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16904 | Chem. Sci., 2025, 16, 16904–
ramolecular platform enables
sequential four-step energy transfer and reactive
oxygen species modulation for selective
photocatalytic oxidations

Yu-Song Bi, Wen-Qiang Liu, * Hui Liu and Ling-Bao Xing *

Natural photosynthesis, a quintessential energy conversion process sustaining life on Earth through its

sophisticated multi-step energy transfer cascades, has inspired the development of artificial light-

harvesting systems aimed at mimicking its efficiency and complexity. Here, we report a supramolecular

energy transfer platform constructed via electrostatic interactions between sodium polystyrene sulfonate

(RSS) and a quaternary ammonium salt modified cyano-substituted phenylenevinylene derivative (PPTA)

in H2O medium, achieving a sequential four-step energy relay. Energy is sequentially transferred from

the PPTA-RSS complex to eosin Y (EY), rhodamine B (RhB), sulforhodamine 101 (SR101), and cyanine 5

(Cy5), with stepwise enhancement in superoxide anion radical (O2c
−) generation efficiency. Notably, the

unique energy transfer pathway effectively suppresses the generation of singlet oxygen (1O2),

mechanistically circumventing the oxidative damage to small molecules and the formation of by-

products commonly encountered in organic synthesis. Moreover, the selective oxidative activity of O2c
−

not only enables the visible-light-induced amidation of aromatic aldehydes with amines in an aqueous

solution and a transition-metal-free system, providing an economical, green, and mild approach for

amide bond formation, but also simultaneously achieves the oxidative dehydroaromatization of

nitrogen-containing heterocycles (e.g., tetrahydroquinolines and dihydroindoles), offering a universal

strategy for the efficient synthesis of unsaturated nitrogen heterocyclic skeletons. This study has

constructed an ordered multi-step energy transfer system with precise reactive oxygen species (ROS)

regulation through supramolecular assembly, providing a reliable research paradigm for efficient light-

to-chemical energy conversion and green organic synthesis.
Introduction

Photosynthesis is one of the most sophisticated energy
conversion processes in nature. Through the synergistic action
of Photosystem I (PSI) and Photosystem II (PSII), plants and
photosynthetic microorganisms efficiently convert solar energy
into chemical energy, providing an indispensable energy source
for life on Earth.1–4 The core of this process lies in a series of
highly ordered energy transfer and electron transport steps,
where light energy is rst captured and converted into excited-
state energy, which is then transferred through multiple steps
to ultimately drive chemical reactions.5–8 This multi-step, high-
efficiency energy transfer mechanism not only demonstrates
the exquisite design of nature but also provides signicant
inspiration for the development of articial light-harvesting
energy systems.9–27
ring, Shandong University of Technology,
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16914
Supramolecular chemistry, through non-covalent interac-
tions such as electrostatic interactions, hydrogen bonding, and
p–p stacking, enables precise molecular self-assembly and
functional regulation, offering a powerful design platform for
constructing complex functional systems.28–35 Among these,
electrostatic interactions, due to their tunable strength, direc-
tional specicity, and environmental responsiveness, have
become one of the key driving forces in supramolecular
assembly.36–41 Based on this principle, sodium polystyrene
sulfonate (RSS), an anionic polyelectrolyte with a specic
structure, has shown remarkable application potential in the
eld of energy transfer due to its unique electrostatic properties
and self-assembly capabilities.42,43 RSS molecules can tightly
bind with other functional molecules through electrostatic
interactions, forming highly ordered composite structures. This
binding not only provides a stable molecular platform for
energy transfer but also optimizes the pathway and efficiency of
energy transfer by precisely controlling the distance and
orientation between molecules.42,43
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (a) Construction and application of the PPTA-RSS systems; (b) the structures of catalysts contained in this energy transfer system; (c)
mechanism and advantages of this PPTA-RSS photocatalytic system.
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Despite the notable advancements in articial light-
harvesting systems, several critical challenges persist. First,
the efficiency of single-step energy transfer remains inherently
limited, rendering long-distance energy transmission particu-
larly challenging. Second, substantial energy dissipation during
multi-step transfer processes signicantly restricts the overall
efficiency.44 Most importantly, the dysregulation of photo-
induced reactive oxygen species (ROS)—notably singlet oxygen
(1O2) and superoxide anion radical (O2c

