEY 250 : 2.50 : 1:0.1
12 BEY 250 : 0 : 1 : 0.1
13 none 250 : 1.25 : 1 : 0
14 BEY 250 : 0 : 0 : 0.1
15 BEY 250 : 0 : 0 : 0.1
16 BEY 250 : 0 : 0 : 0.1
17 BEY 250 : 1.25 : 0 : 0.1
18 BEY 250 : 1.25 : 0 : 0.1

a Photopolymerization was typically conducted in a standard NMR tube se
D2O under aerobic conditions at room temperature for 24 h. b Monomer co
an internal standard, as detailed in the SI. c Theoretical molecular weigh
[OEGMA]t)/[CTA]0 × MOEGMA + MCTA.

d Experimental molecular weights
standards for calibration with DMF, containing 1 mM LiBr, as the luent a
equipped with a valve was used for reactions under Ar (g) and O2 (g) atm

© 2026 The Author(s). Published by the Royal Society of Chemistry
emitting diode (LED) (660 ± 30 nm, 5.9 W cm−2) was used as
the red-light source.

Kinetic investigations were conducted using 1H NMR spec-
troscopy and GPC analysis to monitor the evolution of the
number-average molecular weight (Mn) and dispersity (Đ) as
functions of monomer conversion under various reaction
conditions. To ensure accurate determination of monomer
conversion by 1H NMR, dimethylmalonic acid was chosen as an
internal standard because the intense signal of the ethylene
glycol unit partially overlaps with the characteristic methoxy
peak of OEGMA.41 Overall, the results demonstrated that both
monomer conversion and ln([M]0/[M]t) increased linearly with
irradiation time, indicating a controlled radical polymerization
process. In addition, a linear relationship was observed between
the experimentally determined molecular weight (Mn,exp from
GPC) and monomer conversion. Furthermore, GPC analysis
revealed consistently narrow Đ values throughout the poly-
merization, and the progressive shi of the monomodal GPC
traces toward the high molecular weights provided additional
evidence for the controlled/living nature of the polymerization.

Typically, photo-RAFT polymerization was performed in an
NMR tube containing a 50% DMSO (aq) solution of each BFL
(0.1 mM), OEGMA (250 mM), and CTA (1) (1.25 mM) under red-
light irradiation for 24 h (Table 1, entries 1–3). As a result, BEY
der various reaction conditions using red LED light (660 ± 30 nm,

Conv.b (%) Mn,theo
c (kDa) Mn,exp

d (kDa) Đ d Atm.

<1 <1 <1 n.a. Air
57 57 37 1.36 Air
80 80 80 1.33 Air
60 30 27 1.24 Air
34 8 8 1.23 Air
<1 <1 <1 n.a. Air
25 25 30 1.35 Air
77 77 58 1.35 Air
73 73 57 1.42 Air
65 65 51 1.46 Air
9 5 8 1.27 Air
95 n.a. $767 e 3–4 Air
<1 <1 <1 n.a. Air
77 n.a. $767 e 3–4 Air
3 n.a. <1 n.a. Ar f

86 n.a. $767 e 3–4 O2
f

68 68 63 1.31 Ar f

85 85 85 1.34 O2
f

aled with a cap, containing 0.6 mL of a 1 : 1 (v/v) mixture of DMSO and
nversion (%) was determined by 1H NMR using dimethylmalonic acid as
t (Mn,theo) was determined using the equation: Mn,theo = ([OEGMA]0 –
and polydispersity (Đ) were determined by GPC analysis using PMMA
s detailed in the SI. e The upper detection limit. f A J-Young NMR tube
ospheres. TEOA: triethanolamine, n.a.: not applicable.

Chem. Sci.
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Fig. 2 Polymerization kinetics of OEGMA (left) and corresponding
GPC traces (right) under various reaction conditions: (a) different BFL
types, (b) varying concentrations of CTA (1) with BEY, and (c) varying
concentrations of TEOA with BEY.
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exhibited superior vinyl conversion of up to 80% with a rst-
order rate coefficient (kp = 1.5 × 10−5 s−1), yielding a polymer
(PEGMA) with Mn = 80 kDa (Đ = 1.33) (Fig. 2a). However, the
monomer conversion with BBF and CB afforded lower mono-
mer conversions of 57% (kp = 0.8 × 10−5 s−1, Mn = 37 kDa, Đ =

1.36) and negligible conversion, respectively. As a control
experiment, eosin Y (EY), as a representative non-bridged uo-
rescein, was employed to benchmark the photoredox catalytic
performance against BEY. Under reaction conditions identical
to those in Table 1, entry 3, EY exhibited no monomer conver-
sion, whereas BEY afforded 60% monomer conversion aer
18 h of irradiation. Upon extending the irradiation time to 24 h,
EY achieved only 17%monomer conversion, while BEY reached
80% monomer conversion (Fig. S10).

Under the same reaction conditions as entry 3, increasing
the CTA concentration to 5 mM led to a substantial decrease in
monomer conversion to 34% (kp = 0.4 × 10−5 s−1) and a corre-
sponding reduction inMn to 8 kDa (Đ = 1.23) (Fig. 2b). This rate
retardation is assumed to arise from cross-termination, which
appears to be a dominant pathway in the RAFT process (Table 1,
entries 4 and 5).42 In the presence of triethanolamine (TEOA, 1
mM) as a co-initiator, monomer conversion further decreased
for BFLs (Table 1, entries 6–8). For example, the conversions
and correspondingMn values were 77% (kp = 1.4 × 10−5 s−1,Mn

= 58 kDa) for BEY, 25% (kp = 0.3 × 10−5 s−1, Mn = 30 kDa) for
BBF, and negligible for CB (Fig. S11a). Notably, monomer
conversions in the presence of TEOA were consistently lower
than that those observed in its absence.

These results were further supported by experiments using
BEY, where increasing TEOA concentration from 1mM to 5 mM
Chem. Sci.
decreased the monomer conversion from 77% to 65% and
reduced Mn from 58 kDa to 51 kDa (Table 1, entries 8–10)
(Fig. 2c). In addition, the experimentally observed Mn values
were lower than the theoretical Mn values. We attribute this
deviation to the increased concentration of TEOA radical cation
species, which disrupts the RAFT equilibrium of the CTA.43

Furthermore, this retardation became even more pronounced
when the concentration of CTA (1) was increased to 2.5 mM in
the presence of TEOA (1 mM). As a result, the monomer
conversion was only 9% (kp = 0.1 × 10−5 s−1), yielding a corre-
spondingMn of 8 kDa (Table 1, entry 11) (Fig. S11b). However, in
the absence of the CTA, the monomer conversion reached 95%,
affording a polymer with Mn exceeding 767 kDa, indicative of
a free-radical polymerization process (Table 1, entry 12)
(Fig. S12). Furthermore, no monomer conversion was observed
in the absence of BEY (Table 1, entry 13), conrming that CTA
(1) does not act as a photoiniferter under these reaction
conditions (Fig. S12).

Based on these results, we propose a mechanism that
excludes the participation of molecular oxygen (O2) as illus-
trated in Fig. 3a. Upon exposure to red light, BFL is excited to its
singlet-excited state and then transitions to the triplet-excited
state (3BFL*) via intersystem crossing (ISC). In the absence of
TEOA, 3BFL* either reduces CTA through a single-electron
transfer (SET) process, generating CTA radical anion (CTAc−)
(Fig. 3a, highlighted in red).43 This photoinduced electron
transfer (PET) process is thermodynamically favorable, as evi-
denced by the Gibbs free energy change (DGPET = −0.4 to −0.43
eV) determined from electrochemical measurements and time-
resolved photoluminescence spectroscopy (discussed in detail
in the section below). The CTA radical anion subsequently
undergoes fragmentation through a dissociative electron
transfer process, generating a propagating radical species and
a thiocarbonylthio anion. These radical intermediates then
participate in the RAFT process involving reversible chain-
transfer equilibria that facilitate redistribution among propa-
gating chains during polymerization (Fig. 3a, highlighted in
green).44 Subsequently, the formed BFL radical cation (BFLc+) is
regenerated to BFL through a SET process with the CTA radical
anion.

