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a b s t r a c t

Clusteroluminescence (CL) materials, as an emerging class of luminescent materials with unique photo-

physical properties, have received increasing attention owing to their great theoretical significance and

potential for biological applications. Although much progress has been made in the design, synthesis and

application of CL materials, there is still a big challenge in the emission mechanism. So far, through-

space interaction has been proposed as the preliminary mechanism of the corresponding clusterization-

triggered emission (CTE) effect, but a systematic theory is still needed. This review summarizes the cur-

rent mechanistic understanding of CL materials including organic/inorganic small molecules, and poly-

mers with/without isolated aromatic structures. In addition, some strategies to achieve high quantum

yield, adjustable emission color, and persistent room temperature phosphorescence in CL materials are

also summarized. At last, a perspective of the mechanism and application of CL materials are demon-

strated, which inspire the researchers working on the development of new kinds of functional materials.

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

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Luminescent materials have been systematically studied and

widely applied in many areas such as display technology [1–3],

cell imaging [4–7] and sensors [8–12]. Among the intensive and

broad study of luminescence materials, more and more clusterolu-

minescence (CL) materials were discovered and concluded [13,14],

which include natural or synthetic organic polymers [3,15–21],

small molecules with nonconjugated structures [22,23], as well

as inorganic complexes (or organic-inorganic hybridization) with

metal core and heteroatomic surface ligands [24,25]. Unlike tra-

ditional π-conjugated molecules with aggregation-caused quench-

ing (ACQ) or aggregation-induced emission (AIE) effects [26–29],

there is no definite chromophore in the structure of CL molecules

such as polyether [30], polyester [15], oligo(maleic anhydride) [17],

poly(hydroxyurethane) [3], poly(amido amine)s [31] and amino
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acids [32]. And they usually exhibit some unique features such

as non-conjugated structures, multiple emission peaks, unmatched

absorption and excitation, excitation-dependent luminescence and

room-temperature phosphorescence [33]. By performing and sum-

marizing relative research in this area, Tang and coworkers pro-

posed the theory of through-space interaction (TSI) to comprehen-

sively explain the phenomenon of clusterization-triggered emission

(CTE), which guide further expansions in organic CL study [34,35].

This theory effectively bridges the gap between traditional lumi-

nescent and “non-luminescent” materials and opens up a new field

of luminescent materials.

The photophysical performances of luminogens with CL

(CLgens) are manipulated by their structures and the mode of

TSI (n-n, n-π and π-π ) [33,36]. For example, some crystal sug-

ars and amorphous polyols without even π electrons display vari-

able PL and distinct persistent room temperature phosphorescence

(p-RTP) [37,38], in which case the through-space n-n interactions

from oxygen clusters dominate the CL. It is noteworthy that TSI is

not a spontaneous process that requires an external driving force.

Crystallization, hydrogen bond, coordination bond, ionic bond and

polymerization are the widely reported methods for inducing TSI,

https://doi.org/10.1016/j.cclet.2022.107909
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Table 1

Summary of similarities and differences of four CL materials.

Organic small molecules Inorganic small molecules Polymers with isolated aromatic structures Polymer without aromatic structures

Clear molecular arrangement a √ √ × ×
Single crystal structure a √ √ × ×
High crystallinity b √ √ × ×
Excellent film-forming property c × × √ √
Diversification of structure d √ × √ √
Biocompatibility e √ √ × √
Tunable molecular weight f × × × ×
a A clear molecular arrangement can be obtained through the single crystal structure, which is beneficial to the study of TSI.
b High crystallinity can induce conformational rigidity and promote fluorescence and phosphorescence emission. However, the tunable crystallinity of some polymers is

beneficial to study the effects of crystalline and amorphous on CL.
c Excellent film-forming properties make it a good substitute in the field of optoelectronic devices.
d The structural diversification of small organic molecules has important guiding significance for studying the influence of electronic and steric hindrance effects on TSI.