−)—frequently compro-
mises selectivity in organic synthesis. Mechanistically, 1O2

mediates oxidative damage to small-molecule substrates,
leading to the formation of complex by-product mixtures, while
O2c

− can serve as a highly effective oxidative driving force when
its reactivity is directionally controlled.45,46 Thus, the develop-
ment of systems enabling ordered, efficient multi-step energy
transfer with precise ROS regulation represents a frontier of
both scientic and practical signicance.
© 2025 The Author(s). Published by the Royal Society of Chemistry
In this study, the polyelectrolyte RSS and the PPTA photo-
catalyst were closely combined through electrostatic interac-
tions, successfully constructing a novel supramolecular-based
energy-transfer system that achieved a continuous four-step
energy-transfer process (Scheme 1a). In this system, energy is
rst transferred from the PPTA-RSS complex to the dye EY, and
then sequentially to RhB, SR101, and Cy5. This step-by-step
energy transfer leads to the rapid dissipation of excited-state
energy, which is accompanied by a step-by-step decrease in
uorescence lifetime (Scheme 1b). Meanwhile, the generation
of singlet oxygen (1O2) in the system is effectively inhibited, and
the production efficiency of superoxide anion radicals (O2c

−)
gradually increases. As the energy transfer progresses, the
transformation from a type II photosensitizer to type I photo-
sensitizer is accomplished. As shown in Scheme 1c, in the PPTA-
RSS system, atmospheric oxygen acts as a green hydrogen atom
transfer (HAT) reagent, and the generated O2c

− effectively
promotes the amidation of aromatic aldehydes with amines to
Chem. Sci., 2025, 16, 16904–16914 | 16905
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efficiently produce the corresponding amide products. Addi-
tionally, this system successfully achieves the oxidative de-
hydroaromatization of nitrogen-containing heterocycles. The
use of water as the reaction solvent embodies green chemistry
principles, further highlighting the advantages and synthetic
potential of the PPTA-RSS photocatalytic system (Scheme 1a).

Results and discussion

The PPTA molecule was synthesized via a three-step reaction as
depicted in Scheme S1 and characterized by 1H NMR and 13C
NMR spectroscopy (Fig. S1 and S2). Initially, its spectral prop-
erties were investigated using UV-vis absorption and uores-
cence emission spectroscopy. The results showed that PPTA
exhibited an absorption band spanning 250–450 nm with
a maximum absorption wavelength at 350 nm (Fig. 1a), and an
emission band ranging from 400–700 nm with a maximum
emission wavelength at 530 nm (Fig. 1b), displaying blue-green
uorescence in an aqueous solution (Fig. S3). Furthermore, the
aggregation-induced emission (AIE) behavior of PPTA was
studied by tuning its aggregation state in a H2O-DMSO mixed
solvent, where the poor solvent (H2O) induced a transition from
molecular monodispersion to aggregation. As shown in Fig. S4,
PPTA displayed very weak emission in pure DMSO (5.0 × 10−5