In the presence TEOA, 3BFL* oxidizes TEOA through a SET
process, producing BFL radical anion (BFLc−) and TEOA radical
cation (TEOAc+). This process is supported by the negative
DGPET values (−0.25 to −0.31 eV). The BFL radical anion
subsequently undergoes the dissociative process, generating
a propagating radical that initiates the RAFT polymerization.
Conversely, the CTA radical anion is rapidly converted into an
inert form through a SET process with the TEOA radical cation
(Fig. 3a, highlighted in blue).45 This quenching pathway
involving TEOA disrupts propagation of the RAFT polymeriza-
tion, resulting in the observed decreases in both polymerization
rate and Mn.

In the absence of both CTA (1) and TEOA, the photoreaction
of OEGMA with BEY was conducted under different atmo-
spheres (Table 1, entries 14–16). Under ambient atmosphere,
the monomer conversion reached 77%, and Mn exceeded the
detecting limit (Đ = 3–4) aer 24 h of irradiation (Fig. 4a).
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Plausible mechanisms using BFLs for (a) oxidative photo-RAFT
polymerization in the absence of O2 (top) and reductive photo-RAFT
(bottom) with TEOA in the absence of O2, (b) photoinduced free-
radical polymerization with O2 in the absence of both CTA and TEOA,
and (c) photoinduced oxidative electron-transfer RAFT polymerization
in the presence of O2.

Fig. 4 (a) Monomer conversion in the absence of both CTA (1) and
TEOA under different atmospheric conditions, (b) representative
images of photopolymerization conducted under (i) monomer only in
an ambient atmosphere, (ii) BEY with monomer in an ambient atmo-
sphere, and (iii) BEY with monomer in an argon atmosphere, and (c)
quantitative analysis of hydrogen peroxide generated by BFLs. The
scale bar represents 1.5 cm.
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Notably, even 50% monomer conversion was sufficient to form
a hydrogel. However, when the photopolymerization was per-
formed in a J-Young NMR tube under an argon atmosphere
under otherwise identical conditions, only 3% monomer
conversion was observed aer 24 h of irradiation, and no
© 2026 The Author(s). Published by the Royal Society of Chemistry
hydrogel formation occurred (Table 1, entry 15). Hydrogel
formation was further conrmed by a vial test (Fig. 4b). Aer
24 h of irradiation, a staining dye was added to visualize the
hydrogel. Upon inversion, the red-stained hydrogel remained at
the top, while the unreacted solution settled at the bottom.
Thus, hydrogelation was observed under aerobic conditions
(Fig. 4b, ii), whereas no hydrogelation occurred under an argon
atmosphere (Fig. 4b, iii) or in the dark as a negative control.
Remarkably, under an oxygen-rich atmosphere, the monomer
conversion recovered to 86%, with Mn again exceeding the
detection limit (Table 1, entry 16) (Fig. 4a). These results indi-
cate that O2 plays a crucial role in enabling the polymerization
in the absence of co-initiators.
Chem. Sci.
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As a negative control, irradiation of the monomer only for
24 h resulted in neither monomer conversion nor hydrogel
formation (Fig. 4b, i), conrming that BEY is essential for
initiating the polymerization. Furthermore, in the presence of
BEY, no monomer conversion was observed in the dark at either
room temperature or 40 °C aer 24 h, conrming that light is
required to activate BEY and initiates the polymerization
(Fig. S13).

In addition, given that DMSO can generate methyl radicals
under photoredox conditions,46,47 the photopolymerization of
OEGMA using BEY was performed in pure water to evaluate the
effect of DMSO (Fig. S14). Notably, the solubility of BFLs in pure
water is limited, but is signicantly improved upon addition of
OEGMA. Under ambient conditions, the polymerization in
water exhibited a prolonged induction period of up to 5 h.
However, upon extending the irradiation time beyond 9 h, the
monomer conversion in water exceeded that obtained in 50%
DMSO (aq). Aer 24 h of irradiation, monomer conversions of
96% and 77% were achieved in water and 50% DMSO (aq),
respectively. Under oxygen-rich conditions, the polymerization
rates in both water and 50% DMSO (aq) increased, while the
overall trend remained similar to those observed under ambient
conditions. In contrast, under an argon atmosphere, no
monomer conversion was observed up to 18 h in either solvent
system. Consequently, these results indicate that oxygen plays
a more critical role than DMSO in governing the photo-
polymerization behavior.

These observed results suggest a photoredox mechanism
involving O2 (Fig. 3b). 3BFL* facilitates the reduction of O2

through a SET process, producing superoxide (O2
c−) and BFL

radical cation. Acting as a Brønsted–Lowry base, the superoxide
(pKaH = 4.8) can abstract a proton from weakly acidic substrates
such as water to form the hydroperoxyl radical (HO2

c).48 Thus,
hydroperoxyl radical is then converted to hydrogen peroxide
through reaction with either superoxide or another hydro-
peroxyl radical. We assume that the generated hydrogen
peroxide can be activated by 3BFL* to produce hydroxyl radical
(HOc) (Fig. S15 and S16). The resulting hydroxyl radical initiates
free-radical polymerization of OEGMA.49,50 For example, Deng
and co-workers demonstrated that red-light-induced photo-
RAFT polymerization using methylene blue can be facilitated
by hydroxyl radicals generated through a photo-Fenton-like
process.51,52 Meanwhile, the BFL radical cation is regenerated
to BFL through a SET process with superoxide.

We conrmed the generation of hydrogen peroxide using
a quantitative colorimetric assay based on peroxidase and N,N-
diethyl-p-phenylenediamine sulfate (DPD).53 This analysis was
conducted with BFLs (0.1 mM) under different atmospheric
conditions (detailed in the SI). The results showed that oxygen-
rich conditions produced higher concentrations of hydrogen
peroxide than other conditions (Fig. 4c and S17). For example,
aer 10 min of irradiation under an oxygen-rich atmosphere,
the concentrations of hydrogen peroxide were 14 mM for BEY, 6
mM for BBF, and 2 mM for CB. Under an ambient atmosphere,
these values decreased to 7 mM for BEY, 5 mM for BBF, and 1 mM
for CB, while under an argon atmosphere hydrogen peroxide
formation was negligible for all BFLs. As a control experiment,
Chem. Sci.
the generation of hydrogen peroxide was negligible for all BFLs
in the dark, even under an oxygen-rich atmosphere. There
results indicate that the generation of hydrogen peroxide is
signicantly inuenced by both the O2 concentration and the
type of BFL.54

Additionally, photo-RAFT polymerization with BEY and CTA
(1) was performed under different atmospheric conditions
(Table 1, entries 3, 17, and 18) to elucidate the role of O2 (Fig. 5).
Under an argon atmosphere, the initial monomer conversion
proceeded markedly slower than under aerobic atmospheres.
For example, aer 12 h, the monomer conversion was only 10%
(kp = 0.2 × 10−5 s−1) under an argon atmosphere, whereas
oxygen-rich and ambient atmospheres yielded 56% (kp = 1.9 ×

10−5 s−1) and 40% (kp = 1.4 × 10−5 s−1) conversion, respec-
tively. Despite these differences in polymerization rate, the
photopolymerizations exhibited characteristic of CRP under all
atmospheric conditions. A linear increase in Mn with monomer
conversion, accompanied by progressive narrowing of the
molecular weight distribution, conrmed the controlled nature
of the process. For example, aer 24 h of irradiation, 85%
monomer conversion under oxygen-rich conditions yielded 85
kDa of Mn (Đ = 1.34), while 68% monomer conversion under
argon resulted inMn = 63 kDa (Đ= 1.31). These results indicate
that O2 facilitates RAFT polymerization, presumably by acting
as both a reductant for the BEY radical cation and a co-initiator.
We assume that the superoxide regenerates BEY from its cation
radical species through a SET process, thereby enhancing
catalytic performance (Fig. 3c). Furthermore, hydroxyl radicals
generated from superoxide-derived intermediates, initiate the
radical reaction. During initiation, oligomeric radicals are
formed, which subsequently react with the CTA and propagate
through the RAFT process, leading to CRP.