For polymers, diverse polymer structures enrich the emission of luminescence, and hierarchical structures (such as configurations (isotactic, syndiotactic, atactic, cis-trans

isomers), architectures (linear, star, crosslinked, hyperbranched, dendritic), sequences (alternating, block), conformation and aggregation (crystalline and amorphous states))

are conducive to the regulation of TSI and luminescent properties.
e Excellent biocompatibility makes them good candidates in the fields of cell imaging and drug delivery.
f The emission wavelength and QY can be regulated by the molecular weight of the polymer, exhibiting PIE characteristics. But the complex molecular structure of polymers

(such as hierarchical structure and non-monodisperse molecular weight) also increases the difficulty of CTE research.

which are also effective strategies to regulate the photophysi-

cal properties of CL [39,40]. Although TSI among heteroatoms or

heteroatoms-aromatic rings can explain the CL, direct experimen-

tal data to support these TSI interactions are still absent. Therefore,

the chromophore determination, characterization and homologous

mechanism study of CL are still challenging areas that deserved

further exploration.

In this mini-review, we summarize the recent research progress

of four typical CL materials, including organic small molecules, in-

organic small molecules, polymers with isolated aromatic struc-

tures, and polymers without aromatic structures, aiming to use

these four typical representatives to reveal the chromophores and

mechanisms of CL. A general summary of the similarities and dif-

ferences of these four CL materials to facilitate further investigation

of CL mechanisms is presented in Table 1. It is expected that this

review will draw more attention from researchers, thereby inspir-

ing more thoughts on CL mechanisms and expanding the applica-

tion areas of CL materials based on their unique molecular struc-

tures.

2. Molecules with CL behaviors

2.1. Organic small molecules

Organic small molecules are usually crystalline, and the ar-

rangement of groups can be obtained by single crystal structure.

Therefore, they are ideal candidates to disclose the CTE mecha-

nism. During the past decades, cyclic anhydrides and imides have

received increasing attention as model systems for studying lumi-

nescent mechanisms and properties of CLgens [16,17,34,41–43]. It

is also noted that while different luminescent derivatives of anhy-

drides and imides were developed, the regulation of their photolu-

minescence (PL) is still challenging, presumably owing to the very

preliminary understanding of the emissive mechanism. Fortunately,

with continuous endeavors, researchers have found possible ways

to modulate the PL of nonaromatic anhydrides and imides, includ-

ing solvatochromism [16], copolymerization [44–46], base [47] or

heat [48] treatment, and donor-acceptor interaction [49]. These

achievements would inspire future creation of novel CLgens with

tunable PL, and shed new light on the mechanistic understanding

(Fig. 1a).

Apart from fluorescence from singlet exciton, phosphorescence

from triplet exciton is also prevailing in CLgens [42,50]. For in-

stance, different crystals of sugars (e.g., d-Xyl, d-Fru and d-Gal, Fig.

1b) display variable PL and distinct p-RTP under varying UV irra-

diations (Fig. 1b) [37]. For anhydrides and imides, it is found that

cryogenic phosphorescence, RTP and even p-RTP can be readily ac-

cessed in their aggregates, which might stem from the presence of

carbonyl groups, heteroatoms, and the effective clustering of non-

conventional chromophores [51–55]. Owing to the susceptibility of

triplet exciton, phosphorescence can be facilely regulated. Mean-

while, since most aliphatic anhydrides and imides can generate flu-

orescence and phosphorescence emissions at the aggregate states,

it is thus rational to tune their PL and phosphorescence (includ-

ing PL efficiency (Φ), color, and phosphorescence lifetimes (τ p))

through the change of excitation wavelength (λex), temperature,

microenvironment of the clusters, etc. Below we summarized sev-

eral examples on the PL regulation of these CLgens.

Yuan et al. [51] reported the color-tunable p-RTP from the crys-

tals of hydantoin (HA) and its 1,1′-methylenedihydantoin (MDHA)

and 1,1′-(ethane-1,1-diyl)dihydantoin (EDHA) analogs (Fig. 1c).

