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Clusterization-triggered emission (CTE): one for
all, all for one

Peilong Liao,a Jianbin Huang,a Yun Yan *a and Ben Zhong Tang*b

One for all and all for one, hand in hand turns the light on. Clusterization-triggered emission (CTE) is a

photophysical phenomenon that has attracted increased attention in recent years. Highly efficient

luminescence based on through-space conjugation (TSC) can be obtained due to the clusterization of

non-conventional chromophore-forming clusteroluminogens with extended electron delocalization and

a rigid conformation. The CTE process makes it possible to generate highly efficient light emitters from

a vast variety of non-conjugated molecules. It is anticipated that CTE may bring about a revolution in

the design of advanced functional luminescent materials in the future. In this review, we systematically

summarize the current status of CTE studies, aiming at analysing the future development trends in

this field. The following issues are discussed: (1) TSC hypothesis and experimental confirmation;

(2) characteristics of CTE, including concentration-enhanced luminescence, excitation wavelength-dependent

emission, room temperature phosphorescence (RTP) and polarization-enhanced luminescence; (3) typical

examples of CTE systems, including biomacromolecules, multicolor luminescent polymers and organic–

inorganic hybrid materials; and (4) applications of the CTE effect, including optical anti-counterfeiting, white

LED materials, bioimaging, and molecular sensing. We envisage that the supramolecular self-assembly of CTE

systems will become an important direction in the field of CTE research.

Introduction

Luminescence is a widely observed phenomenon occurring
throughout nature in both abiotic and biological worlds, such
as the night pearl in the tomb of the emperor, the signal lamp
on the butt of a firefly and fluorescent fungi in rainforests.
People cannot help being attracted to them and are constantly
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trying to understand the mechanisms behind all kinds of
luminescence. In addition, breakthroughs in the understanding
and applications of light-emitting processes have opened new
avenues to scientific advancements and societal developments.
The most famous example is the study of green fluorescent
protein (GFP). The GFP gene was isolated from a fluorescent
jellyfish family and was demonstrated to be scientifically sig-
nificant for a wide variety of critical biological labelling/genetic
studies. This work ultimately led to a Nobel Prize (2008) shared
by Shimomura, Tsein1 and Chalfie.2

So far, a deep and extensive understanding about the
luminescence process for most fluorescence systems has been
formed. Generally, this process requires specific atomic or
molecular structures with delocalizable electrons that are
suitable for participation in three critical mechanistic events
to produce luminescence emission, namely (1) photon

absorption, (2) energy-induced, orbital electron excitation and
(3) electron relaxation with energy loss to give luminescence
emission. The entire process is illustrated by the Jablonski
diagram (Fig. 1a). As such, suitable structures must possess
photon absorption features sufficient to absorb and excite
delocalizable electrons from the ground state (S0) to an excited
state (S1), followed by relaxation/decay to the ground state
(S0) accompanied by lower energy luminescence emission.
In traditional organic fluorescent materials, these structural
criteria are found in broad categories of rigid, conjugated
poly(aromatics), extended p systems or poly(unsaturated hetero-
cyclic) systems containing high multiplicities of heteroatoms
with unoccupied p-orbitals (Fig. 1b). These traditional lumino-
phores usually function as individual, isolated molecular
entities and exhibit concentration-dependent self-quenching
effects.3

Fig. 1 (a) A typical Jablonski diagram. (b) Structures of typical traditional organic fluorescent molecules.
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In 1970, emission from a saturated amine named 1,4-diazabi-
cyclo[2.2.2]octane (DABCO) excited at 250 nm in the gas phase at
25 1C was reported.4 This was the first reported example of non-
traditional intrinsic blue luminescence that does not satisfy the
accepted criteria of aromaticity or an extended p system required
for traditional luminescence.