We also applied this methodology to chain-extension poly-
merization, further conrming that the process proceeds
through the RAFT mechanism. For instance, photo-
polymerization was carried out in a vial containing 50% DMSO
(aq) with BEY (0.3 mM), OEGMA (200 mM), CTA (1) (1.25 mM)
under ambient conditions under red-light irradiation. Aer
16 h, monomer conversion exceeded 90%, yieldingMn of 59 kDa
(Đ = 1.36). The synthesized PEGMA was characterized by 1H
NMR and GPC prole. For example, the characteristic OEGMA
peaks at 6.0, 5.7 and 4.2 ppm nearly disappeared (Fig. 6a,
highlighted in pink), while broad peaks at 4.0 ppm and 0.9 ppm
emerged (highlighted with asterisks), indicating successful
formation of PEGMA. Furthermore, GPC analysis revealed
a monomodal trace with a narrow molecular weight distribu-
tion (Fig. 6b). The resulting solution was then directly added
with 2-acrylamido-2-methyl-1-propanesulfonate (AMPS, 250
mM) without an isolation step.

Aer 10 h, 1H NMR analysis revealed the monomer conver-
sion exceeding 90%. The characteristic peaks of AMPS at 5.5, 6.0
and 6.2 ppm disappeared, while broad peaks at 3.4 and 2.0 ppm
appeared, conrming formation of PEGMA-b-poly(AMPS).
Additionally, the shi of the monomodal GPC trace toward
higher molecular weight further conrmed formation of the
diblock copolymer, PEGMA-b-poly(AMPS). This successful chain
extension demonstrates excellent retention of chain-end group
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Experimental results of photo-RAFT polymerization of OEGMA under different atmospheric conditions. Shown are (left) kinetic plots,
(middle) evolution of Mn (squares) and dispersity (circles) as functions of monomer conversion, and (right) corresponding GPC traces for (a)
oxygen-rich, (b) ambient, and (c) argon atmospheres.
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delity. To evaluate temporal control, an on–off light experi-
ment was conducted under the same conditions as Table 1,
entry 3. The light was cycled on and off repeatedly until over
60% monomer conversion was achieved, with no detectable
conversion during the dark intervals (Fig. 6c). This light-
regulated temporal control conrms that polymerization can
be precisely controlled through light-mediated activation and
deactivation.
Free-radical photopolymerization

The photoinitiated free-radical polymerization of OEGMA (250
mM) with BFLs was investigated under various reaction condi-
tions. BEY exhibited superior performance compared to BBF
and CB. For example, in the presence of TEOA (100 mM), BEY
(0.01 mM) achieved 84%monomer conversion with an apparent
rst-order reaction rate (kapp = 0.7 × 10−5 s−1), yielding PEGMA
withMn = 114 kDa (Đ = 3.4) aer 5 h under ambient conditions
(Fig. S18). In contrast, BBF and CB afforded monomer conver-
sions of 77% (kapp = 0.4 × 10−5 s−1) and 6% (kapp = 0.1 × 10−5

s−1), respectively, affording Mn values of 56 kDa (Đ = 3.2) and
108 kDa (Đ = 3.4) under the same reaction conditions (Table 2,
entries 1–3). As the concentration of BFLs increased, the poly-
merization rate increased accordingly. For instance, at 0.1 mM,
© 2026 The Author(s). Published by the Royal Society of Chemistry
BEY and BBF achieved monomer conversions of 96% (kapp = 3.1
× 10−4 s−1) and 91% (kapp = 1.6 × 10−4 s−1), respectively
(Fig. S19). However, the corresponding Mn values decreased
signicantly to 24 kDa (Đ= 2.6) for BEY and 60 kDa (Đ= 2.7) for
BBF (Table 2, entries 4 and 5). This decrease is attributed to the
higher concentration of BFLs, which act as both photocatalysts
and initiators, generating a greater number of radical inter-
mediates that initiate more polymer chains, and thus reduce
the average chain length. As negative controls, no monomer
conversion was observed under the optimized reaction condi-
tions in the dark aer 24 h. Similarly, no monomer conversion
was observed in the absence of BFLs aer 24 h of irradiation
(Table 2, entries 6 and 7) (Fig. S19). However, hydrogel forma-
tion was observed in the presence of monomer and BEY without
TEOA, consistent with the previously described result (Table 1,
entry 14).

The photopolymerization of OEGMA with BEY in the pres-
ence of TEOA was conducted under different atmospheric
conditions (Table 2, entries 8 and 9). Under an argon atmo-
sphere, the monomer conversion decreased by 23% compared
to that under an ambient atmosphere, yielding 73% conversion
(kapp = 0.7 × 10−4 s−1) with Mn of 19 kDa (Đ = 2.5) aer 5 h of
irradiation (Fig. S20). In contrast, under an oxygen-rich
Chem. Sci.
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Fig. 6 (a) 1H NMR spectra of stepwise diblock copolymerization of
PEGMA-b-poly(AMPS), (b) the corresponding GPC traces, and (c)
monomer conversion demonstrating light-regulated temporal
control.
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atmosphere, monomer conversion increased to 92% (kapp = 1.9
× 10−4 s−1), yielding PEGMA with Mn = 21 kDa (Đ = 2.4). These
results indicate that O2 promotes this photopolymerization. We
assume that O2 facilitates continuous redox cycling of BEY by
oxidizing the BEY radical anion through a SET process (Fig. 7).
Notably, this effect depends on the concentration of O2.
Excessive amounts of O2 reduce the polymerization rate relative
to that observed under ambient conditions, presumably by
suppressing the SET pathway between 3BEY* and TEOA. Under
these conditions, O2 oxidizes 3BEY* to produce BEY radical
cation while simultaneously decreasing the concentration of a-
amino radical species, thereby retarding polymerization.
Furthermore, under near-infrared (NIR) irradiation, BEY ach-
ieved 93% monomer conversion (kapp = 1.2 × 10−4 s−1) aer
7 h, yielding PEGMA withMn of 22 kDa (Đ = 2.6) under ambient
conditions (Table 2, entry 10) (Fig. S21).

As control experiments, methylene blue and EY, were also
employed to benchmark the photoredox catalytic performance
against BEY. Under reaction conditions identical to those in
Chem. Sci.
Table 2, entry 5, EY exhibited an induction period of approxi-
mately 1 h and achieved 40% monomer conversion aer 2 h of
irradiation. Methylene blue achieved only 31% monomer
conversion, whereas BEY reached 83% monomer conversion
within the same irradiation time (Fig. S22).