M), while uorescence emission gradually intensied with
increasing water content (higher aggregation degree), conrm-
ing PPTA as a typical AIE-active molecule. To further regulate
the aggregation behavior, an anionic polyelectrolyte RSS with
opposite charge to PPTA was introduced, driving molecular
assembly through electrostatic interactions. Upon gradual
addition of RSS to the PPTA aqueous solution, electrostatic
attraction promoted the transition of PPTA from mono-
dispersion to aggregation, leading to a signicant decrease in
absorption peak intensity and a notable enhancement in uo-
rescence emission (Fig. 1a and b). The absorbance and uo-
rescence intensity stabilized aer adding 300 mL of RSS,
indicating the system reached equilibrium. The uorescence
lifetime increased from 4.05 ns to 4.21 ns, reecting improved
excited-state stability (Fig. 1c). Dynamic light scattering (DLS)
results show that PPTA molecules exhibit a particle size
concentrated around 200 nm, while, aer forming the PPTA-
RSS assembly, their particle size distribution signicantly
increases, centered at 400–600 nm, conrming the formation of
large-sized aggregates (Fig. S5a and b). Transmission electron
microscopy (TEM) analysis further revealed the morphological
features of the assemblies. In the aqueous solution, PPTA
molecules self-assembled into well-dispersed spherical struc-
tures with an average diameter of ∼200 nm. Upon the intro-
duction of the polyelectrolyte RSS, these spherical assemblies
exhibited pronounced aggregation, forming irregular clusters
composed of multiple spherical units, accompanied by
a broadened size distribution (Fig. S5c and d). Concurrently, the
zeta potential shied from +14.0 mV to −14.2 mV (Fig. 1d),
indicating that electrostatic interactions not only drive the
aggregation process but also modulate the charge distribution
and surface properties of the aggregates, thereby optimizing
their optical performance and structural stability.
16906 | Chem. Sci., 2025, 16, 16904–16914
The AIE aggregates of PPTA induced by RSS exhibit signi-
cant uorescence enhancement in aqueous media. The ordered
conjugated structures and robust exciton couplings within
these aggregates provide an excellent platform for the
construction of articial light-harvesting systems. We con-
ducted an initial investigation into the Förster resonance energy
transfer (FRET) mechanism between PPTA-RSS and EY. As
illustrated in Fig. S6, the uorescence emission spectra of PPTA-
RSS precisely overlap with the UV-vis absorption prole of EY,
which prompted the selection of EY as the primary energy
acceptor. Fig. 2a shows a gradual decrease in the emission
intensity of PPTA-RSS at 530 nm with increasing molar ratios.
Concurrently, upon 350 nm excitation, a distinct emission band
emerges at 560 nm, characteristic of EY. A stable equilibrium is
achieved at a molar ratio of 1 : 0.075, accompanied by a notable
transition in uorescence color from green to bright yellow. The
energy transfer efficiency (FET) and antenna effect (AE) at this
optimal ratio are quantied at 44.38% and 8.74 (Fig. S10a),
respectively. Meanwhile, the uorescence quantum yield was
measured to be 2.6% (Table S1). Time-resolved uorescence
spectroscopy (TRFS) measurements provide conclusive
evidence for the FRET process. Specically, the addition of 7.5%
EY results in a pronounced reduction of the uorescence life-
time of PPTA-RSS from 4.21 ns to 3.52 ns (Fig. 3c), unequivocally
demonstrating the efficient transfer of excitation energy from
PPTA-RSS to EY.

Based on the excellent overlapping characteristics between
the UV-vis absorption spectra of RhB and the uorescence
emission spectra of PPTA-RSS + EY, we strategically selected
RhB as the second energy acceptor (Fig. S7). As depicted in
Fig. 2b, with the gradual addition of RhB, aer the system was
excited at 350 nm, the intensity of the emission band centered
at 560 nm showed a decreasing trend. Meanwhile, the newly
formed emission peak at 590 nm, which is attributed to RhB,
was signicantly enhanced. When the molar ratio of the system
reached 1 : 0.075 : 0.090, the energy transfer process tended to
be stable. At this time, the uorescence color of the system
changed from bright yellow to orange-yellow. FET and AE were
measured to be 72.49% and 5.41, respectively (Fig. S10b), while
the uorescence quantum yield was 2.7% (Table S1). In addi-
tion, compared with the binary system of PPTA-RSS + EY, the
introduction of RhB signicantly shortened the uorescence
lifetime (3.21 ns). This result strongly supports the occurrence
of a two-step sequential energy transfer process within the
system.

