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a b s t r a c t

Stepwise energy transfer is ubiquitous in natural photosynthesis, which greatly promotes the widespread

use of solar energy. Herein, we constructed a supramolecular light harvesting system based on sequential

energy transfer through the hierarchical self-assembly of M, which contains a cyanostilbene core flanked

by two ureidopyrimidinone motifs, endowing itself with both aggregation-induced emission behavior and

quadruple hydrogen bonding ability. The monomer M can self-assemble into hydrogen bonded polymers

and then form supramolecular polymeric nanoparticles in water through a mini-emulsion process. The

nanoparticles were further utilized to encapsulate the relay acceptor ESY and the final acceptor NDI to

form a two-step FRET system. Tunable fluorescence including a white-light emission was successfully

achieved. Our work not only shows a desirable way for the fabrication of efficient two-step light harvest-

ing systems, but also shows great potential in tunable photoluminescent nanomaterials.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Natural photosynthesis provides an excellent example to har-

vest, transfer, and eventually convert solar energy to chemical en-

ergy [1,2]. During this process, the existence of a large number of

antenna pigments, such as chlorophylls, in the chloroplast is indis-

pensable for the initial collection of sunlight [3,4]. After that, the

absorbed energy will go through multiple transfer steps to achieve

the reaction center. Inspired by this, scientists have made a great

effort to fabricate man-made light harvesting systems (LHSs) to

study the fundamentals of energy harvesting and transfer, as well

as the application of the excited energy [5–12]. Previous works

mainly focus on constructing special scaffolds to accommodate

antenna pigments (donors) and energy acceptors, as well as to

avoid aggregation-caused quenching of these fluorophores. To this

end, various scaffolds, such as metallacycles/cages/stacks [13–16],

macrocycle-mediated nanoaggregates [17–23], DNAs [24,25], and

peptides/proteins [26–28], have been extensively employed. Alter-

natively, aggregation-induced emission (AIE) [29,30] fluorophores

offer another choice to act as antenna arrays since they show out-

standing emissive properties in the aggregated state [31–35]. Sub-
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sequently, the construction of artificial LHSs based on AIE donor

with Förster resonance energy transfer (FRET) processes have been

highly attractable [36–43].

Supramolecular polymer is a kind of dynamic macromolecule

which is formed by small-molecular-weight building blocks

through non-covalent interactions [44–50]. Supramolecular poly-

merization is a powerful strategy to assist the formation of LHSs as

it can bring the fluorophores together with efficient emission. For

example, Yang and co-workers fabricated one-step energy trans-

fer light harvesting supramolecular polymeric nanoparticles (SP-

NPs) through pillar[5]arene-based host-guest complexation [51].

Recently, Wang and co-workers constructed a sequential two-step

energy transfer system through supramolecular copolymerization

of three different σ -platinated (hetero)acenes driven by π-stacking

interaction [52].

It is noteworthy that quadruple hydrogen bonding interaction

based on ureidopyrimidinone (UPy) is a milestone in the devel-

opment of supramolecular polymers [53–56]. Based on our ex-

perience on supramolecular self-assembly [57–60] and a recent

work on one-step LHS constructed from a cyanostilbene-bridged

ditopic UPy donor M and ultralow content of acceptor for white-

light emission [61], in this work, we further fabricate a sequential

two-step energy transfer LHS with tunable emission by using M-

based SPNPs as a nano-platform. Herein, the SPNPs are formed by
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Fig. 1. Cartoon representation of the fabrication of a two-step energy transfer arti-

ficial LHS based on supramolecular polymeric nanoparticles.

quadruple hydrogen bonding and hydrophobic interactions (Fig. 1).

The cyanostilbene group endows M with AIE property, while the

UPy moieties enables itself with quadruple hydrogen bonding abil-

ity. Assisted by cetyltrimethyl ammonium bromide (CTAB), SPNPs

of M can be formed in aqueous media through the mini-emulsion

method [62,63]. By incorporating two hydrophobic dyes Eosin Y

(ESY) and NDI into the SPNPs as the relay acceptor and the fi-

nal acceptor, excited energy of M (donor) can go through ESY and

ultimately achieve to NDI efficiently. Compared with one-step en-

ergy transfer systems with linearly tuned emission, the current se-

quential energy transfer system exhibits a broad range of emission

from blue to green to orange upon excitation at a constant wave-

length. This light harvesting model may have great potential in un-

derstanding the fundamentals of natural photosynthetic system, as

well as promoting the development of organic luminescent mate-

rials based on hierarchical self-assembly.