Based on these ndings, we propose a reductive quenching
mechanism involving photoexcitation, ISC, SET, and subse-
quent regeneration of BEY (Fig. 7, highlighted in blue). In this
process, 3BEY* accepts a single electron from TEOA through
a SET process, producing BEY radical anion and the TEOA
radical cation species. The TEOA radical cation subsequently
undergoes deprotonation to form a neutral TEOA radical
(TEOAc) species, which initiates polymerization. Meanwhile, the
BEY radical anion is protonated to yield BEYH radical species
(BEYHc), which is then regenerated to BEY through a reverse
hydrogen atom transfer (RHAT) process with TEOAc under an
argon atmosphere.55–57 In the presence of O2, photocatalytic
activity is enhanced through accelerated regeneration of BEY.
Specically, the BEY radical anion and BEYHc species are
oxidized back to BEY via a SET process with O2 and a RHAT
process with peroxy-radicals generated from oxygen-inhibition
reactions, respectively.58 In addition, the TEOA radical cation
can react with oxygen to generate superoxide and iminium
cations.59

The photopolymerization was also conducted in the pres-
ence of diphenyliodonium (IOD), which serves as a co-initiator
though its role as an electron acceptor.60,61 IOD exhibited
slightly lower reactivity than TEOA for BFLs (Table 2, entries 11–
14). For example, at 0.1 mM BEY, the monomer conversion
reached 69% aer 5 h of the irradiation and 90% aer 9 h,
yielding PEGMA with Mn of 204 kDa (Đ = 10) (Fig. S23). At
0.2 mM BEY, the monomer conversion reached 91% aer 5 h
and 96% aer 7 h, resulting in PEGMA with Mn of 175 kDa (Đ =

8.5). Overall, while IOD afforded PEGMA with higher Mn values
than TEOA, achieving a comparable reaction rate required
a higher concentration of BEY. These results indicate that the
initiation efficacy of IOD is lower than that of TEOA with in this
photoredox system.

To verify this, we determined the initiation efficiency (Fi),
dened as the initiation rate per the light absorption (Fi= Ri/Ia).
The initiation rate (Ri) was obtained using the inhibition period
method.62 In brief, the concentration of 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO), employed as a radical
inhibitor, was plotted against the inhibition time (tinh) (Fig. 8a).
As the inhibitor concentration increased, the inhibition time
increased proportionally (Fig. S24). The Ri value was then
calculated from the inverse slope of this plot (i.e., [TEMPO])/
tinh). For example, in the presence of TEOA (100 mM) and
OEGMA (250mM), the Ri values were 1.7 (±0.2)× 10−7 M s−1 for
BEY (0.01 mM) and 1.7 (±0.3) × 10−6 M s−1 for BEY (0.1 mM)
(Fig. 8c). These results indicate that increasing the BEY
concentration shorten the inhibition time and consequently
increased the Ri value. However, IOD exhibited a much lower Ri

of 4.2 (±0.3) × 10−8 M s−1, even at 0.2 mM BEY under the same
reaction conditions. As negative controls, no monomer
conversion was observed under the optimized reaction condi-
tions in the dark aer 24 h. Similarly, no conversion was
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Free-radical photopolymerization of OEGMA with different BFLs under red or near-infrared (NIR) LED light irradiation and diverse
reaction conditionsa

Entry Type of BFL
[OEGMA] : [co-initiator] : [BFL]
(mM)

Type of
co-initiator Conv.b (%)

Irradiation
time (h)

Mn,exp
c

(kDa) Đc
LED
source Atm.

1 CB 250 : 100 : 0.01 TEOA 6 5 56 3.2 Red Air
2 BBF 250 : 100 : 0.01 TEOA 77 5 108 3.4 Red Air
3 BEY 250 : 100 : 0.01 TEOA 84 5 114 3.4 Red Air
4 BBF 250 : 100 : 0.1 TEOA 91 5 60 2.7 Red Air
5 BEY 250 : 100 : 0.1 TEOA 96 5 24 2.6 Red Air
6 none 250 : 100 : 0 TEOA 0 24 <1 n.a. Red Air
7 BEY 250 : 100 : 0.1 TEOA 0 24 <1 n.a. none Air
8 BEY 250 : 100 : 0.1 TEOA 73 5 19 2.5 Red Ar f

9 BEY 250 : 100 : 0.1 TEOA 92 5 21 2.4 Red O2
f

10 BEY 250 : 100 : 0.1 TEOA 93 7 22 2.6 NIRe Air
11 CB 250 : 100 : 0.2 IOD 0 7 <1 n.a. Red Air
12 BBF 250 : 100 : 0.2 IOD 90 7 174 8.6 Red Air
13 BEY 250 : 100 : 0.2 IOD 96 7 175 8.5 Red Air
14 BEY 250 : 100 : 0.1 IOD 90 9 204 10 Red Air
15 none 250 : 100 : 0 IOD 0 24 <1 n.a. Red Air
16 BEY 250 : 100 : 0.2 IOD 0 24 <1 n.a. none Air
17 BEY 250 : 100 : 0.2 IOD 70 7 $767d >4 Red Ar f

18 BEY 250 : 100 : 0.2 IOD 92 7 153 >10 Red O2
f

a Photopolymerization was typically conducted in a standard NMR tube sealed with a cap, containing 0.6 mL of a 1 : 1 (v/v) mixture of DMSO and
D2O under aerobic conditions at room temperature. b Monomer conversion (%) was determined by 1H NMR using dimethylmalonic acid as an
internal standard, as detailed in the SI. c Experimental molecular weights and polydispersity (Đ) were determined by GPC analysis using PMMA
standards for calibration with DMF containing 1 mM LiBr as the eluent as detailed in the SI. d The upper detection limit. e NIR LED (730 ±
30 nm, 12.5 W cm−2). f A J-Young NMR tube equipped with a valve was used for reactions under Ar (g) and O2 (g) atmospheres. IOD:
diphenyliodonium, n.a.: not applicable.
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observed in the absence of BFLs aer 24 h of irradiation (Table
2, entries 15 and 16) (Fig. S25).

The light absorption (Ia) was calculated using the Beer–
Lambert law [Ia = I0 (1−10−3bc)], where I0 is the incident light
determined by chemical actinometry, 3 is the molar absorptivity
of BEY, b is the cuvette path length (1.0 cm), and c is the cor-
responding molar concentration of BEY (detailed in the SI and
Fig. S26a).63 The calculated Ia values were 6.6 (±0.6) × 10−7 M
s−1 for BEY (0.01 mM), 4.4 (±0.4) × 10−6 M s−1 for BEY (0.1
mM), and 5.9 (±0.5) × 10−6 M s−1 for BEY (0.2 mM). Accord-
ingly, the Fi values were 0.3 (±0.1) for BEY (0.01 mM), 0.4 (±0.2)
for BEY (0.1 mM) in the presence of TEOA (100 mM) (Fig. 8c). In
contrast, when IOD exhibited a signicantly lowerFi (<0.01) was
observed, even at an elevated BEY concentration (0.2 mM).
Consequently, these results demonstrate that the diminished
polymerization rate in the presence of IOD arises from its low
initiation efficiency, presumably due to less favorable photoin-
duced electron transfer interaction with BFLs.

The photopolymerization of OEGMA with BEY in the pres-
ence of IOD was also carried out under different atmospheric
conditions (Table 2, entries 17 and 18). Compared to ambient
© 2026 The Author(s). Published by the Royal Society of Chemistry
atmosphere, monomer conversion decreased considerably
under an argon atmosphere. For example, at BEY (0.2 mM),
monomer conversion reached 70% (kapp = 0.6 × 10−4 s−1) aer
7 h of irradiation, which interestingly resulted in partial
hydrogel formation. This result was reproducible across
multiple trials. Under an oxygen-rich atmosphere, however,
monomer conversion recovered to 92% (kapp = 1.1 × 10−4 s−1),
yielding PEGMA with Mn = 153 kDa (Đ > 10) (Fig. S27). These
observations further conform that O2 accelerates this photo-
polymerization. Based on these ndings, we propose an oxida-
tive quenching mechanism (Fig. 7, highlighted in red). Under
an argon atmosphere, 3BEY* donates a single electron to IOD
through a SET process, generating the BEY radical cation
(BEYc+) and the IOD radical species (Ar2I

c). This process is
supported by negative DGPET values (−0.75 to −0.78 eV). The
IOD radical undergoes bond cleavage to produce a phenyl
radical (Arc), which initiates polymerization. The resulting BEY
radical cation is reduced to the BEYH through a HAT process
from the propagating polymer radical (Pn

c), forming a poly-
merizable macromonomer. This macromonomer further
participates in free-radical polymerization, leading to hydrogel
Chem. Sci.
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Fig. 7 Plausible mechanism of photoinitiated free-radical polymeri-
zation involving oxidative (top) and reductive (bottom) quenching
cycles in the presence and absence of O2. HAT: hydrogen atom
transfer, RHAT: reverse hydrogen atom transfer.