Since then, numerous reports have appeared describing inexplic-
able blue fluorescence in the absence of conventional lumino-
phores. In 2001, a revolutionary concept referred to as
aggregation-induced emission (AIE) was introduced by Tang
et al.5,6 This described an uncommon luminogen system in
which aggregation worked constructively, rather than destructively
as in the conventional systems. Specifically, an AIE luminogen
(AIEgen) shows weak or negligible emission in dilute solution but
emits intensely in the aggregate or the solid state. Unlike
conventional luminophores such as the disc-like planar perylene,
AIEgens are usually propeller-shaped non-planar molecules.7 The
restriction of intramolecular motions (RIM) is accepted as being

central to the AIE working mechanism. As shown in Fig. 2, the
intramolecular motions (rotation and vibration) of AIEgens such
as tetraphenylethene (TPE) and silole are rapid in dilute solution
and the emission is quenched because of the high non-radiative
decay rate (knr). However, because of the highly twisted conformation
of AIEgens, both intermolecular p–p stacking and intramolecular
motions are restricted in the aggregate or the solid state, which
results in a suppressed knr. Therefore, the radiative decay rate (kr) can
now effectively compete with knr, leading to an enhanced emission
quantum yield.8–10 As AIEgens often show unique advantages such
as a high solid quantum yield, high photostability and anti-ACQ
effects, they have been successfully applied in various fields
such as OLEDs, stimuli-responsive sensing, bioimaging and
theranostics.7,11–13

Among the many studies on AIEgens, a series of molecules
appear to be particularly special. These molecules show dim or
no emission in dilute solution but a much enhanced emission
in aggregates or in the solid state as typical AIE properties.

Fig. 2 (a) Simplified schematic illustration of the possible photophysical and photochemical processes of TPE derivatives. Proposed decay pathways
along the potential energy curves of a typical AIE molecule in (b) solution with a low viscosity and (c) the solid or crystal state. Abbreviations:
A = absorption, CI = conical intersection, and F = fluorescence. Reproduced with permission from ref. 8. Copyright 2019, Royal Society of Chemistry.
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However, these molecules do not possess extended p-electrons.
For example, in 2007, Tang et al. reported that the non-aromatic
poly[(maleic anhydride)-alt-(vinyl acetate)] showed blue fluores-
cence in its colloidal suspension but no fluorescence in dilute
solution.14 A similar phenomenon and even efficient room-
temperature phosphorescence were observed in natural com-
pounds and polymers such as starch, cellulose, bovine serum
albumin (BSA), and some other carbohydrates.15 In 2016, in
work explaining the aggregation-induced emission (AIE) char-
acteristics of non-conjugated polyacrylonitrile (PAN) molecules,
clusterization-triggered emission (CTE) was first used to
describe this phenomenon (Fig. 3a).16 Then, the theory of
through-space conjugation (TSC; Fig. 3b) was proposed, by Tang,
Yuan and co-workers, i.e. the clusterization of non-conventional
chromophores with through-space conjugation results in extended
electron delocalization and a rigid conformation – this has gradu-
ally come to be considered as the mechanism of this luminescence
phenomenon.15,17–22 All the molecules form a whole via the
through-space conjugation, while the whole rigidifies the con-
formation of all the molecules. As the saying goes: one for all, all
for one.

The fluorescence of non-conjugated compounds is not a new
phenomenon. As early as 1605, the mechanoluminescence of
sugar was documented in the book Advancement of Learning by Sir
Francis Bacon.23 However, the CTE mechanism is conceptually new,
and explains a large number of non-traditional intrinsic lumines-
cence (NTIL) systems for which people have not previously realized
the connection or have even misunderstood.21,23–34 And under the
guidance of this concept, people have developed numerous of new
systems.15,16,18–21,35–60 These NTIL emitters are called clusterolumi-
nogens, and include small molecules,15,20,41,42,53,57,58,61–63 linear and
hyperbranched polymers,16,18,19,28,33,36–38,43,44,46,48,49,52,55,60,63–78

biomacromolecules,29,35,47 supramolecules79 and organic–
inorganic hybrids.23,45,80,81 They generally contain N, O, S, P,