Natural light-harvesting systems achieve efficient utilization
of solar energy through a multi-step sequential energy transfer
mechanism rather than a simple single-step or two-step trans-
fer. Inspired by this, we further explored the feasibility of con-
structing a multi-step cascaded energy transfer system based on
polyelectrolyte supramolecular scaffolds. Given the excellent
overlap between the uorescence emission spectra of PPTA-RSS
+ EY + RhB and the UV-vis absorption spectra of SR101 (Fig. S8),
SR101 was selected as the third energy acceptor. When SR101
was gradually added to the PPTA-RSS + EY + RhBmixed solution
system, under the excitation of 350 nm, the uorescence
emission intensity of RhB at 590 nm gradually decreased, while
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) UV-vis absorption spectra changes of PPTA upon successive addition of RSS in H2O; (b) fluorescence spectra changes of PPTA upon
successive addition of RSS in H2O (lex = 350 nm); (c) time-resolved fluorescence spectroscopy of PPTA and PPTA-RSS; (d) zeta potentials of
PPTA and PPTA-RSS. [PPTA] = 2.0 × 10−5 M, [RSS] = 3 mg L−1.
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the uorescence signal of SR101 at 625 nm signicantly
increased (Fig. 2c). When the molar ratio of the system reached
1 : 0.075 : 0.090 : 0.12, the energy transfer process tended to be
stable. The uorescence color changed from orange-yellow to
orange, and the corresponding FET and AE were stabilized at
53.58% and 13.83, respectively (Fig. S10c); the uorescence
quantum yield was measured to be 4.0% (Table S1). Fluores-
cence lifetime tests showed that aer adding 12% of SR101, the
uorescence lifetime of the system decreased to 3.14 ns
compared with the initial value, further conrming the occur-
rence of energy transfer.

Similarly, due to the high matching between the UV-vis
absorption spectra of Cy5 and the uorescence emission
spectra of PPTA-RSS + EY + RhB + SR101 (Fig. S9), Cy5 was
introduced as the fourth energy acceptor. Aer gradually adding
Cy5 to the PPTA-RSS + EY + RhB + SR101 composite system, the
uorescence intensity of SR101 at 625 nm decreased as the
concentration of Cy5 increased. At the same time, the uores-
cence emission intensity of Cy5 at 700 nm increased gradually
(Fig. 2d). When the molar ratio reached 1 : 0.075 : 0.090 : 0.12 :
0.10, the uorescence color of the system changed from orange
to orange-red. The FET and AE increased to 52.37% and 17.06,
respectively (Fig. S10d), while the uorescence quantum yield
reached 6.0% (Table S1). Fluorescence lifetime analysis showed
© 2025 The Author(s). Published by the Royal Society of Chemistry
that aer adding 10% of Cy5, the uorescence lifetime of the
system decreased signicantly again (2.32 ns). This series of
spectroscopic evidence jointly conrmed the successful
construction of a four-step sequential energy transfer system
based on polyelectrolyte scaffolds.

In photocatalytic reactions, singlet oxygen (1O2) and the
superoxide anion radical (O2c

−) act as crucial reaction inter-
mediates, and their generation efficiencies directly affect the
progress of the catalytic reactions.47–52 To study the dynamic
changes of reactive oxygen species (ROS) in this assembled
system under photoexcitation, 9,10-anthracenediyl-
bis(methylene)-dimalonic acid (ABDA) and N,N,N0,N0-tetra-
methyl-1,4-phenylenediamine (TMPD) indicators were used to
analyze the generation efficiencies of 1O2 and O2c