Fig. 8 Comparison of kinetic parameters at different BEY concen-
trations and co-initiators under ambient conditions: (a) plots of inhi-
bition time versus TEMPO concentration, (b) correlation of
propagation rate (Rp) with irradiation time, and (c) summary of the
experimentally determined values. TEMPO: 2,2,6,6-tetra-
methylpiperidine-1-oxyl, Ri: initiation rate, Ia: light absorption, Fi:
initiation efficiency, and Frxn: reaction quantum yield.
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formation. The BEYH is regenerated to BEY through proton
transfer, completing the catalytic cycle. In the presence of O2,
3BEY* also donates a single electron to O2, generating super-
oxide (Oc−) and the BEY radical cation. The superoxide then
Chem. Sci.
reduces the BEY radical cation via a SET process, thereby
accelerating the regeneration of BEY. In contrast, excessive
amounts of O2 reduce the polymerization rate relative to that
observed under ambient conditions, presumably by suppress-
ing the SET pathway between 3BEY* and IOD.

The reliability of the measured molecular weights can be
evaluated by comparison with the theoretical degree of poly-
merization (DP). The theoretical DP can be estimated from the
kinetic chain length, dened as the ratio of the propagation rate
(Rp) to the initiation rate (Ri).64 Specically, the maximum Rp

(Rp,max) was used to determine the kinetic chain length.65 The
kinetic chain length was examined under varying BEY concen-
trations and different initiator types. The Rp,max values, deter-
mined by 1H NMR spectroscopy, were found to depend on both
the concentration of BEY and the type of initiator (Fig. 8b). As
the BEY concentration increased, Rp,max value also increased.
For example, in the presence of TEOA, increasing BEY from
0.01 mM to 0.1 mM increased Rp,max from 4.4 (±0.7) × 10−5 M
s−1 to 7.2 (±0.6) × 10−5 M s−1 (Table 2, entries 3 and 5).
However, IOD exhibited a lower Rp,max of 1.7 (±0.6) × 10−5 M
s−1 at 0.2 mM BEY (Table 2, entry 13) (Fig. 8c). Accordingly, the
kinetic chain lengths, calculated from Rp,max values and the
corresponding Ri values, were 259 (±51) for entry 3, 42 (±8) for
entry 5, and 405 (±146) for entry 13 in Table 2. These kinetic
chain lengths are in good agreement with the experimentally
determinedMn,GPC values, indicating that disproportionation is
the predominant termination pathway in this chain radical
polymerization.

We also determined reaction quantum yields to elucidate
mechanistic features of these photoredox processes involving
radical-chain propagation. The reaction quantum yield (Frxn) is
dened as the number of products formed (Nproducts) per
the number of photons absorbed at a specic wavelength
(Nphotons).66 In photoinitiated free-radical polymerization, which
proceeds thorough a chain-propagating mechanism, each
absorbed photon can initiate multiple product-forming events;
thus, Frxn is expected to exceed 1.67 The number of photons
absorbed by the sample was determined by chemical actinom-
etry using Reinecke's salt as a reference for 660 nm (detailed in
the SI).68 The number of products formed was quantied by 1H
NMR spectroscopy. The Frxn values depended on both the type
of BFL and the co-initiator. For example, reaction quantum
yields were 17.4 (±0.7) for BEY, 7.1 (±0.5) for BBF, and 1.8
(±0.2) for CB under the same reaction conditions (0.1 mMBFL +
100 mM TEOA + 250 mM OEGMA) (Fig. 8c, S26b and c). In
comparison, when IOD was used as the co-initiator, a lower
quantum yield (Frxn = 2.4 ± 0.1) was observed, even at a higher
BEY concentration (0.2 mM). These results are consistent with
the observed trends in photocatalytic performance.

To expand the monomer scope, we investigated the poly-
merization of several water-soluble monomers using BEY in the
presence of TEOA under the optimized conditions as described
in Table 3. Under an ambient atmosphere, 3-sulfopropy meth-
acrylate (SPMA) and AMPS achieved monomer conversions of
93% (kapp = 1.8 × 10−4 s−1) with Mn of 5 kDa (Đ > 10) and 82%
(kapp = 1.0 × 10−4 s−1) with Mn of 7 kDa (Đ > 10), respectively.
The polymerization of 2-hydroxyethyl methacrylate (HEMA) and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Investigation of monomer scope in the BEY/TEOA system
under aerobic conditions with red LED light irradiationa

Entry Monomer Conv.b (%)
Irradiation
time (h) Mn,exp

c (kDa) Đc

1 SPMA 93 7 5 >10
2 AMPS 82 8 7 >10
3 HEMA 81 4 (sat.) 3 6
4 NIPAm 61 4 (sat.) 6 8

a Photopolymerization was conducted in a standard NMR tube sealed
with a cap under aerobic conditions at room temperature. The
reaction solution consisted of BEY (0.1 mM), TEOA (100 mM), and
monomer (250 mM) dissolved in 50% DMSO (aq) (total volume: 0.6
mL). b Monomer conversion (%) was determined by 1H NMR using
dimethylmalonic acid as an internal standard. c Experimental
molecular weights and polydispersity (Đ) were determined by GPC
analysis using PMMA standards for calibration with DMF containing
1 mM LiBr as the eluent. SPMA: 3-sulfopropy methacrylate, AMPS: 2-
acrylamido-2-methyl-1-propanesulfonate, HEMA: 2-hydroxyethyl
methacrylate, NIPAm: N-isopropylacrylamide, and sat.: saturation.
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N-isopropylacrylamide (NIPAm) reached a plateau aer 4 h of
irradiation, resulting in monomer conversions of 81% (kapp =

1.7 × 10−4 s−1) with Mn of 3 kDa (Đ = 6) and 61% (kapp = 1.1 ×

10−4 s−1) withMn of 6 kDa (Đ = 8), respectively (Fig. S28). These
results indicate that, despite high monomer conversion, the
molecular weights were relatively lower than expected,
presumably due to limited solubility of the resulting polymers
in the solvent system.69

Analysis using time-resolved photoluminescence and
electrochemical potentials

To support the proposed mechanism, we characterized the
photophysical and electrochemical properties of the BFLs
(Table 4). In particular, these experimental values were
primarily used to calculate the Gibbs free energy of photoin-
duced electron transfer (DGPET), which represents the driving
Table 4 Summary of photophysical and electrochemical properties of B

CB BB

lex,vis(nm)a 600 60
3 (cm−1 M−1)b 1225 13
lF,vis(nm)a 740 77
Ff

a,c < 0.01 < 0
sF(ns)

a 2.1(�0.1,26%) 6.7(�0.3,74%) 3.1
lp(nm)a,d 765 78
sP(ms)a,d n.a. 0.6
ET10,0 (eV) 1.62 1.5
Eox1/2 (V/SCE)

e 0.11 0.0
DGPET,CTA (eV) −0.43 −0
DGPET,IOD (eV) −0.78 −0
Ered1/2 (V/SCE)

e −0.36 −0
DGPET,TEOA (eV) −0.31 −0
pKa0

f 1.69 n.a
pKa1

f 6.03 4.2
pKa2

f n.a. n.a

a 0.1 mM BFL in a mixture of ethanol and DMSO (90 : 10, v/v) containing 1
solution. c Absolute quantum yield (detailed in the SI). d Measured under
NaOH. f Measured in a mixed solvent (DMSO : pH buffer (aq) = 10 : 90, v/

