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a b s t r a c t

A three-step cascade artificial light-harvesting system was constructed by the supramolecular assembly of

cation-pillar[5]arene (CP5), tetraphenylethene-sulfonate (TPESF), 4,7-di(2-thienyl)-2,1,3-benzothiadiazole

(DBT), sulforhodamine 101 (SR101) and chlorin e6 (Ce6). Inspired by the aggregate state in nanoparti-

cles, CP5-TPESF nanoparticles emitted significant blue fluorescence as FRET donors because of TPESF’s AIE

effect. Due to the donor emission overlapping the acceptors’ absorption, a three-step sequential energy

transfer process was successfully constructed in CP5-TPESF-DBT-SR101-Ce6 nanoparticles, which achieved

the significant energy transfer efficiency of 87% and antenna effect of 30.8. Benefitting to three-step cas-

cade light-harvesting process and energy transfer to Ce6, Ce6∗ was excited to release 1O2 in CP5-TPESF-

DBT-SR101-Ce6 nanoparticles, which was used as efficient photooxidation catalyst to realize the photoox-

idation reaction of 4-(methylthio)toluene to 4-(methylsulfinyl)toluene. Notably, the photooxidation yield

of CP5-TPESF-DBT-SR101-Ce6 LHS was significantly improved to 89%, suggesting potential in converting

solar energy to chemical energy storage.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Natural light-harvesting systems (LHSs) are the energetic and

material foundation in living system, which convert sunlight to

chemical energy storage by photosynthesis [1–3]. In photosynthesis

system, chlorophyll-protein complex structure is highly arranged

by supramolecular noncovalent assembly and its absorbed solar

energy is sequential cascade transferred to reaction area for en-

ergy conversion by fluorescence resonance energy transfer (FRET)

[4]. In order to imitate light-harvesting capability, a series of artifi-

cial LHSs were constructed and utilized in photo-functional mate-

rials [5–13]. Recently, supramolecular assembly strategy had been

widely used to construct artificial LHSs due to the higher as-

sembly efficiency and easier synthesis procedure [14–16]. More-

over, benefitting from aggregation-induced emission (AIE) mech-

anism, AIE donor-based supramolecular artificial LHSs could not

only be constructed in water environment, but also output the

harvested energy for further application [17–19]. However, most

constructed artificial LHSs only focused on one-step or two-step

energy transfer process, which were always limited in the wave-

length absorption range of sunlight, suggesting a significant lower
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efficiency compared to natural LHS’s broad wavelength absorp-

tion [20–22]. Thus, the development of three-step (multi-step) cas-

cade artificial LHSs were necessary and desired to improve the

light-harvesting efficiency. So far, only several supramolecular ar-

tificial LHSs with three-step energy transfer process have been

constructed [23–25]. For example, Liu et al. constructed a multi-

path cascade artificial LHS based on sulfonatocalix[4]arene, which

was utilized for multicolor luminescence with high energy trans-

fer efficiency [23]. Yi et al. designed a three-step cascaded artificial

LHS based on metallacycles, which could regulate the efficiency

by adjusting hydrophilic-hydrophobic interactions [24]. Xing et al.

developed a three-step sequential energy transfer LHS based on

cucurbit[7]uril and sulfobutylether-β-cyclodextrin, which realized

the harvested energy for photocatalysis [25]. The construction of

the above reported three-step cascade artificial LHSs all relied on

neutral metallacycle or anion macrocycle, while cation macrocycle-

based three-step cascade artificial LHSs have been rarely reported.

It is still a challenge to develop an efficient three-step cascade ar-

tificial LHS based on cation macrocycle and facilitate the harvested

solar energy conversion to chemical energy storage.