Si and other heteroatoms, including non-traditional chromo-
phores such as hydroxyl (–OH),15,58 ether (–O–),42,65 carboxylic acid
(–COOH),36,41,43,45 ester (–COOR),44,67 anhydride (–COOCO–),49,66,67

amide (–NHCO–),19,20,33,38,57,68,69,73,75,76,82 amine (–NH2),72,74 nitrile
(–CN),16,61 pyridine (–C5H5N),52 thioamide (–NHCS–),53,70 sulfide
(–S–),18,62 sulfonate (–SO3H),21,52,63,83 sulfoxide (–SO), sulfone
(–OSO–),18 phosphate (–PO3–),63,77 siloxane (–SiO),28,78,84 and so
on. Some typical CTE structures are shown in Fig. 4, which will
be collectively referred to as clusteroluminogens in the following
discussions. Compared with traditional intrinsic luminescence (TIL)
systems, clusteroluminogens usually have the advantages of good
structural adjustability, convenient synthesis, high water solubility,
and low biological toxicity. Many of them have been applied as
green light-emitting materials and room-temperature phosphores-
cent materials, as well as in the field of biology.18,35,38,43,47,50–53,55

In this review article, we aim to provide a systematic overview
on CTE, including its mechanisms, processes, characteristics
and applications. Finally, we envisage that the supramolecular
self-assembly of the CTE system will become an important topic
in the field of CTE study.

Mechanistic understanding of CTE

TSC model: through-space conjugation. According to
Hohenberg–Kohn’s first theorem, the electron density is the
only factor that determines the properties of a molecule.85,86

Covalent bonds, ionic bonds and coordination bonds are just
apparent forms of changes in the charge density caused by the
interaction of atoms in a molecule. When there are non-bonded
interactions in a system, although the effect of a single action is
relatively weak, stacking them all, the charge density of the
entire system will change, which in turn changes the optical,
electrical, and magnetic properties of the system. In general, the
greater the degree of delocalization of the system and the closer
the two components are located, the stronger the interaction

Fig. 3 (a) Schematic illustration of clusterization-triggered emission (CTE) and possible intra- and intermolecular interactions of PAN molecules.
(b) Through-space conjugation (TSC) mechanistic image for clusteroluminescence. Figures reproduced with permission from (a) ref. 16. Copyright 2016,
Wiley-VCH and (b) ref. 22. Copyright 2020, Elsevier Ltd.
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between them. In particular, for systems with electron-rich
atoms, as long as the distance between the two atoms is
appropriate, non-bonding interactions are likely to occur.

Therefore, we can easily understand the TSC model
proposed and developed by Tang et al.22 and Yuan et al.17,21

In the CTE system, with the formation of clusters, a strong non-
bonding interaction between the clusteroluminogens occurs,
resulting in through-space conjugation (TSC) inside the cluster.
As a result, the system exhibits fluorescence that is inaccessible
by the isolated molecules. Fig. 5 schematically illustrates the
TSC mechanism of CTE. For isolated heteroatom systems, the
clusteroluminogen itself requires a great amount of energy (Eo)
for the transition from the ground state (S0) to the excited state
(Sn/Tn). Furthermore, its intramolecular motions (rotation and
vibration) are rapid. This means that non-radiative decay is very
fast. Therefore, it is difficult to excite such a molecule, and
luminescence can hardly be generated. By contrast, as the
clusters are formed, clusteroluminogens with an atomic dis-
tance smaller than the van der Waals radius interact strongly.
This leads to TSC and generates a narrow band gap (E1) that

allows the system to transit to an excited state S
0
n

.
T
0
n

� �
by

absorbing UV light energy. Meanwhile, the intramolecular
motions are restricted by the conjugate structure, and the

energy of the exciton S
0
n

.
T
0
n

� �
is stabilized by restricting the

structural relaxation. As a result, fluorescence and even phos-
phorescence transitions occur.