Concretely, sky-blue to yellowish-green p-RTP was observed from

HA crystals with varying λexs, with unprecedented PL and phos-

phorescence efficiencies (Φc and Φp) and τ p of up to 87.5%,

21.8% and 1.74 s, respectively. Planar HA molecules interact with

one another through multiple hydrogen bonds and other short

contacts, which afford intense electronic communications and

highly stiffened conformations, thus leading to efficient CL with

noticeable tunability. Meanwhile, despite 5,5-dimethylhydantoin

(MHA) crystals showing no p-RTP, tunable cryogenic phosphores-

cence afterglows can be obtained at 77K, owing to the impeded

molecular motions. Similarly, Yuan and coworkers further de-

signed and synthesized highly twisted N,N’-carbonylbissuccinimide

(CBSI) and N,N’-oxalylbissuccinimide (OBSI) comprising multiple

carbonyls and imide units, which demonstrate tunable PL and p-

RTP in response to λex (Fig. 1d) [52]. The concurrence of diverse

luminescent species is responsible for such tunable emissions. Cal-

culations for monomers to tetramers of both compounds suggest

the effective TSI in crystals (Fig. 1d), which varies in diverse clus-

ters, thereby generating λex-dependent PL and p-RTP [52].

Other than excitation sources, Yuan et al. demonstrated the fea-

sibility of PL modulation of nonaromatic anhydrides and imides

through internal and external regulations [53]. Mutual bridging of

isolated subgroups by an electron-rich unit effectively promotes

intramolecular TSI, resulting in red-shifted and enhanced emis-

sion with prolonged p-RTP. Meanwhile, the replacement of oxy-

gen by nitrogen remarkably changes the TSI and significantly en-

hances intermolecular interactions including the generation of hy-

drogen bonds, consequently, affording boosted Φc and Φp (Fig.

2a). Notably, upon freezing, compression, or embedding into poly-
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Fig. 1. (a) Illustration of the CTE mechanism and the generation of diversified emissive species of CLgens. (b) Chemical structures of d-Xyl, d-Fru and d-Gal and photographs

of d-Xyl single crystals taken under or after the stop of different UV irradiations. Reproduced with permission [37]. Copyright 2020, the Royal Society of Chemistry. (c)

Chemical structures of HA, MHA, MDHA and EDHA and photographs of HA and MDHA single crystals taken under or after ceasing 312 and 365nm UV lights. Reproduced

with permission [51]. Copyright 2020, the Royal Society of Chemistry. (d) Chemical and single crystal structures of CBSI and OBSI, photographs of CBSI single crystals taken

under or after ceasing 312 and 365nm UV lights, and electron density of the LUMO level of the CBSI trimer. Reproduced with permission [52]. Copyright 2020, the Wiley-VCH

GmbH.

Fig. 2. (a) Internal and external strategies towards PL regulation of CLgens. Copied with permission [53]. Copyright 2020, the Wiley-VCH GmbH. (b) Polymorphism dependent

PL of F-MA and F-MI crystals. Copied with permission [54]. Copyright 2021, the SIOC.
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mer matrices, the PL intensity and color of the aggregates can also

be well regulated [53]. Based on these results, Yuan and cowork-

ers further cultured single crystals of furan-protected maleic an-

hydride (F-MA) and furan-protected maleimide (F-MI) in different

solvents. Interestingly, polymorphs of both compounds were ac-

quired with distinct PL colors and RTP (Fig. 2b) [54]. Under 312nm

UV light, three polymorphs of F-MA (MA-A∼C) exhibit bluish-

violet, blue, and white light emissions with variable Φc and Φp

values. F-MI polymorphs (MI-A∼C) with effective hydrogen bond-

ing also display tunable emissions with strikingly improved PL per-

formance with comparison to those of F-MA crystals. It is found

that residual trace solvents in crystals bring about small changes

in molecular conformations and packing modes of F-MA and F-MI,

but exert significant impact on intra/intermolecular interactions of

the emissive clusters. Consequently, the relative intensity of sin-

glet (fluorescence) and triplet (RTP) is changed, thus resulting in

polymorphism-dependent PL.