In this work, a three-step cascade artificial LHS based on cation-

pillar[5]arene (CP5) and tetraphenylethene-sulfonate (TPESF) was

constructed via supramolecular strategy. As shown in Scheme 1,
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Scheme 1. Schematic illustration of three-step cascade artificial light-harvesting

system based on cation-pillar[5]arene.

after host-guest interaction of CP5 and TPESF, CP5-TPESF com-

plex was driven by hydrophilic-hydrophobic interaction and self-

assembled into CP5-TPESF nanoparticles, which emitted a signifi-

cant blue fluorescence under 365nm irradiation. Due to the blue

fluorescence band covering the absorption of 4,7-di(2-thienyl)-

2,1,3-benzothiadiazole (DBT), a one-step FRET process could occur

in CP5-TPESF-DBT nanoparticles, whose fluorescence color changed

to yellow emission. Inspired by this, sulforhodamine 101 (SR101)

was used as acceptor II because of its absorption within the fluo-

rescence emission of CP5-TPESF-DBT nanoparticles, facilitating the

construction of two-step sequential energy transfer process in CP5-

TPESF-DBT-SR101 nanoparticles. Moreover, because the red fluores-

cence band of CP5-TPESF-DBT-SR101 nanoparticles covered the ab-

sorption of chlorin e6 (Ce6), a three-step cascade artificial LHS was

realized in CP5-TPESF-DBT-SR101-Ce6 nanoparticles. Notably, ben-

efitting to the three-step sequential energy transfer process and

photoactivation of Ce6, CP5-TPESF-DBT-SR101-Ce6 LHS could be

used as an aqueous photocatalyst to achieve the photooxidation

reaction of 4-(methylthio)toluene, converting the harvested solar

energy to chemical energy storage.

CP5 and TPESF were all synthesized by only two-step reaction

(Schemes S1 and S2, Figs. S1–S6 in Supporting information) [26–

28]. The UV absorption spectra of CP5, TPESF, and CP5-TPESF solu-

tion were firstly investigated. As shown in Fig. S7 (Supporting in-

formation), after together adding CP5 and TPESF in water, the ab-

sorption spectrum of CP5-TPESF solution displayed the significant

red shift, revealing host-guest interaction of CP5 and TPESF. More-

over, for amply evaluating the host-guest interaction details in CP5

and TPESF, the sulfonate model guest (SFMG) was substituted for

TPESF to explore their interaction details. As shown in Fig. 1, af-

ter adding CP5 and SFMG in D2O, the Ha-Hd peaks of SFMG vis-

ibly moved to upfield and their peak shapes split unclearly, but

the Hi-Hv peaks of CP5 conversely shifted to downfield, indicating

the interaction of CP5 and SFMG. Besides, 2D NOESY spectrum of

CP5-SFMG solution further displayed their interaction signals, indi-

cating SFMG had bound in CP5’s cavity. 1H NMR titrations of SFMG

and CP5 were subsequently explored to investigate the stability of

CP5-SFMG complex. Based on SFMG’s chemical shift changes, the

association constant (Ka) of CP5-SFMG complex was fitted to be

786±89 L/mol, displaying CP5-SFMG complex stable in water (Fig.

S8 in Supporting information).

Fig. 1. 1H NMR spectra of (a) CP5-SFMG, (b) SFMG, (c) CP5. (d) 2D NOESY spectrum

of CP5-SFMG.