− respec-
tively,51,52 providing experimental evidence for revealing the
mechanism of photocatalytic reactions. Studies reveal that
PPTA molecules exhibit remarkable 1O2 generation capability,
which is further enhanced upon electrostatic assembly with the
polyelectrolyte RSS to form a complex (Fig. S11). However, in
a four-step sequential energy transfer system incorporating EY,
RhB, SR101, and Cy5, the 1O2 generation efficiency demon-
strates a characteristic stepwise decline as energy transfers from
the donor PPTA-RSS assembly to each acceptor molecule:
a slight decrease occurs upon the rst transfer to EY, followed
Chem. Sci., 2025, 16, 16904–16914 | 16907
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Fig. 2 (a) Fluorescence emission spectra of PPTA-RSS with gradual addition of EY, inset: fluorescence colors of PPTA-RSS before and after the
addition of EY; (b) PPTA-RSS + EY with the gradual addition of RhB, inset: fluorescence colors of PPTA-RSS + EY before and after the addition of
RhB; (c) PPTA-RSS + EY + RhB with the gradual addition of SR101, inset: fluorescence colors of PPTA-RSS + EY + RhB before and after the
addition of SR101; (d) PPTA-RSS + EY + RhB+ SR101 with the gradual addition of Cy5, inset: fluorescence colors of PPTA-RSS + EY + RhB + SR101
before and after the addition of Cy5. [PPTA] = 2.0 × 10−5 M, [RSS] = 3 mg L−1.
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by a signicantly sharpened decline during the second transfer
to RhB. Finally, when energy transferred from SR101 to the
terminal acceptor Cy5, the efficiency of the generated 1O2 was
close to the background level of pure water (Fig. 3a and S11). In
stark contrast to the attenuation of 1O2, the generation effi-
ciency of the superoxide anion radical (O2c

−) shows a contin-
uous increasing trend throughout the supramolecular assembly
and energy transfer processes (Fig. 3b). In addition, when the
DMPO trapping agent was added to the PPTA-RSS + EY + RhB +
SR101 + Cy5 solution, a distinct O2c

− signal was detected aer
light irradiation (Fig. 3d). This inverse relationship in the
generation efficiencies of 1O2 and O2c

− fundamentally arises
from the dynamic competition between intermolecular electron
transfer and energy transfer mechanisms during energy
cascading. The PPTA-RSS assembly primarily generates 1O2 via
a type II mechanism (energy transfer), whereas as energy
transfers to acceptor molecules with lower excited-state reduc-
tion potentials, the system gradually shis to a dominant type I
mechanism (electron transfer), where excited-state acceptors
directly transfer electrons to ground-state oxygen molecules,
promoting a stepwise increase in O2c

− generation efficiency
with each transfer stage. Such differential regulation of reactive
oxygen species (ROS) generation provides critical mechanistic
16908 | Chem. Sci., 2025, 16, 16904–16914
insights for the rational design of multifunctional photo-
catalytic systems based on energy transfer pathways.

Amides are crucial functional groups in natural compounds
and are also widely applied in various industries such as poly-
mers, pharmaceuticals, biomolecules, agrochemicals, etc.53–58

Given the high efficiency driving role of O2c
− in the oxidative

amidation reactions of aldehydes, and considering the
increasing characteristic of O2c

− generation in the PPTA-RSS
assembly energy transfer system revealed in previous studies,
this research took benzaldehyde 1a and pyrrolidine 2a as model
substrates to explore the performance of the photocatalytic
oxidation reaction. Under standard reaction conditions, the
isolated yield of the target product 3a is 87% (Table 1, entry 1).
Through a systematic investigation of the reaction parameters,
it is found that when the energy transfer pathway is not estab-
lished in the PPTA-RSS catalytic system (entry 2), the yield of the
target product signicantly decreases to 34%. This result
directly demonstrates the crucial role of the energy transfer
process in this catalytic system. When used individually, the
catalytic activity of dye molecules was limited, with EY and RhB
yielding the product at 16% and 28%, respectively, while SR101
and Cy5 produced only trace amounts. These results further
highlight the superior efficiency and indispensable catalytic
advantages of the PPTA-RSS photocatalyst in this reaction.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) The time-dependent changes in the UV-vis absorption of ABDA at the wavelength of 378 nm in a series of PPTA system solutions for
the generation of singlet oxygen (1O2) under light irradiation; (b) the time-dependent changes in the UV-vis absorption of TMPD in a series of
PPTA system solutions for the generation of the superoxide radical (O2c