Besides the above strategies, very recently, they reported the

impressive red and near infrared (NIR) RTP emissions from small

nonaromatic cyclic imides through synergistic effects of molecu-

lar clustering, π-π stacking and halogen effects [55]. Meanwhile,

while polymaleimides (PM) obtained by free radical polymerization

(Fr-PM) generally depict blue emission, Zhang’s group [56] showed

the facile and effective tuning on the PL of PM through anion poly-

merization (A-PM). Full color emissions of A-PM solids were real-

ized through the change of the Lewis base catalysts. These findings

not only provide deeper understanding on the luminescent mecha-

nism, but also pave the way to the promising technical applications

in bioimaging, sensing, encryption, and so forth.

2.2. Inorganic small molecules

In comparison with organic species, inorganic complexes with

luminescence properties were discovered even earlier and some in-

organic complexes or organometallic compounds also exhibit sim-

ilar CL phenomenon [24,25]. Since the inorganic complexes or

organometallic compounds are much easier to crystallize, they may

work as excellent model compounds to elucidate the chromophore

formation process and unveil the structure-property relationship of

CL system.

Zhao et al. investigated the mechanism of an ancient inorganic

AIE system using platinocyanide complexes and mainly concluded

the luminescence mechanism from three aspects [25]: (1) Aggre-

gation of BaPt(CN)4 can be triggered by high fraction (99%) of poor

solvent (THF) or low temperature (77K), which generated chro-

mophores with large cluster structures and gave strong intermolec-

ular interactions between Pt ions to emit strong fluorescence (Fig.

3a); (2) Switching counter ions (BaPt(CN)4�4H2O, K2Pt(CN)4�3H2O,

and Na2Pt(CN)4�3H2O) introduced varying intermolecular inter-

action and modified the size of chromophores, which also re-

sulted in variable emission wavelength and quantum yield (QY)

(Fig. 3b); (3) Structural rigidity affected the luminescence property

largely, which was proved by comparing QY of pristine crystal and

ground powder (Fig. 3c). The results suggested that the formation

of chromophores involved interconnections between planar square

Pt(CN)4
2− to generate columnar channel, which promoted charge

transfer and energy splitting of platinum d orbitals, and brought

out the visible emission from the strong Pt-Pt interactions. Con-

centrations, counter ions, and coordinative H2O molecules of the

platinocyanide system were taken into concern for the distance be-

tween platinum cores and the metal complex rigidity, as shown in

Fig. 3d, which alternated the luminescence properties from mul-

tiple aspects since they can affect the nonradiative decay of the

excited state.

Another research performed on a phosphorescent gold(I) com-

plex, which emits white light phosphorescence (Fig. 4a), was re-

ported in 2021 [24]. The gold(I) complex, [(CF3Ph)3PAuC≡CPh]

(TPPGPA), was discovered in dichloromethane (DCM) to have

monomeric (Fig. 4b inset) and trimeric structure (Fig. 4c), which

corresponds to the metal-perturbed 3ππ ∗ intracomplex charge

transfer (3LLCT) endowed T1 state and ligand-to-metal–metal

charge-transfer (3LMMCT) caused low-lying T1’ state, through the

intersystem crossing from the S1 state, as shown in Fig. 4d. Au-

Au bond formation in the trimeric gold(I) complex was corrobo-

rated as the compulsory condition for new chromophore forma-

tion since it assisted the molecular packing and correlated with the

emission wavelength and intensity. Mechanical grinding and tem-

perature tests were performed on the gold complex, resulting in

the elimination and redshift of long-wavelength peak respectively

(Fig. 4e), which indicated that the aurophilic interaction induced

trimer configuration was the dominant factor corresponding to the

long-wavelength emission chromophore constitution.