© 2026 The Author(s). Published by the Royal Society of Chemistry
force for intermolecular electron transfer between BFLs and the
co-initiators, as described by Marcus theory.70 The DGPET can be
expressed as:

DGPET = −F(DE) = − F (Ered – Eox) = −F [Ered(A/A
c–) – Eox(D

c+/
D)] – w – ES/T0,0, where F is the Faraday constant, w is the elec-
trostatic work term (oen neglected), ES/T0,0 is typically estimated
from the wavelength of maximum phosphorescence (lp), and A
and D denote the acceptor and donor, respectively. Because BFLs
donate a single electron to either CTA or IOD from their triplet-
excited state, DGPET can be calculated using the following equa-
tion: DGPET ¼ �F½EredðA=Ac�Þ � E*

oxðBFLcþ=BFLÞ�, where
E*
oxðBFLcþ=BFLÞ ¼ EoxðBFLcþ=BFLÞ � ET1

0;0, where E and E* are
ground- and excited-state energies, respectively. Initially, we
determined the oxidation potential of the BFLs and the reduction
potential of the acceptors by linear sweep voltammetry (detailed
in the SI). In particular, the oxidation potentials of the BFLs
showed a slight deceasing trend: CB (0.11 eV), BBF (0.09 eV), and
BEY (0.08 eV) (Fig. S29). The reduction potentials of CTA (1) and
IOD were measured to be −1.08 eV and −0.73 eV, respectively
(Fig. S30). Furthermore, phosphorescence spectra were obtained
by time-resolved photoluminescence measurements (FLS1000,
Edinburgh Instruments Ltd, UK) at 77 K (detailed in the SI). The
lp values were 765 nm for CB, 788 nm for BBF, and 795 nm for
BEY (Fig. 9a). The corresponding lifetimes were measured as
major components of 0.4 (±0.1) ms (78% of the decay) for BEY
and 3.7 (±0.8) ms (83% of the decay) for BBF, while that of CB
was negligible (Fig. 9b and S31). These relatively long lifetimes
conrm that the emissions of both BBF and BEY originate from
phosphorescence.

Accordingly, the calculated DGPET values between BFLs and
CTA (DGPET,CTA) were −0.43 eV for CB, −0.40 eV for BBF, and
−0.40 eV for BEY. Additionally, the calculated DGPET values for
BFLs and IOD (DGPET,IOD) were −0.78 eV for CB, −0.75 eV for
BBF, and −0.75 eV for BEY. These negative values indicate
that PET processes of the BFLs with either CTA (1) or IOD is
FLsa

F BEY

5 620
85 1340
0 740
.01 < 0.01
(�0.1,6%) 7.2(�1.2,94%) 2.3(�0.3,12%) 8.3(�0.1,88%)
8 795
(�0.2,17%) 3.7 (�0.8,83%) 0.1 (�0.1,22%) 0.4 (�0.1,78%)
7 1.56
9 0.08
.40 −0.40
.75 −0.75
.35 −0.36
.27 −0.25
. n.a.
2 (6.54)g 3.19
. 5.8

0 mM NaOH. b 100 mM BFL in 50% DMSO (aq) containing pH 11 buffer
cryogenic conditions. e 1 mM BFL in 50% DMSO (aq) containing 10 mM
v). g Bridged monobromouorescein, n.a.: not applicable.
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Fig. 9 Photoluminescence spectra of BFLs in ethanol: (a) time-gated
phosphorescence spectra of BFLs at 77 K with a delay time of 2 ms, (b)
phosphorescence decay profiles of BBF and BEY at 77 K, where CB
showed negligible emission counts. Red lines represent the best–fit
curves, and the black line denotes the instrument response function
(IRF), and (c) fluorescence decay profiles of BFLs at 77 K, with red lines
representing the best–fit curves and the black line indicating IRF.
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thermodynamically favorable. Furthermore, the small differ-
ences of these values within each system suggest that the cor-
responding PET rate constants for CB, BBF, and BEY are
comparable. On the other hand, DGPET of BFLs with TEOA
can be determined the following equation:
DGPET ¼ �F½E*

redðBFL=BFLc�Þ ¼ EoxðTEOA=TEOAcþÞ�, where
E*
redðBFL=BFLc�Þ ¼ EredðBFL=BFLc�Þ þ ET1

0;0 The oxidation poten-
tial of TEOA was measured to be 0.95 eV (Fig. S32). The reduc-
tion potentials of BFLs were similar, with values of −0.36 eV
for CB, −0.35 eV for BBF, and −0.36 eV for BEY (Fig. S33).
Therefore, the calculated DGPET values for BFLs and TEOA
(DGPET,TEOA) were −0.31 eV for CB, −0.27 eV for BBF, and
−0.25 eV for BEY.

The DGPET values for CB, BBF, and BEY were indistinguish-
able within each electron-transfer system, indicating that these
Chem. Sci.
parameters alone are insufficient to explain the pronounced
differences in their photocatalytic activity. In contrast, the
phosphorescence intensities of the BFLs showed signicant
variation. Under identical measurement conditions, the emis-
sion intensity followed the trend CB < BBF < BEY. For example,
BEY exhibited approximately twice the intensity of BBF and
three times that of CB, presumably due to the heavy-atom effect.
As a heavy halogen atom, bromine enhances the spin-orbital
coupling (SOC) effect, thereby facilitating ISC and resulting in
stronger phosphorescence.71,72 We previously demonstrated
that incorporation of bromine atoms into uorescein increases
its photocatalytic performance.38 Therefore, the phosphores-
cence intensity reects the population of the triplet-excited
state, which contributes to the superior photoredox catalytic
performance of BEY. In addition to phosphorescence, uores-
cence lifetimes at 77 K were measured to be values of 6.7 (±0.3)
ns (74% of the decay) for CB, 7.2 (±1.2) ns (94% of the decay) for
BBF, and 8.3 (±0.1) ns (88% of the decay) for BEY (Fig. 9c and
S34). Taken together, BEY exhibits superior properties,
including stronger absorptivity in the red-light range and
higher phosphorescence intensity, which collectively contribute
to its improved photoredox catalytic performance.