The supramolecular polymerization of M based on quadru-

ple hydrogen bonds and the AIE property of M have been

demonstrated previously [61]. SPNPs of M in water was fabri-

cated through a supramolecular polymerization followed by mini-

emulsion strategy. A solution of M (50 μL, 10mmol/L) in chlo-

roform was dropped into an aqueous solution of CTAB (10mL,

1.0mmol/L) followed by ultrasonication for 20min. The hierarchi-

cally self-assembled SPNPs in aqueous media showed a strong blue

emission under a UV lamp irradiation due to the AIE effect (Fig.

S1 in Supporting information). The absolute fluorescence quantum

yield of the SPNPs was determined to be 7.88% (Fig. S2a in Sup-

porting information). These observations indicate that SPNPs of M

have been successfully prepared with the help of CTAB.

Since M shows excellent blue fluorescence as SPNPs dispersed

in water, it is reasonable to construct donor-acceptor system by

the co-assembly of hydrophobic dyes into the nanosphere of M.

The hydrophobic dyes ESY and NDI were selected according to

their proper photophysical properties (vide infra). They could be

entrapped inside the SPNPs by mini-emulsifying them with M si-

multaneously. Size of these loaded SPNPs was measured by dy-

namic light scattering (DLS) and morphology was further charac-

terized by scanning electron microscopy (SEM). DLS of ESY@M SP-

NPs showed a narrow size distribution with an average hydrody-

namic diameter of 141nm (Fig. 2a). SEM image indicated that SP-

NPs of ESY@M exhibit well-defined spherical architecture with di-

ameter of ca. 120nm (Fig. 2c), in a good agreement with DLS mea-

surements. Moreover, the prepared ESY-NDI@M SPNPs exhibited a

slightly larger particle size of about 153nm monitored by DLS (Fig.

Fig. 2. DLS data of (a) ESY@M SPNPs, inset: photographs of ESY@M SPNPs under

UV irradiation at 365nm (left) and the Tyndall effect of ESY@M SPNPs (right),

(b) ESY-NDI@M SPNPs, inset: photographs of ESY-NDI@M SPNPs under UV ir-

radiation at 365nm (left) and the Tyndall effect of ESY-NDI@M SPNPs (right).

SEM images of (c) ESY@M SPNPs and (d) ESY-NDI@M SPNPs. [M]=5×10−5 mol/L,

[ESY]=6.67×10−7 mol/L, [NDI]=4×10−7 mol/L, respectively.

2b) and also a spherical shape according to SEM (Fig. 2d). Notably,

Tyndall effects were obviously observed for both samples, further

verifying the formation of abundant nanoaggregates (Fig. 2, insets).

The energy transfer from M to ESY (relay acceptor) was inves-

tigated due to the considerable overlap between the absorption

spectrum of ESY and the emission band of M (Fig. 3a). As shown

in Fig. 3b, upon the co-assembly of ESY into M SPNPs, the fluo-

rescence intensity of M at 430nm decreased remarkably, while the

emission of ESY at 550nm increased significantly (λex =365nm).

At the same time, the emission color varied from bright blue to

yellowish green (Fig. 3c, inset). These observations indicated that

energy transfer had taken place from the donor to ESY. More-

over, a considerable decrease of fluorescence lifetime of M after

co-assembly with ESY further confirms the energy transfer process

(Fig. 3c). The lifetime curves showed a double exponential decay

for both M and ESY@M (Table S1 in Supporting information). Fluo-

rescence lifetime of M measured at 430nm shows that τ 1 =0.43ns

and τ 2 =3.17ns. After co-assembled with 2% ESY, fluorescence life-

Fig. 3. The first-step energy transfer from M to ESY. (a) Normalized fluorescence

spectra (dashed curves) of M (blue trace) and ESY (green trace), and their corre-

sponding normalized UV–vis spectra (solid curves). (b) Fluorescence spectra of M

as SPNPs in water with the titration of ESY ([M]=5×10−5 mol/L, λex =365nm). (c)

Fluorescence decay profiles of M and ESY@M, inset: fluorescence photos of M (left)

and ESY@M (right), [M]=5×10−5 mol/L, [ESY]=6.67×10−7 mol/L. (d) ΦET and AE

at different concentrations of ESY.
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time of M under the same condition decreased to τ 1 =0.24ns and

τ 2 =2.68ns, indicating that the first-step FRET had been certainly

realized.