Concluding from the discussed metal complex CL materials,

the mechanism implied that new chromophore formation was de-

pendent on the metal-metal interactions of corresponding metal

cores, while the QY, emission wavelength, and lifetime more rely

on the counter ions and complex rigidity. Current hot topics in

inorganic luminescence materials including perovskite materials,

metal-organic frameworks (MOF), and carbon quantum dots are

designed based on the mechanism of quantum confinement ef-

fect, which mainly involves the mechanism of size adjustment

and electron transferring ability. By solely based on the quan-

tum confinement effect, it is incapable of explaining all the CL

phenomena. Related researches in this area also proposed mech-

anisms involving nanoscale carbonyl clusters composed by car-

boxylate ligands and metal cores as chromophores [57], lumines-

cence enhancement through the interaction between newly intro-

duced metal ions and cluster cores [58], self-assembly nanorib-

bons through aurophilic interactions to generate significant lumi-

nescence enhancement [59], switchable fluorescence emission ad-

justed by guest molecules of MOF [60], and so forth. Through the

numerous CL mechanisms summarized above, new perspectives

and conclusive theories should be developed to help systematically

understand more thoroughly on both organic and inorganic CL ma-

terials.

2.3. Polymers with isolated aromatic structures

Compared to small molecules, CL polymers also play impor-

tant roles in luminescent materials, attributed to their outstand-

ing properties such as processing, film-forming and self-assembly.

Recently, polymerization-induced emission (PIE) strategy has been

proposed as an effective polymerization method for the molecular

design of CL polymers from non-emissive monomers, where the

constructions of both polymer chain and polymeric luminogens are

realized simultaneously [39,61–68].

In 2017, Wan et al. successfully introduced the Barbier reaction

into polymer chemistry as a Barbier polymerization method for the

molecular design of a series of CL poly(phenylalcohol)s [61]. They

discovered monomer structure and polymerization time-dependent

untraditional luminescence from non-emissive monomers and

therefore proposed PIE strategy in 2019 (Fig. 5) [62]. Recently,

Barbier polymerization has been realized through A2+B2, AB, AB2

and A2+B types of one-pot polyadditions of different C=O con-

taining compounds including ketones, esters, amides and perox-

yester [61–68]. Interestingly, the luminescence type can be easily

tuned from AIE and ACQ by Barbier polymerization. Taking linear

poly(phenylmethanol)s as examples, phenylmethanol moieties (e.g.,

triphenylmethanol) contain sp3 hybridized carbon center, which

limits the extension of π system and results in non/weak lumines-

cence. However, when triphenylmethanol moiety is incorporated

in polymer chain through polymerization (e.g., Barbier polymer-
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Fig. 3. (a) PL spectrum for BaPt(CN)4�4H2O at 77K and 299K. (b) PL spectra and QYs of the crystals of BaPt(CN)4�4H2O, K2Pt(CN)4�3H2O, and Na2Pt(CN)4�3H2O. (c) QYs of

pristine crystal and ground powder of BaPt(CN)4�4H2O and K2Pt(CN)4�3H2O measured by an integrating sphere; λex: 365nm. (d) Intermolecular Pt-Pt distances in the single

crystals of BaPt(CN)4�4H2O, K2Pt(CN)4�3H2O, and Na2Pt(CN)4�3H2O. Reproduced with permission [25]. Copyright 2021, the Wiley-VCH GmbH.

Fig. 4. (a) PL spectrum of crystalline TPPGPA. Inset: PL image taken at λex =360nm. (b) PL spectra of monomeric TPPGPA in DCM solution with different concentrations

at 77K. The inset in (b) shows the structure of TPPGPA. (c) The molecular structure of trimeric TPPGPA with 50% probability ellipsoids. Hydrogen atoms were omitted for

clarity. (d) Electron cloud distributions of TPPGPA monomer (gas state) and trimer (solid-state) in the ground state at the TD-DFT B3LYP/(6–31G∗∗+LANL2DZ) level and the

schematic illustration of emission from triplet state of the crystalline TPPGPA. (e) PXRD patterns of TPPGPA in crystalline and amorphous states, and an image of the solid

sample of TPPGPA taken under UV irradiation before and after mechanical grinding. Reproduced with permission [24]. Copyright 2021, the Chinese Chemical Society.

ization), TSI and intramolecular charge transfer effect can be in-

duced under the constraint of polymer chains, resulting in PIE.