The protolytic equilibria of BFLs were studied in an aqueous
solution (DMSO : pH buffer solution = 10 : 90, v/v) to determine
their dissociation constants (pKa), which describe the relative
concentration of each protolytic species as a function of pH. For
example, CB displays three different ionization states such as
cationic, neutral, and monoanionic state corresponding to pKa0

and pKa1, whereas BEY exhibits neutral, monoanionic, and di-
anionic states corresponding to pKa1 and pKa2 within the pH
range of 1.0–10.0. The protolytic equilibria and pKa values of the
BFLs were simulated using DATAN soware (Fig. S35–S37).
Based on the simulation results, BFLs predominately exist in
their anionic forms at pH values above 8.0. Notably, the pres-
ence of bromine substituent(s) lowers pKa values of the BFLs,
making pKa0 difficult to observe within the measurable range.
In the case of BBF, two pKa1 values were assigned to bridged
dibromo- and monobromo-uorescein, as inferred from
changes in the UV-vis absorption spectra under varying pH
conditions.
Analysis of electron paramagnetic resonance (EPR)
spectroscopy

It has been known that various radical species are generated
during the photochemical reactions of uorescein deriva-
tives.32,73,74 Direct observation of such radical species is chal-
lenging at room temperature due to their inherent instability. In
this study, we performed spin-trap EPR spectroscopy to track
radical species generated during the photochemical reaction of
BEY under red-light irradiation. 5,5-Dimethyl-1-pyrroline-N-
oxide (DMPO) was used as a spin-trapping agent because it
forms relatively stable spin-adducts producing radical-specic
EPR features.75,76

Fig. 10 displays the EPR spectra obtained from the mixture
solutions containing BEY (1 mM) + DMPO (0.1 M) + each co-
initiator (0.1 M TEOA, IOD, or CTA (1)) aer 20 min of red-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 EPR spectra (black lines) obtained from the solutions of (a) BEY
+ DMPO, (b) BEY + DMPO + TEOA, (c) BEY + DMPO + IOD, (d) BEY +
DMPO + CTA (1), and (e) DMPO after 20 min of red-light irradiation in
50% DMSO (aq). The corresponding simulations (red dots) are overlaid
on the experimental spectra. Detailed simulations are represented in
Fig. S38.
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light irradiation in 50% DMSO (aq). All of the solutions con-
taining BEY gave rise to EPR signals, indicating that BEY is
responsible for the generation of radicals. The EPR spectra were
well tted by numerical simulations (Fig. 10), and their simu-
lated EPR parameters are summarized in Table 5. The observed
isotropic nuclear hyperne coupling constants (A) could be
grouped into two: one with AN < AH, and the other with AN > AH.
Here, AN and AH denote A of nitrogen nucleus and proton,
respectively. Previous EPR studies on DMPO-spin adducts have
found that AN < AH cases were arising from carbon-centered
radicals (C*) while AN $ AH was characteristic of oxygen-
centered radicals (O*).

The EPR spectrum of the mixture solution of BEY + DMPO
exhibits two radical EPR signals (Fig. 10a). The characteristics of
Table 5 EPR parameters derived from the spin-trap EPR measurements

Samples

Major M

g AN (G) AH (G) g

BEY + DMPO 2.0063 15.7 22.4 2.
BEY + DMPO + TEOA 2.0064 15.7 22.4 2.
BEY +DMPO + IOD 2.0061 15.1 22.4 —
BEY + DMPO + CTA (1) 2.0066 14.9 18.2 2.
DMPO No signal

© 2026 The Author(s). Published by the Royal Society of Chemistry
AN (15.7 G) < AH (22.4 G) of the major signal suggest that the
radical is C-centered. And the AN and AH values are close to the
reported ones for the DMPO-C* adducts.32 We assume that the
photochemical reaction of BEYwith O2 leads to the formation of
hydroxyl radical (cOH). This reactive species decomposes DMSO
to formmethyl radical (cCH3), yielding the DMPO-CH3 adduct.46

The DMPO-OH was observed as a minor signal in the spectrum.
Interestingly, DMPO-OH signal is very weak, which is consistent
with our previous nding that this adduct is susceptible to
decomposition or rearrangement under photoredox catalysis.32

Two EPR signals are also identied in the spin-trap EPR of
BEY + DMPO + TEOA (Fig. 10b). The major signal is identical to
the EPR parameters of DMPO-CH3 observed in BEY + DMPO. AN
(15.5 G) and AH (19.6 G) values derived from the minor EPR
signal are very close to our previously reported hyperne
constants of the DMPO-C* generated in uorescein derivative +
DMPO + TEOA mixture,32,73 suggesting that the detected C-
centered radical is derived from TEOA (cTEOA). The EPR spec-
trum of BEY + DMPO + IODmixture shows a signal with A values
close to DMPO-CH3 of BEY + DMPO and BEY + DMPO + TEOA
(Fig. 10c). Though the observed A values are close to those of
DMPO-CH3, the spectral feature is clearly distinguished from
the spectra of DMPO-CH3 and the hyperne coupling constants
closely matches the reported parameters for the DMPO-Ph
adduct,77 supporting that BEY + DMPO + IOD generated
DMPO-Ph.

The EPR spectrum (Fig. 10d) obtained from BEY + DMPO +
CTA (1) are also resolved into two radical EPR signals: one with
AN (14.9 G) < AH (18.2 G) for major intensity and the other with
AN (13.9 G) > AH (9.6 G) for minor intensity, being consistent
with that the major and minor intensities are attributed to
DMPO-C* and DMPO-O*, respectively. We assume that the
photochemical reaction of BEY with CTA (1) induces the
cleavage of the CTA to generate 4-cyanopentanoic acid radical
(cCP) species, responsible for the DMPO-C* signal.78 AN and AH
of the DMPO-O* signals are similar to those observed for O-
centered radical species trapped by DMPO, such as DMPO-OR
(R = t-butyl).79 It has been reported that the carbon-based cCP
radical reacted with O2 to form an O-centered radical, such as
oxy radical (cOCP).78 Therefore, we assume that the observed
DMPO-O* signal corresponds to the DMPO-OCP adduct. In
summary, the spin-trap EPR investigations identied three
distinct C-centered radical species, cTEOA, cPh, and cCP,
produced from the photoreaction of BEY with TEOA, IOD, and
CTA (1), respectively. Additionally, the observation of the O-
inor Spin adducts

AN (G) AH (G) g AN (G)

0065 14.5 13.5 DMPO-CH3 DMPO-OH
0063 15.5 19.6 DMPO-CH3 DMPO-TEOA

— — DMPO-Ph —
0068 13.9 9.6 DMPO-CP DMPO-OCP

Chem. Sci.
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centered radical species, cOCP, from the photoreaction of BEY
with CTA (1) further supports the photo-RAFT process.
Photobleaching under various conditions

We investigated the photobleaching behavior of BEY under
various co-initiators and atmospheric conditions, as the extent
of photobleaching can provide supporting evidence for the
proposed mechanism. Photobleaching was quantied by
monitoring changes in the integrated absorbance of BEY (0.1
mM) within the 630–690 nm range, corresponding to the red
LED light source, as a function of irradiation time. In the
presence of CTA (1), no photobleaching of BEY was observed in
the absence of irradiation (Fig. 11a). Under irradiation, the
photobleaching rate under different atmospheric conditions
(Table 2, entries 3, 17, and 18) followed the order: argon <
ambient < oxygen-rich. For example, aer 3 h of irradiation,
Fig. 11 Photobleaching of BFLs (0.1 mM) under different atmospheric
conditions in the presence of (a) CTA (1, 1.25 mM), (b) TEOA (100 mM),
and (c) IOD (100 mM) dissolved in 50% DMSO (aq).

Chem. Sci.
photobleaching reached 9% under argon, 35% under an
ambient atmosphere, and 44% under an oxygen-rich
atmosphere.

A similar trend was observed for TEOA and IOD. For
instance, aer 1 h of irradiation with TEOA, photobleaching
reached 66% under argon conditions, 76% under ambient
conditions, and 92% under oxygen-rich conditions (Fig. 11b).
IOD exhibited faster photobleaching of BEY than TEOA,
presumably because it can promote BEY degradation even in
the dark. For example, aer 4 h in the dark, BEY bleaching
reached 29% under ambient conditions and 7% under an argon
atmosphere (Fig. 11c). Because no monomer conversion was
observed under the optimized reaction conditions using IOD
for 24 h in the dark (Table 2, entry 16), this bleaching is not
associated with radical polymerization. Overall, these results
align with the trends observed in monomer conversion under
different atmospheric conditions and polymerization manners,
suggesting that photobleaching rate correlates with polymeri-
zation rate. In general, higher photopolymerization rates are
accompanied by faster photobleaching rate; however, exces-
sively rapid (photo)bleaching can ultimately reduce polymeri-
zation rate.