Energy-transfer efficiency (ΦET) and antenna effect (AE) are

usually employed to evaluate the performance of man-made LHS.

ΦET is the quenching rate of the donor after transferring excita-

tion energy to the acceptor, and AE is the amplification of the

emission intensity of the acceptor after absorbing excitation energy

from the donor. When the molar ratio of M/ESY was 75/1, ΦET was

determined to be 65.4% (Fig. S3 and Table S4 in Supporting infor-

mation). As shown in Fig. 3d, ΦET increased with the increase of

ESY content. In the above case, AE of the system was calculated to

be 3.1-fold with an absolute fluorescence quantum yield of 19.05%

(Fig. S2b in Supporting information), which is much higher than

M itself, further indicative of an efficient light harvesting ability of

ESY. Notably, the AE value increased remarkably until it reached

a maximum of 8.4-fold when M/ESY=200/1 (Fig. 3d and Table S6

in Supporting information). By employing the methoxy–substituted

cyanostilbene precursor as a donor and ESY as an acceptor, poor

energy-transfer efficiency and antenna effect were observed (Fig.

S7 in Supporting information), indicating that the quadruple hy-

drogen bonded supramolecular polymer is crucial for the construc-

tion of the light-harvesting system.

Natural LHS gives us lots of inspirations, for example, it usu-

ally consists of multi-type of chromophores and the absorbed en-

ergy will go through multiple steps to reach the reaction center.

Therefore, we further attempted to construct sequential energy-

transfer system based on this SPNP platform. The hydrophobic dye

NDI was then chosen as the final acceptor to harvest the excited

energy from ESY@M, because the normalized UV–vis spectrum of

NDI exhibits a considerable overlap with the fluorescence band of

ESY (Fig. 4a). When NDI was gradually titrated into the ESY@M sys-

tem, the emission intensity of ESY at 550nm decreased and the

intensity of NDI at 645nm increased significantly when excited

at 365nm (Fig. 4b). Meanwhile, the emission color was changed

from yellowish green to orange red (Fig. 4c, inset). This confirms

that ESY could serve as a relay acceptor to obtain excitation en-

ergy from M, and subsequently transport it to NDI. Notably, NDI

might also absorb excitation energy directly from M due to a small

overlap between M’s emission band and NDI’s absorption spectrum

(Fig. S8a in Supporting information). However, although part of the

Fig. 4. The second-step energy transfer from ESY to NDI. (a) Normalized fluo-

rescence spectra (dashed curves) of ESY@M (green trace) and NDI (red trace),

and their normalized UV–vis spectra (solid curves). (b) Fluorescence spectra

of ESY@M ([M]=5×10−5 mol/L, [ESY]=6.67×10−7 mol/L, λex =365nm) with the

titration of NDI. (c) Fluorescence decay profiles of ESY@M and ESY-NDI@M, inset:

fluorescence images of ESY@M (left) and ESY-NDI@M (right) ([M]=5×10−5 mol/L,

[ESY]=6.67×10−7 mol/L, [NDI]=4×10−7 mol/L). (d) ΦET and AE at different con-

centrations of NDI.

excitation energy could be absorbed by NDI in the NDI@M SPNPs,

emission of NDI was hardly observed, indicative of a very poor an-

tenna effect (Fig. S8b in Supporting information). This suggests that

ESY, as an energy bridge, is necessary for the two-step sequential

energy transfer (Fig. S8c in Supporting information). Fluorescence

lifetimes were further measured to confirm the energy transfer

process between ESY and NDI. The lifetime curves show a double

exponential decay (Fig. 4c). Fluorescence lifetimes of ESY@M moni-

tored at 550nm are determined to be τ 1 =2.52ns and τ 2 =9.32ns

(Table S2 in Supporting information). In contrast, the ESY-NDI@M

assembly exhibits a dramatic decrease in lifetimes: τ 1 =1.54 and

τ 2 =4.81ns, indicating that the two-step sequential energy trans-

fer had indeed taken place.