As a confirmation of the mechanism, Tang et al. synthesized
oligo(maleic anhydride) (OMAh) and poly[(maleic anhydride)-alt-
(2,4,4-trimethyl-1-pentene)] (PMP)86 (Fig. 6). Experimentally, PMP
displayed almost no fluorescence in either solution or the solid
state. By contrast, the OMAh series exhibited blue and yellow
emission in the solution and solid states, respectively, even for
oligomers as small as Mw E 1000. Theoretical calculations reveal
that the distance between two adjacent maleic anhydride (MAh)
units in OMAh ranges between 2.84 Å and 3.18 Å, which forms a
sub-van der Waals contact (d o 3.22 Å), rigidifies the oligomeric
chain and increases the inter-/intra-chain interactions. Mean-
while, in PMP, the 2,4,4-trimethyl-1-pentene branches separate
the neighboring succinic anhydride groups, and the optimized
conformation of PMP shows a longer OC� � �OC distance of 45 Å,
thus preventing PMP molecules from undergoing TSC. The lack
of TSC accounts for the lack of luminescence from PMP in both
solution and clustered states.

More direct evidence was provided by a study on the solid-
state molecular motion (SSMM) of two non-conjugated molecules:
1,2-diphenylethane (s-DPE) and 1,2-bis(2,4,5-trimethylphenyl)-
ethane (s-DPE-TM).87 In the solid state, s-DPE shows inter-
molecular motion upon UV irradiation to form excited-state
through-space complexes (ESTSCs) [Fig. 7(a)]. Radiative decay
of the ESTSCs emits clusteroluminescence. Femtosecond tran-
sient absorption (fs-TA) spectroscopy provided direct evidence
for the formation of ESTSCs, as illustrated by the occurrence of
a new peak at 590 nm [Fig. 7(b)].

Fig. 4 Typical examples of CTE structures.
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Structural characterization of CTE: single-crystal analysis and
quantitative calculation

Generally speaking, the physical picture of TSC is the overlap
of molecular orbitals, which is embodied by the fact that
the distance between the non-conventional chromophores is

smaller than the van der Waals radius between them. There-
fore, quantitative calculation and the single-crystal structure
can be used as effective analytical tools to explain whether TSC
exists or not.

For example, the CTE phenomenon of urea was studied by
Yuan et al.51 As can be seen from Fig. 8(a and b), the urea
molecule adopts a nearly planar conformation in the crystal.
Notably, besides the typical (N–H� � �OQC) and atypical
(N–H� � �CQO) hydrogen bonds, abundant H–N� � �OQC (2.971
and 3.044 Å) intermolecular short contacts are present, leading
to well extended through-space conjugation. These intra/inter-
molecular electronic communications among electron-rich
units constitute a 3D through-space electronic communication
channel, which narrows the energy gaps and renders the
clustered chromophores excitable by UV irradiation. Aiming to
evaluate the electronic interactions of neighboring molecules,
the HOMO and LUMO electron densities of the monomer,
dimer, trimer, and tetramer of urea were calculated using the
time-dependent density functional theory (TD-DFT). Despite the
discrete electron distributions in the HOMO levels, evident
electronic delocalization is present in their LUMOs [Fig. 8(c)],
reflecting the enhanced conjugation in the clusteroluminogens.

N,N0-Carbonylbissuccinimide (CBSI) and N,N0-oxalylbis-
succinimide (OBSI) also display typical CTE features. They are
virtually non-luminescent in dilute solutions, while they are

Fig. 5 Schematic illustration of the CTE mechanism.

Fig. 6 Chemical structures of PMP and OMAh and images of PMP and
OMAh in the solid state taken under 365 nm UV light irradiation. Reproduced
with permission from ref. 86. Copyright 2017, Royal Society of Chemistry.
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brightly emissive in concentrated solutions or as crystals with a
quantum yield (F) of 9.0%.57 The single-crystal structures of both
compounds were determined at 298 or 173 K. As illustrated in
Fig. 9(a and b), both compounds adopt highly distorted conforma-
tions in the crystal state. Short intermolecular distances such as
C–H� � �OQC (2.453, 2.528, 2.639, 2.690, 2.702, and 2.714 Å),
OQC� � �OQC (2.880, 3.035 and 3.159 Å), C–N� � �OQC (2.949 Å),
and OQC� � �CQO (3.193 Å) are present. These short contacts, on

the one hand, remarkably stiffen the molecular conformations, but,
on the other hand, facilitate 3D TSC among different moieties with
n- and/or p-electrons. As depicted in Fig. 9(c), the HOMOs of an
excited single molecule, a dimer, trimer and tetramer are all
separated on the succinimide rings. However, intensive TSC
amongst carbonyls and imides is noticed on their LUMOs.