In addition, quenching rate constants were determined by
Stern–Volmer analysis. Because TEOA exhibited superior pho-
tocatalytic performance compared with the other co-initiators,
we investigated the quenching behavior between the BFLs and
TEOA in 50% DMSO (aq) under ambient conditions using
uorometry (detailed in the SI). As a result, the quenching rate
constants (kq) were 5.2 (±0.5) × 108 M−1 s−1 for BEY, 4.9 (±0.8)
× 108 M−1 s−1 for BBF, and 3.9 (±0.2) × 108 M−1 s−1 for CB
(Fig. S39).
Stimulus-responsive CB for polymerization-based
amplication

Motivated by the robust red-light photoredox activity of BFLs,
we developed a strategy for switchable photoredox catalysis
using a stimulus-responsive photoredox catalyst. As a proof of
concept, we designed and synthesized sulfonyl-protected CB (2)
as a uoride ion (F−)–selective “turn-on” photoredox catalyst
(Fig. 12). Fluoride ions are well known to selectively cleave
sulfonyl protecting groups in solution.80 Briey, compound (2)
was synthesized by nucleophilic acyl substitution reaction of CB
with p-nitrobenzenesulfonyl chloride in methylene chloride,
affording a reddish solid in 50% yield (detailed in the SI). In
DMSO, compound (2) (50 mM) exhibited a distinct red color, in
contrast to the green color of CB (50 mM).

The structure of (2) was conrmed by NMR and mass spec-
trometry, followed by analysis using UV-vis spectrometry.
Compared with CB, (2) exhibited a blue-shied absorption
maximum (lmax = 513 nm) and markedly weaker absorption in
the red-light region. However, upon addition of uoride ions,
(2) showed a strong absorption band (lmax = 710 nm) in the red-
light region, indicating formation of CB through uoride-
induced cleavage of the sulfonyl ester bond. Fig. 13a exhibits
the time-dependent UV-vis spectra of (2) (50 mM) in DMSO at
room temperature aer addition of tetrabutylammonium
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Schematic depiction of the selective reaction of sulfonyl-
protected CB (2) with fluoride ion. The vial images exhibit the solution
before and after the addition of fluoride ion.

Fig. 13 (a) UV-vis absorption spectra for the kinetic study of the
reaction between (2) (50 mM) and fluoride ions (1 equiv.) at room
temperature. (b) Kinetic study under different reaction conditions,
including different temperatures and solvents. (c) Representative
images of photoinitiated free-radical polymerization using the fully
converted reaction mixture in a vial under red-light irradiation: (i) 10
mM after 20 min, (ii) 7.5 mM after 23 min, and (iii) 5 mM after 1 h, and (iv)
100 mM of (2) only after 1 h. The molar concentrations of (i)–(iii) were
determined by the Beer–Lambert law using molar absorptivity of CB.
The scale bar represents 1.5 cm.
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uoride (TBAF) (1 equiv.) as the uoride ion source. Over time,
the characteristic absorption band at 710 nm corresponding to
CB increased, while the band at 510 nm associated with (2)
decreased. The reaction reached a plateau aer 50 min at room
temperature and 15 min at 37 °C, yielding 96% conversion
(Fig. 13b). In 50% DMSO (aq), the conversion reached only 5%
with10 equiv. of uoride ions and was negligible with 1 equiv.
aer 1 h at room temperature under otherwise identical
conditions (Fig. S40). This behavior can be attributed to the
diminished nucleophilicity of uoride ions in aqueous solution
due to hydrogen-bonding interactions.81

The switchable red-light photoredox catalytic behavior of (2)
was demonstrated through photoinitiated, free-radical poly-
merization of poly(ethylene glycol) diacrylate (PEGDA, 0.6 M)
with TEOA (0.75 M) in 20% DMSO (aq). PEGDA was chosen as
a crosslinking monomer because it rapidly forms hydrogels
through radical polymerization, enabling catalytic efficacy to be
evaluated by the naked eye.82 As a positive control, hydrogel
formation was observed within 15 min of the irradiation at 7.5
mM of CB. In addition, 15 mM of CB rapidly formed a hydrogel
within 8 min, whereas no gelation was observed at 5 mM of CB
even aer 1 h of irradiation (Fig. S41). Following complete
conversion of the reaction of (2) upon reaction with uoride
ions, the resulting solution was diluted to CB concentrations of
10, 7.5, and 5 mM, as determined using the Beer–Lambert law
using the molar absorptivity of CB. Each diluted solution in
a vial was then subjected to photopolymerization with PEGDA
under red-light irradiation in aerobic conditions. Upon inver-
sion of the vials, the red-stained hydrogel remained at the top,
while the unreacted, residual solution settled at the bottom
(Fig. 13c). For example, hydrogel formation occurred within 20
© 2026 The Author(s). Published by the Royal Society of Chemistry
and 23 min of the irradiation for 10 and 7.5 mM solution,
respectively (Fig. 13c, i and ii). However, no hydrogel was
observed for the 5 mM solution even aer 1 h of irradiation
(Fig. 13c, iii). As a negative control, 100 mM of (2) did not form
a hydrogel aer 1 h of irradiation (Fig. 13c, iv).

Furthermore, we investigated the polymerization kinetics of
OEGMA using CB (2) before and aer treatment with varying
concentrations of TBAF. Specically, TBAF was added at
different concentrations to a solution of (2) (2 mM) in DMSO,
followed by incubation at 37 °C for 5 min to facilitate the
reaction. The resultingmixture was thenmixed with an aqueous
solution containing OEGMA (250 mM) and TEOA (200 mM) and
adjusted to 50% DMSO (aq) under ambient conditions. Poly-
merization was initiated by the red-light irradiation for 6 h. The
monomer conversion was considerably dependent on the
Chem. Sci.
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concentration of TBAF. For example, monomer conversion
increased to 82% at 0.2 mM TBAF, 34% at 0.1 mM TBAF and 8%
at 0.05 mM TBAF (Fig. S42). In contrast, no monomer conver-
sion was observed at 0.02 mM TBAF or in the absence of TBAF.
These results indicate that a minimum TBAF concentration of
approximately 0.1 mM is required to achieve polymerization of
OEGMA within 6 h. Taken together, these results demonstrate
the successful development of a switchable red-light
photocatalyst/initiator based on sulfonyl-protected CB.

Conclusions

In summary, we developed a family of bridged uorescein
derivatives (CB, BBF, and BEY) that serve as efficient organic
photocatalysts for red-light photoredox catalysis. To elucidate
the underlying catalytic mechanism, we systematically investi-
gated photoinitiated radical polymerizations, including photo-
RAFT polymerization and free-radical photopolymerization.
These polymerization investigations not only offer valuable
mechanistic insights but also sever as versatile platforms for
facile characterization of reactivity and various polymer-based
applications. In particular, mechanistic investigations
revealed that molecular oxygen plays a crucial role in facilitating
photocatalysis as both an active redox mediator and a co-
initiator. Additionally, incorporation of heavy halogen atoms
into the bridged uorescein backbone signicantly enhances
photocatalytic performance. This improvement is attributed to
the heavy-atom effect, which increases intersystem crossing
efficiency and highlights a rational design principle for tuning
photocatalyst performance. Furthermore, development of
a uoride-responsive bridged uorescein extends this concept
to stimulus-responsive and light-controlled materials, opening
new opportunities for applications in photodynamic therapy
and cell surface engineering. Collectively, these ndings
establish bridged uoresceins as a novel class of red-light
photoredox catalysts and provide valuable mechanistic under-
standing and design principles for future photocatalyst devel-
opment. Furthermore, we believe that this work will accelerate
progress in biocompatible photochemistry, sustainable and
wavelength-selective synthesis, and the development of
stimulus-responsive functional systems.
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