ΦET and AE were also calculated to evaluate the second-step

light harvesting ability (Fig. 4d). ΦET was calculated from the emis-

sion quenching ratio of ESY at 550nm. Taking an example with

a molar ratio of M/ESY/NDI=750/10/6, ΦET was calculated to be

88.2% (Fig. S4 and Table S5 in Supporting information). In this

case, the absolute fluorescence quantum yield was measured to

be 25.3% (Fig. S2c in Supporting information), which is obviously

higher than that of ESY@M. As shown in Fig. 4d, ΦET was increased

as the NDI content in the system increased. It is noteworthy that

the AE value in this case is 26.3 and climbed up to 34.5 with a

molar ratio of M/ESY/NDI=750/10/1. Notably, compared with other

sequential systems reported recently, the second-step ΦET and AE

in this system are superior (Table S8 in Supporting information).

These results further verified that the supramolecular ESY-NDI@M

SPNPs could serve as an efficient LHS with stepwise energy trans-

fer. Interestingly, these energy-transfer cascade systems show high

stability in solution, which can be stored for several weeks with-

out precipitation and photobleaching. This might be attributed to

the high fidelity of the multiple hydrogen bonds and the good dis-

persion ability of the CTAB in water.

The luminescent color variations of the first-step and second-

step energy transfer processes could be directly read on the CIE

1931 chromaticity diagram (Fig. 5a). The M nanoaggregates lo-

cated in the blue area. Upon the molar ratio of ESY increased

from 750:1 to 75:1, the emission color of the system gradually

changed from blue to yellowish green. In the second-step energy

transfer, the emission color gradually turned to orange red with

the addition of NDI from NDI/ESY/M=1/10/750 to 6/10/750. The

triangular emission regions formed by ESY@M and ESY-NDI@M

Fig. 5. (a) The CIE chromaticity diagram of emission color variations by adjusting

the ratios of the dyes, and the white-light emission coordinate (0.31, 0.33). (b) Flu-

orescence spectrum of the white-light emission. Inset: white-emission image. (c)

Letters painted by a white-light emitting solution, showing the encryption function.

(d) Photographs of an uncoated LED bulb and a coated LED bulb before and after

illumination.
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provides the possibility to create white-light emission materials

[64–66]. As expected, a white-light emission was achieved when

M/ESY/NDI=1000/5/1 ([M]=5×10−5 mol/L) (Fig. 5b). The color

coordinate was calculated to be (0.31, 0.33), which is close to the

pure white emission (0.33, 0.33). Absolute fluorescence quantum

yield of the while-light emission was 19.24% (Fig. S10 in Support-

ing information). By taking the white-light emission material as

ink, no letters could be read out under natural light (Fig. 5c). How-

ever, the letters could be clearly readout under UV light, indicating

that the system can be utilized as a solid-state encryption mate-

rial. Moreover, this white-emission material was further used to

prepare white LED device (Fig. 5d). A blue LED bulb (λex =365nm)

was coated with the white-light emission material and then a 3V

bias was applied. As a result, bright white light was generated

when turned on the bulb.

In conclusion, a two-step sequential light harvesting system

based on supramolecular polymeric nanoparticles was fabricated.

Emission of the donor could be greatly enhanced through a hierar-

chical self-assembly including supramolecular polymerization and

mini-emulsion. The prepared nanoparticles are highly emissive and

can serve as excellent energy donor, while the hydrophobic dyes

ESY and NDI can act as relay and final energy acceptors to harvest

excitation energy sequentially. This artificial LHS showed a tun-

able fluorescence emission including a white-light emission. This

study not only provides a general strategy for the construction of

stepwise energy-transfer LHSs from supramolecular monomers, but

also provides potential applications in aqueous photoluminescent

materials.
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