It can be seen from the above examples that for small
molecules, their crystal structures can be obtained, enabling

Fig. 7 (a) Schematic illustration of the light-driven intermolecular motion of s-DPE in the solid state. (b) fs-TA spectra of s-DPE in the film state with
267 nm excitation. Reproduced with permission from ref. 87. Copyright 2019, American Chemical Society.

Fig. 8 (a) Single-crystal structure and (b) illustrated electronic communications between the N and O atoms around one molecule for urea. (c) Electron
density distributions of the HOMO and LUMO levels of the monomer, dimer, trimer, and tetramer of urea. Reproduced with permission from ref. 51.
Copyright 2019, Wiley-VCH.
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the determination of the relative position of each atom. This
allows simulation of the orbital energy levels of their HOMOs
and LUMOs for aggregates with different aggregation numbers,
and the CTE effects can be confirmed. However, so far, more
than half of the CTE systems have been found in polymers. For
polymers, it is difficult to obtain their single-crystal structures
and aggregation states. In this case, we can only look for the
optimized molecular dynamics conformations. For example, in
the study of the CTE effect of hyperbranched polysiloxane
(HBPSi) and its cyclodextrin derivatives (HBPSi-CD), density
functional theory (DFT) at the B3LYP/6-31G(d) level was used
to optimize their conformations (Fig. 10).50 The optimized con-
formation revealed that the HBPSi molecules formed aggregates
driven by strong intermolecular H���O interactions (2.084,
2.851, 2.733, 2.781, 2.726, 2.856, and 2.488 Å) and the N - Si
and O - Si coordination bonds. Aggregate formation allows the
electron-rich oxygen and nitrogen atoms to experience inter- and
intramolecular O���O and O���N interactions. This facilitates the

overlap of lone pair (n) electrons in the aggregates, thus leading to
electron delocalization and a decrease of the energy gap [Fig. 10(a)].
In comparison with HBPSi, HBPSi-CD has much stronger inter-
molecular hydrogen bonds, leading to larger through-space
conjugation [Fig. 10(b)].

General characteristics of CTE

Concentration-enhanced luminescence. Concentration-enhanced
luminescence refers to the phenomenon in which the luminescence
of a chromophore solution is intensified with an increase in the
concentration, which is opposite to the concentration-quenching
effect of traditional dyes. Most CTE and AIE systems show significant
concentration-enhanced luminescence effects due to the gradual
formation of clusters or aggregates with increasing concentration.
However, there is a fundamental difference in the mechanism
between these two phenomena. For AIE molecules, the working
mechanism is the restriction of intramolecular motions (RIM).
Thus, besides aggregation or solidification, structural rigidification

Fig. 9 Crystal structure (298 K) with denoted intermolecular interactions around one molecule and fragmental molecular packing with highlighted
through-space conjugation for (a) CBSI and (b) OBSI. (c) Electron densities of HOMO and LUMO levels for the monomer, dimer, trimer, and tetramer of
CBSI. Reproduced with permission from ref. 57. Copyright 2020, Wiley-VCH.
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in highly viscous media, at low temperature, by adsorption onto
a solid surface or through doping into a rigid matrix can also
lead to strong emission. Aggregation is not necessary for strong
emission.8 By contrast, clusterization is firmly a prerequisite for
through-space conjugation.

The typical CTE effect can be directly observed by comparing
the fluorescence intensity values of a CTE system at different
concentrations. For instance, the dilute DMF solutions
(r1 mg mL�1) of the non-aromatic polyurethanes (PUs) bear-
ing carbamate (NHCOO) groups are non-luminescent under
365 nm UV irradiation (Fig. 11), which is ascribed to isolation of the

NHCOO groups along the polymer chains.19 However, weak but
visible emission is detected as the concentration is increased to
5 mg mL�1, and much brighter luminescence with remarkable
enhancement is noticed at 50 mg mL�1. Spectral measure-
ments reveal that the emission maximum is 433 nm with a
shoulder at 491 nm [excitation wavelength (lex) = 365 nm].
These emissions should originate from the NHCOO clusters
with rigidified conformations.