Based on the significant interaction between CP5 and TPESF, a

remarkable Tyndall effect phenomenon was observed after prepar-

ing CP5-TPESF solution, which illustrated nanoparticles generated

in solution. To explore the best molar ratio of CP5 and TPESF for

self-assembly into nanoparticles, different molar ratios of CP5 and

TPESF solutions were prepared and tested to obtain their UV–vis

transmittance spectra (Fig. S9 in Supporting information). Accord-

ing to the transmittance changes at 527nm, TPESF and CP5 exhib-

ited the best assembly result at 20:2 molar ratio. Moreover, differ-

ent concentrations solutions of CP5-TPESF at 20:2 molar ratio were

prepared to test the critical self-assembly concentration of CP5-

TPESF complex. Based on the transmittance changes at 527nm,

CP5-TPESF’s critical self-assembly concentration was calculated to

be 0.016mmol/L (Fig. S10 in Supporting information). Notably, af-

ter encapsulating DBT, SR101, and Ce6 dyes, the same Tyndall ef-

fect phenomena were observed in CP5-TPESF-DBT, CP5-TPESF-DBT-

SR101, and CP5-TPESF-DBT-SR101-Ce6 solutions. In order to investi-

gate the size distributions and micromorphology of these nanopar-

ticles, the dynamic light scattering (DLS) and scanning electron

microscopy (SEM) experiments of these nanoparticles were car-

ried out, respectively. As shown in Fig. 2, the size distribution of

CP5-TPESF nanoparticles was 90–280nm and its average diameter

was 181nm. The micromorphology of CP5-TPESF nanoparticles dis-

played a nano-spherical structure, whose diameters coincided with

the DLS result. Besides, CP5-TPESF-DBT, CP5-TPESF-DBT-SR101, and

CP5-TPESF-DBT-SR101-Ce6 nanoparticles all exhibited narrower

distributions, whose average diameters were 170, 178, and 177nm,
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Fig. 2. Size distribution spectra of (a) CP5-TPESF, (b) CP5-TPESF-DBT, (c) CP5-TPESF-

DBT-SR101, and (d) CP5-TPESF-DBT-SR101-Ce6 nanoparticles. SEM images of (e)

CP5-TPESF, (f) CP5-TPESF-DBT, (g) CP5-TPESF-DBT-SR101, and (h) CP5-TPESF-DBT-

SR101-Ce6 nanoparticles. Inset: Tyndall effect photos of nanoparticles solution.

Scale bar: 200nm.

respectively. SEM images of CP5-TPESF-DBT, CP5-TPESF-DBT-SR101,

and CP5-TPESF-DBT-SR101-Ce6 nanoparticles displayed the same

spherical morphology and particle distribution. Subsequently, zeta

potential experiments were tested to evaluate the stability of CP5-

TPESF, CP5-TPESF-DBT, CP5-TPESF-DBT-SR101, and CP5-TPESF-DBT-

SR101-Ce6 nanoparticles in water (Tables S1–S3 and Fig. S11 in

Supporting information). Benefitting to the encapsulation of DBT,

SR101, and Ce6, the zeta potentials of supramolecular nanoparticles

were significantly increased from 24.9mV in CP5-TPESF nanoparti-

cles to 41.5mV in CP5-TPESF-DBT-SR101-Ce6 nanoparticles, indicat-

ing CP5-TPESF-DBT-SR101-Ce6 nanoparticles more stable for light-

harvesting and energy transfer in aqueous solution (Fig. S27 in

Supporting information).

Due to the AIE property in TPESF, the aggregated TPESF in CP5-

TPESF nanoparticles could emit a significant blue fluorescence and

conduct as donor for constructing FRET process. DBT was consid-

ered as acceptor I to realize the first step energy transfer pro-

cess because of CP5-TPESF’s blue fluorescence band fully covering

DBT’s absorption (Fig. S12 in Supporting information). As shown in

Figs. 3a and b, after loading DBT, the blue fluorescence intensity

of CP5-TPESF was immediately weakened, but the emission inten-

sity of DBT appeared a rapid increase and the fluorescence color of

CP5-TPESF-DBT nanoparticles significantly changed to yellow, con-

firming the first step energy transfer in CP5-TPESF-DBT. Besides,

the fluorescence lifetime decay change of donor (CP5-TPESF) was

explored to reveal the light-harvesting characteristic. According to

the fitting calculation of CP5-TPESF’s decay curve, the τ 1 and τ 2 of

CP5-TPESF nanoparticles were computed to be 1.32ns and 4.36ns

Fig. 3. (a) One-step energy transfer fluorescence spectra and (b) lifetime decay

curves of CP5-TPESF-DBT nanoparticles. (c) Two-step energy transfer fluorescence

spectra and (d) lifetime decay curves of CP5-TPESF-DBT-SR101 nanoparticles. (e)

Three-step energy transfer fluorescence spectra and (f) lifetime decay curves of CP5-

TPESF-DBT-SR101-Ce6 nanoparticles. Inset: Fluorescence photos of energy transfer

process.