−) under light irradiation (FRET1: PPTA-RSS + EY; FRET2: PPTA-RSS + EY +
RhB; FRET3: PPTA-RSS + EY + RhB + SR101; FRET4: PPTA-RSS + EY + RhB + SR101+Cy5); (c) time-resolved fluorescence spectroscopy of the
energy transfer system; (d) the electron paramagnetic resonance (EPR) spectra of the superoxide radical (O2c

−) generated by the PPTA-RSS + EY
+ RhB + SR101 + Cy5 system in the presence of the spin-trapping agent DMPO under light irradiation [PPTA] = 2.0 × 10−5 M, [RSS] = 3 mg L−1.
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Furthermore, the catalytic efficiency of one-step, two-step, and
three-step energy transfer systems is signicantly lower than
that of the PPTA-RSS system (entries 7–9), with their yields only
being 43–56%. In addition, in the reaction system under
a nitrogen atmosphere (entry 10), the formation of the target
product is completely inhibited; while in a pure oxygen atmo-
sphere (entry 11), the yield of the target product does not
increase signicantly. Beneting from the absorption charac-
teristics of PPTA molecules in the broad visible light spectrum,
the change in the wavelength of light has a relatively limited
impact on the catalytic performance (entries 12 and 13).
Moreover, when neither light irradiation nor catalyst is present
in the reaction system, no reaction is observed (entries 14 and
15). This result further conrms the indispensable roles of both
light and the catalyst in the reaction process.

Aer determining the optimal reaction conditions, we
systematically investigated the substrate scope. As shown in
Table 2A, substrates featuring electron-withdrawing groups at
the para position, including uoro (3b), chloro (3c), bromo (3d),
and nitro (3e) moieties, demonstrated remarkable reactivity.
They were efficiently converted into the corresponding target
products with high yields ranging from 84% to 89%. The 4-
© 2025 The Author(s). Published by the Royal Society of Chemistry
methyl substituted substrate (3f) also participated in the reac-
tion, affording the product with a yield of 76%. Substrates with
ortho-substituents, such as the methyl (3g) and uoro (3h)
derivatives, were also well-tolerated by the reaction system.
These substrates provided products with moderately high
yields, highlighting the inuence of the substitution position
on the reaction outcome. Moreover, when 4-pyridine-
carboxaldehyde, a substrate containing a nitrogen-containing
group, was employed (3i), an impressive yield of 82% was ach-
ieved. Signicantly, the reaction system showed good adapt-
ability to changes in the amine substrate. Under standard
reaction conditions, the anticipated product was successfully
obtained with a yield of 83% for substrate (3j). Overall, this
reaction system exhibits broad applicability to substrates with
diverse structural features. In addition, to demonstrate the
practical applicability of the reaction, we scaled up the template
reaction to the 10 mmol scale and prolonged the reaction time.
The results showed that the target product was still obtained in
a good yield of 72%.

Quinolines, as an important class of heterocyclic
compounds, serve as the core structural unit of numerous
natural products and hold critical application value in elds
Chem. Sci., 2025, 16, 16904–16914 | 16909
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Table 1 Optimization of amidation reaction conditionsa

Entry Deviation from standard conditions Yield of 3a (%)