When substitutions of poly(phenylmethanol) contain alkyl group,

it is weakly luminescent. When all substituents are phenyl rings,

poly(triphenylmethanol)s are luminescent. When all phenyl groups

of poly(triphenylmethanol)s are rotatable, they are AIE-type lumi-

nescence. When some phenyl groups of poly(triphenylmethanol)s

are rotation forbidden, they are ACQ type luminescence. This con-

nection mode-dependent PIE is similar to the theory of restric-

tion of intramolecular motion (RIM). In the Barbier hyperbranched

polymerization, PIE is not only connection mode dependent, but

also polymerization time dependent. Taking the AB2 type Bar-

bier hyperbranching polymerization of 4,4′-dichlorobenzophenone
as an example, both solution and solid state of polymeriza-

tion media are weakly luminescent before polymerization. With

the increase of polymerization time from 15min to 4h, 12h

and 24h, the polymerization media starts to emit blue, cyan,

green, and yellow colors in the solid state while the solution

state is still weakly luminescent, which is typical PIE-active.

Both poly(triphenylmethanol)s and poly(triphenylethanol)s exhibit

5
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Fig. 5. CL polymers prepared through Barbier PIE. (a) Barbier hyperbranching polymerization exhibiting polymerization time dependent PIE. Reproduced with permission

[62]. Copyright 2019, the American Chemical Society. (b) Typical polytriphenylmethanols exhibiting PIE. (c) Polytriphenylethanol prepared through A2+B type Barbier poly-

merization. Reproduced with permission [63]. Copyright 2020, the Elsevier.

PIE, which can be prepared through A2+B type Barbier poly-

merization of dichlorodiphenylmethane and benzoate. Different

from linear para-poly(triphenylmethanol) with cyan color, linear

poly(triphenylethanol) exhibits yellow color. It is worth mentioning

that there are plenty of commercially available monomers that are

suitable for Barbier polymerization. All of these indicate nonconju-

gated luminescence color can be easily adjusted through Barbier

PIE, by adjusting wildly available commercial monomers, which

might cause the inspiration for the molecular design and applica-

tions of CL polymers including CL.

At the same time, Zhang et al. proposed a PIE concept on the

basis of summarizing a large number of CL polymers, and proposed

two major characteristics of PIE [39]: (1) The wavelength and in-

tensity of PL depend on the degree of polymerization of polymers,

which is the basic condition for the formation of clusters; (2) A di-

verse polymer structure (such as configurations, architectures, se-

quences, conformation, and aggregation) enriches the emission of

luminescence. Finally, to distinguish it from other fields and study

the properties of CL more conveniently, clusters are defined by Liu

and coworkers, that is, clusters are the basic emission units, which

are formed by the aggregation of electron-rich groups, thereby

generating delocalized electrons and further inducing emission.

2.4. Polymer without aromatic structures

Compared to CL polymers with aromatic structures, CL poly-

mers without benzene ring structures attracted more attention

owing to their excellent solubility, biocompatibility, and film-

forming properties. Currently, structural regulating of CLgens fo-

cuses on the primary structure of various groups such as ethers

[30], amides [3,19] and esters [15–17], although hierarchical struc-

tures of CLgens such as proteins play a more important role in

manipulating the TSI [69,70]. Meanwhile, the CL is mostly fo-

cused on dominant blue-light emission with low QY and dis-

play excitation-dependent emission, which may originate from the

subgroups, such as radiative n-π ∗ transition of carbonyl groups

in polyesters and polypeptides [71–73]. Remarkably, due to the

TSI nature, CLgens always show multiple emission peaks, which

is the best candidate to construct long-wavelength emission or

even white-light emission [2,74]. Compared with crosslinking and

branched polymers, linear polymers with single heteroatom groups

may be good candidates to verify cluster structures, the forma-

tion of clusters and the mechanism of CL, meanwhile, regulating

hierarchical structures can build the relationship between cluster-

ing structures and TSI to achieve the long-wavelength and high-

efficiency CL materials.