(Fig. S15 in Supporting information). While the τ 1 and τ 2 of CP5-

TPESF-DBT nanoparticles were computed to be 0.91ns and 2.88ns

after TPESF’s energy transferred to DBT, whose τ exhibited a sig-

nificant attenuation from 3.60ns to 1.92ns, confirming the success-

ful construction of one-step artificial light-harvesting process in

CP5-TPESF-DBT nanoparticles (Fig. S16 in Supporting information).

The energy transfer efficiency and antenna effect of CP5-TPESF-DBT

nanoparticles were calculated to be 78% and 78.8, suggesting CP5-

TPESF’s excellent light-harvesting antenna ability (Figs. S21 and S24

in Supporting information).

Moreover, as DBT’s emission part in CP5-TPESF-DBT totally cov-

ered SR101’s absorption, SR101 was utilized as acceptor II to con-

struct two-step sequential artificial LHS (Fig. S13 in Supporting in-

formation). When SR101 was loaded in CP5-TPESF-DBT nanoparti-

cles, DBT’s emission intensity significantly decreased (Fig. 3c). But

SR101’s emission intensity rapidly increased and the fluorescence

color of CP5-TPESF-DBT-SR101 nanoparticles solution turned into

red, attributing to the second step energy transfer from SR101 to

DBT. The τ 1, τ 2 were observed to decrease from 3.97ns, 11.30ns

of CP5-TPESF-DBT nanoparticles to 1.89ns, 6.09ns of CP5-TPESF-

DBT-SR101 nanoparticles, confirming the assembly of two-step se-

quential artificial LHS (Fig. 3d, Figs. S17 and S18 in Supporting

information). The energy transfer efficiency and antenna effect

of CP5-TPESF-DBT-SR101 nanoparticles were calculated to be 67%

and 17.5 (Figs. S22 and S25 in Supporting information). Further-

more, considering the spectra coverage between Ce6’s absorption

and the emission of CP5-TPESF-DBT-SR101 nanoparticles, Ce6 was

chosen as acceptor III to construct the third step energy trans-

fer (Fig. S14 in Supporting information). After Ce6 loaded in CP5-

TPESF-DBT-SR101 nanoparticles, the intensity of SR101’s emission

appeared significant attenuation and the emission of Ce6 was grad-

ually observed in CP5-TPESF-DBT-SR101-Ce6 nanoparticles, whose

fluorescence color turned to pink, indicating the successful third

step energy transfer (Figs. 3e and f). The τ of SR101’s emis-
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Fig. 4. (a) Absorption quench spectra of ABDA, CP5-TPESF+ABDA, DBT+ABDA,

SR101+ABDA, Ce6+ABDA, and CP5-TPESF-DBT-SR101-Ce6+ABDA solutions at

375nm under 365nm irradiation. EPR spectra of (b) CP5-TPESF, (c) DBT, (d) SR101,

(e) Ce6, and (f) CP5-TPESF-DBT-SR101-Ce6 solutions with TEMP as 1O2 captur-

ing agent under 365nm irradiation for 30min. (g) The photooxidation yields.

(h) The proposed 1O2 photooxidation mechanism of 4-(methylthio)toluene to 4-

(methylsulfinyl)toluene.

sion was decayed from 4.83ns in CP5-TPESF-DBT-SR101 nanopar-

ticles to 3.56ns in CP5-TPESF-DBT-SR101-Ce6 nanoparticles, fur-

ther confirming the construction of three-step artificial LHS (Figs.

S19 and S20 in Supporting information). The energy transfer effi-

ciency and antenna effect of CP5-TPESF-DBT-SR101-Ce6 nanoparti-

cles were calculated to be 87% and 30.8, whose light-harvesting

performance exhibited potential in solar energy conversion (Figs.

S23 and S26 in Supporting information).