1 None 87
2 PPTA-RSS instead of the PPTA-RSS system 34
3 EY instead of the PPTA-RSS system 16
4 RhB instead of the PPTA-RSS system 28
5 SR101 instead of the PPTA-RSS system Trace
6 Cy5 instead of the PPTA-RSS system Trace
7 PPTA-RSS + EY instead of the PPTA-RSS system 43
8 PPTA-RSS + EY + RhB instead of the PPTA-RSS system 48
9 PPTA-RSS + EY + RhB + SR101 instead of the PPTA-RSS system 56
10 N2 instead of air ND
11 O2 instead of air 88
12 365 nm instead of 395 nm 89
13 425 nm instead of 395 nm 78
14 No light ND
15 No PC ND

a Standard conditions: benzaldehyde (0.3 mmol), pyrrolidine (0.45 mmol), PPTA-RSS + EY + RhB + SR101 + Cy5 (1 mol%), H2O (2.0 mL), irradiated
with a 395 nm LED at room temperature for 24 h. Yields were determined by isolated yield. PC, photocatalyst; RT, room temperature; ND, not
detected.
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such as antimalarial drugs and anticancer agents.59,60 Based on
this, this study further investigated the performance of the
photocatalyst system (PPTA-RSS + EY + RhB + SR101 + Cy5) in
the oxidative dehydroaromatization of nitrogen-containing
heterocycles. Experimental results show (Table S2) that under
standard reaction conditions, the isolated yield of the quinoline
target product 5a reaches 90%. Under standard reaction
conditions, we conducted a systematic investigation of the
substrate scope using a series of quinoline derivatives (Table
2B). The experimental results demonstrated that substrates
bearing electron-withdrawing groups (such as uoro, chloro,
and bromo, 5b–5d) on the aromatic ring all afforded excellent
yields (76–87%). Notably, electron-donating groups such as
methoxy and hydroxy (5e and 5f) also displayed outstanding
reactivity, providing the target products in high yields (88–91%).
Of particular signicance, we conducted an in-depth study on
the positional effects of methyl substituents (5g–5i). The
experimental data revealed a clear decreasing trend in yields
(89–72%) as the methyl substitution position moved closer to
the nitrogen-containing heterocycle (from the 6-position to the
2-position), unambiguously demonstrating the critical inu-
ence of steric effects on the reaction efficiency. Notably, even
strongly electron-withdrawing nitro groups (5j and 5k) exhibited
good tolerance in this transformation, albeit with slightly
diminished yields (57–60%). Remarkably, the catalytic system
was not only applicable to quinoline substrates but also showed
excellent compatibility with structurally analogous isoquinoline
derivatives (5l–5n), maintaining high yields of 82–89%. Most
encouragingly, the reaction system was successfully extended to
16910 | Chem. Sci., 2025, 16, 16904–16914
ve-membered nitrogen-containing heterocycles (5o–5t), all of
which afforded the desired products in good yields. This
important nding strongly attests to the broad applicability and
synthetic potential of our developed methodology, offering
a novel strategy for constructing diverse nitrogen-containing
heterocyclic compounds.

The mechanistic investigation was conducted through
a systematically designed series of control experiments, with the
objective of identifying and characterizing the key reactive
intermediates involved in the reaction pathway. In this study,
KI, triethylamine (TEA), NaN3, and p-benzoquinone (BQ) were
selected as scavengers for photo-induced holes (h+), hydroxyl
radicals (cOH), singlet oxygen (1O2), and superoxide anion
radicals (O2c

−), respectively.61,62 The experimental data show
that when TEA, KI, and NaN3 were used as quenchers, there was
no signicant change in the yields of target products 3a and 5a.
This indicates that the participation of hydroxyl radicals (cOH),
photo-induced holes (h+), and singlet oxygen (1O2) in this
reaction can be neglected. It is worth noting that when p-
benzoquinone (BQ) was introduced as a specic quencher for
superoxide anion radicals (O2c

−), the yield of the target product
3a and 5a decreased dramatically to 19% and 26%, respectively
(Fig. S13). This result directly proves that O2c