Zhang et al. reported a linear non-conjugated polyester exhibit-

ing yellow-green CL and a high QY of 38% [15]. All the polyesters

P1-P4 showed short-wavelength emission with PL peaks at 440nm

in DCM, which originated from the n-π ∗ electron transition of es-

ter groups via theoretical calculations. In addition to the short-

wavelength emission peak at 440nm, P3 also displayed a long-

wavelength emission peak at 530nm with excitation-independent

emission (Fig. 6a). Combined with the enhancement effect on

the absorption band at 300–350nm of n-π ∗ transition related

to the special aggregate structures of carbonyl groups, the long-

wavelength emission (530nm) of P3 were identified from the ester

clusters. Meanwhile, in Figs. 6b and c, the concentration-dependent

PL and QY curves not only showed AIE effect, but also visualized

the formation of clustering: one is cluster formation and increase

in cluster amount below the critical concentration at 10−3 mol/L,

and the other is the growth of cluster numbers over 10−3 mol/L.

More importantly, the dynamic characteristics of clusters were also

verified by temperature-dependent PL curves in concentrated solu-

tions (Fig. 6d). The intensity of PL was firstly weakened and the

peaks shifted from 515 to 470nm with elevating the temperature

from 10 °C to 60 °C, then remains nearly unchanged from 60 °C to

80 °C except for reduced PL intensity. Interestingly, the PL spectra

can gradually return to the original one with decreasing temper-

ature from 80 °C to 10 °C. In this work, the crucial rule that pri-

mary structure with balanced flexibility and rigidity endowed P3

the longest CL wavelength and highest QY was further discovered

(Fig. 6e).

After that, Zhang et al. further reported a linear nonconjugated

polyester with single molecular white-light emission (SMWLE) by

regulating the hierarchical structures of aliphatic polyesters, which

build the relationship between hierarchical structures and TSI ex-

perimentally [75]. In Fig. 7a, PL spectra of P2 in DCM showed a

clear excitation-dependent emission effect with the transforma-

tion from dominant short-wavelength emission (∼460nm) of n-

π ∗ transition of carbonyls to negligible long-wavelength emission

(∼540nm) of ester clusters. After introducing rigid double bonds

into polyesters, trans-alkene based P10 showed a stronger emission

peak at ∼540nm in DCM solution owing to more stable clusters

(Fig. 7b). When transformation from trans-alkenes to cis-alkenes,

6
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Fig. 6. (a) PL spectra (c=10−3 mol/L) of P3 in DCM. (b) Concentration-dependent PL spectra of P3 in DCM. (c) Plots of PL intensity and QY versus concentration for P3 in

DCM. (d) Plots of PL intensity versus temperature in dimethylformamide (c=0.1mol/L), λex =400nm. (e) Summarized photophysical data of P1, P3 and P4 from left to right

dependent on the balance of rigidity and flexibility. Inset: photographs of P1, P3 and P4 from left to right taken under 365nm UV light. Reproduced with permission [15].

Copyright 2022, the Wiley-VCH GmbH.