After achieving three-step artificial light-harvesting process,

the harvested solar energy was attempted to catalyze chemical

reaction and convert into chemical energy storage. The sulfox-

ides were important intermediates in pharmaceutical synthesis

and chemical industry manufacture, which were usually synthe-

sized by the oxidation of sulfides [29]. Inspired by the excel-

lent light-harvesting ability, the singlet oxygen (1O2) production

of CP5-TPESF-DBT-SR101-Ce6 nanoparticles was initially evaluated

by 9,10-anthracenediylbis(methylene)dimalonic acid (ABDA) indi-

cator based on its absorbance quench at 375nm (Figs. S28 and

S29 in Supporting information) [30–32]. As shown in Fig. 4a, no

significant absorbance quench was observed in CP5-TPESF, DBT,

SR101, and Ce6 solutions, indicating the weak ability of 1O2 pro-

duction. Moreover, electron paramagnetic resonance (EPR) mea-

surements were directly utilized to detect the 1O2 production by

2,2,6,6-tetramethylpiperidine (TEMP) [33,34]. The EPR spectra of

CP5-TPESF, DBT, SR101, and Ce6 solutions also displayed weak sig-

nals, corresponding to the above ABDA results (Figs. 4b–e). How-

ever, compared to the limited 1O2 production of free donor and

acceptors, the significant absorbance quench and triple peak of
1O2 were observed in CP5-TPESF-DBT-SR101-Ce6 solution, confirm-

ing more energy transferred to activate Ce6 for 1O2 production

by three-step artificial light-harvesting process (Figs. 4a and f).

Because 1O2 is a green oxidant for the photooxidation reaction,

CP5-TPESF-DBT-SR101-Ce6 LHS was utilized as photocatalyst to cat-

alyze the photooxidation reaction of 4-(methylthio)toluene to 4-

(methylsulfinyl)toluene, mimicking the solar energy storage of nat-

ural LHS (Figs. 4g and h, Scheme S3 in Supporting information)

[35]. Notably, no significant oxidation yields were observed in CP5-

TPESF, DBT, SR101, and Ce6 solutions due to the poor 1O2 produc-

tion ability. But the yield of CP5-TPESF-DBT-SR101-Ce6 LHS was

significantly improved to 89%, which was attributed to three-step

energy transfer process to generate more excited Ce6 for 1O2 pro-

duction. Besides, a series of photooxidation products with different

substituent groups were also obtained, which significantly demon-

strated the wide applicability of this artificial LHS system, suggest-

ing CP5-TPESF-DBT-SR101-Ce6 artificial LHS potential in solar en-

ergy storage and utilization (Figs. S30–S38 in Supporting informa-

tion).

In summary, we have constructed a three-step cascade artificial

light-harvesting system based on cation-pillar[5]arene (CP5) and

tetraphenylethene-sulfonate (TPESF), which self-assembled into

CP5-TPESF nanoparticles as energy donors. Due to the excel-

lent spectra overlap of donor emission and acceptor absorption

in energy transfer process, 4,7-di(2-thienyl)-2,1,3-benzothiadiazole

(DBT), sulforhodamine 101 (SR101) and chlorin e6 (Ce6) were

utilized as FRET acceptors to construct CP5-TPESF-DBT-SR101-Ce6

three-step sequential energy transfer process, which achieved sig-

nificant energy transfer efficiency of 87% and antenna effect of

30.8. Notably, after sequential energy transfer, more Ce6∗ was ex-

cited in CP5-TPESF-DBT-SR101-Ce6 LHS, which produced signifi-

cant 1O2 under 365nm irradiation. Inspired by the oxidation ability

of 1O2, CP5-TPESF-DBT-SR101-Ce6 LHS was utilized as photocata-

lyst for the photooxidation reaction of 4-(methylthio)toluene to 4-

(methylsulfinyl)toluene, whose yield was significantly improved to

89%, suggesting potential in mimicking the energy conversion pro-

cess of natural LHS.
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