− are the main
reactive species driving the photocatalytic oxidation reaction.
Based on the above quenching experiment results, this study
proposes the following reaction mechanism. Upon 395 nm
purple-light irradiation, the principal component [PPTA-RSS]
within the PPTA-RSS composite photosensitizer is initially
excited to a singlet state. Subsequently, it undergoes
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Substrate scope of the PPTA-RSS + EY + RhB + SR101 + Cy5-based photocatalytic aerobic oxidation for amidation/arylation reactionsa

a Gram-scale reaction. (A) Standard conditions: benzaldehyde (0.3 mmol), pyrrolidine (0.45 mmol), PPTA-RSS + EY + RhB + SR101 + Cy5 (1 mol%),
H2O (2.0 mL), under air atmosphere, irradiated with a 395 nm LED at room temperature for 24 h. (B) Standard conditions: 1,2,3,4-
tetrahydroquinoline (0.3 mmol), PPTA-RSS + EY + RhB + SR101 + Cy5 (1 mol%), H2O (2.0 mL), under an air atmosphere, irradiated with
a 395 nm LED at room temperature for 48 h.
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intersystem crossing to yield a triplet excited state (3[PPTA-
RSS]). This excited state sequentially transfers energy to the
acceptor dyes [EY], [RhB], and [SR101] via Förster resonance
energy transfer (FRET), culminating in the formation of the
excited state [Cy5] with potent reducing capabilities. [Cy5]*
engages in photo-induced electron transfer (PET) with the
ground-state triplet oxygen (3O2), giving rise to superoxide anion
radicals (O2c

−) and cation radicals [Cy5]c+ (Scheme 2). The
substrate benzaldehyde 1a undergoes hydrogen atom transfer
© 2025 The Author(s). Published by the Royal Society of Chemistry
(HAT) with the superoxide radical anion (O2c
−) to yield radical

intermediate I and the hydroperoxyl anion (HOO−). Concur-
rently, pyrrolidine 2a reduces [Cy5]c+ to the ground-state Cy5,
with the concomitant generation of intermediate II during this
process. Subsequent radical–radical coupling between inter-
mediates I and II affords the pivotal intermediate III. Proton
abstraction from intermediate III by the hydroperoxyl anion
(HOO−) ultimately leads to the formation of hydrogen peroxide
concomitant with the target product 3a. The formation of
Chem. Sci., 2025, 16, 16904–16914 | 16911
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Scheme 2 Proposed mechanism for the photocatalytic oxidative amidation reaction.
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hydrogen peroxide in this photocatalytic system has been
conclusively veried by the Ce(SO4)2 colorimetric method in
conjunction with UV-vis spectroscopy (Fig. S12). In addition, the
mechanism of photocatalytic oxidative arylation is described in
detail in the SI (Scheme S1).
Conclusion

In this study, a four-step energy transfer supramolecular platform
based on sodium polystyrene sulfonate (RSS) and a quaternary
ammonium salt-modied styrene derivative (PPTA) was success-
fully constructed via the electrostatic supramolecular assembly
strategy. This system has broken through the technical bottle-
necks of low-efficiency long-distance energy transmission and
xed single-step transfer distance in articial light-harvesting
systems, achieving efficient directional energy relay from the
PPTA-RSS complex to EY, RhB, SR101, and Cy5. The unique
energy transfer pathway not only effectively suppresses the
generation of 1O2 but also signicantly enhances the yield of
superoxide anion radicals (O2c

−), providing a strong oxidative
driving force for photocatalytic reactions. This system enables not
only the visible-light-mediated amidation of aromatic aldehydes
with amines under aqueous and transition-metal-free conditions
but also the oxidative dehydroaromatization of nitrogen-
containing heterocycles. These ndings not only provide key
scientic evidence for revealing the dynamic regulation rules of
multi-step energy transfer and conversion but also open up a new
path of the energy cascade strategy for the green synthesis of
complex organic molecules through the precise regulation of
visible-light-induced reactive oxygen species.
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