Fig. 7. PL spectra (c=10−3 mol/L) of (a) P2, (b) P10, (c) P15 and (d) P22 in DCM. (e) Theoretical calculations based on P4, P10, P16 and P22 with five constitutional units

calculated by (TD-DFT) B3LYP/6–31(d) method. Black dotted lines represent the interchain or intrachain distance (dO···C) between carbon and oxygen atoms with the par-

ticipation of the carbonyl group. (f) Effects of primary structure and secondary structure on photophysical properties of aliphatic polyesters, respectively. Red dotted lines

represent the TSI. Reproduced with permission [75]. Copyright 2022, the American Chemical Society.
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in Fig. 7c, the CL peaks at 540 was further increased, which is

equal to that at 470nm. Once methyl group was introduced into

the cis-alkenes to serve as the anchor (Fig. 7d), the CL peak di-

rectly shifted to 570nm, which is the longest for nonconjugated

aliphatic polyesters reported so far. Obviously, the enhanced and

red-shift CL at 540–570nm suggested that TSI was continuously

boosted. To figure it out, this work disclosed that the inner changes

of secondary structures induced the boosted TSI theoretically and

experimentally (Figs. 7e and f). P4 possessed helix conformation

with dO···C in the range of 3.39–3.61 Å beyond the sum of their

van der Waals radii, which had negligible through-space n-π in-

teraction and only showed short-wavelength CL around 460nm.

Replacement by trans-alkenes, the resultant P10 showed nearly

regular, straight conformation with interchain dO···C in the range

of 3.2–3.4 Å, inducing a strong interchain through-space n-π in-

teraction with long-wavelength CL at 540nm. Interestingly, cis-

alkene P16 exhibited folded sheet with short dO···C in the range

of 3.22–3.27 Å, which further intensifies the long-wavelength CL

due to strong intrachain through-space n-π interaction. Moreover,

adding the anchor of a methyl group into cis-alkenes further sta-

bilized the folded sheet conformation with shorter dO···C (∼3.18 Å)

and sharply enhanced the interchain through-space n-π interac-

tion. Finally, P22 showed dominated and redder CL at 570nm. It

is noteworthy that P19 and P20, especially for P20, presented pure

white-light emission with CIE coordination of (0.30, 0.32) based on

the overlapped short-wavelength and long-wavelength CL (Fig. 7e).

Also, this work disclosed that structural equilibrium of flexibility

and rigidity only achieved highest QYs without PL change at pri-

mary structural level.

The above works have verified ester clusters with dynamic

characteristics and achieved white to orange-light emission, which

indicated that CL has the potential to be tuned into red-light

emission, suggesting that regulating primary and secondary struc-

tures of aliphatic polyesters deeply embodies the philosophy of PIE

[39,62]. In the field of CL, clusters with single heteroatom groups

from simple synthetic chemistry may be good candidates to study

CL, At present, blue-light emission and clear excitation-dependent

emission may be caused by the unstable clusters and weak TSI,

then the intrinsic emission of subunits are dominant [75]. So, ma-

nipulation of the hierarchical structures for polymers is one of the

important directions in CL.

3. Conclusion and perspectives

In the past two decades, materials with CL properties have been

widely studied and plenty of CLgens have been developed, includ-

ing the above-mentioned organic and inorganic small molecules,

and polymers with and without isolated aromatic structures. How-

ever, there are two thorny issues in this area: unclear emis-

sion mechanisms and dissatisfactory photophysical performances.

Although researchers have devoted tremendous efforts to draw-

ing the mechanistic picture for CTE from both the experimental

and theoretical aspects, a systematic and comprehensive aggregate

photophysics based on TSI is still absent, which is mainly caused

by the uncertain structures, especially for polymer systems. Un-

doubtedly, building a clear structure-property relationship for CL

is the basis of establishing aggregate photophysics. It is foreseeable

that constructing models for CLgens to further clarify the involved

TSI will be an important topic for the mechanistic study of CL.

Besides, the short-wavelength emission and low luminescent effi-

ciency are still problems for the utilization of CLgens. To overcome

these drawbacks, physical or chemical crosslinking of subunits in

CLgens will be one of the effective strategies, which is similar to

the crosslinked polymer dots but with clear structures. In other

words, future research should focus on the enhancement of TSI in

CLgens via hierarchically structural modification. It is expected that

the mechanistic study and improvement of photophysical perfor-

mances for CL will pave the way for the practical applications of

CLgens.
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