How can the relationship between the concentration and
clusters in a CTE system be studied experimentally? For polymers,
variation of the solution viscosity is very informative since the

Fig. 10 Schematic diagrams of the through-space conjugation of HBPSi (a) and HBPSi-CD (b) (first generation, four molecules). Reproduced with
permission from ref. 50. Copyright 2019, American Chemical Society.

Fig. 11 (a) Images taken under 365 nm UV light, and (b) emission and (c) absorption spectra of different PU4/DMF solutions. Reproduced with permission
from ref. 19. Copyright 2018, Royal Society of Chemistry.
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solution viscosity is related to the physical network formed by the
polymers. In a study on the CTE effect of sodium alginate (SA) by
Yuan et al. in 2018,43 the shear viscosity as well as the storage (G0)
and loss (G00) moduli of SA solutions were found to correlate well
with the photophysical processes of CTE. They first the relation-
ship between the specific viscosity (Zsp) and the concentration (C)
was plotted to establish the different concentration regimes
(Fig. 12). The parameters C*, Ce and CD denote the intersections
between the neighboring concentration regimes, namely, the
successive dilute, semidilute unentangled, semidilute entangled,
and concentrated regions. Ce characterizes the onset of significant
overlap between the polymer chains where the macromolecular
chain motion is topologically constrained. As for CD, it marks the
onset of the concentrated regime. The scaling relationships
between the viscosity and concentration of SA (Mw = 320 000,
PDI = 2.1, and M/G = 1.53) are obtained as Zsp E C, Zsp E C1/2,
Zsp E C3/2, and Zsp E C33/10 for the dilute, semidilute unentangled,
semidilute entangled, and concentrated regions, respectively. In
the dilute solutions (C o C*), except for possible intramolecular
O� � �O contacts in the G (C-5 epimer a-L-guluronic acid) and M
(1,4-linked b-D-mannuronic acid) moieties, rigid and extended
worm-like chain conformations result in the isolation of oxygen
atoms and carboxylate groups without sufficient electronic con-
jugation. As the concentration reaches the semidilute entangled
region (Ce o C o CD), the SA chains can ‘‘enter’’ the domain
occupied by other molecules, thus facilitating the contact of

neighboring oxygen atoms and carboxylate units. This entangled
region also coincides with the appearance of faint emission from
the 0.5 wt% solution, indicating the crucial role of clusterization
of non-conventional chromogenic groups in the emission. The
emission becomes much stronger as the aqueous solutions
approach the concentrated regime C 4 CD. At this stage, the
scaling relationship of SA approximates those of the neutral
polymers since the electrostatic charges are screened with the
overlap of electrostatic droplets. Aided by the close packing of SA
chains, oxygen atoms and carboxylate moieties are clustered in
close proximity, resulting in the efficient overlap of n and p electrons
along with extended electronic conjugation and simultaneously
rigidified conformations, thereby endowing these clustero-
luminogens with boosted emissions.

Excitation wavelength dependence

Most CTE displays excitation-wavelength-dependent emission.
Because the size and structure of the clusters formed in a CTE
system are often diverse, each clusteroluminogen has a different
spatial environment, and the interaction between them is also
different. This means that nearly every clusteroluminogen is
an independent emission species in the system with different
excitation and emission wavelengths. For instance, in the study of
D-Xylose (D-Xyl), a saccharide with multiple hydroxyl groups,58

the clusterization of lone pairs (n) and/or p electrons yields
clusteroluminogens with varied extended electron delocalization.

Fig. 12 (a) Viscosity of varying SA aqueous solutions at different shear rates. (b) The plot of Zsp versus the concentration of SA solutions. (c) Schematic
illustration of the chain conformations of SA in varying solutions. Reproduced with permission from ref. 43. Copyright 2018, American Chemical Society.
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This generates lex-dependent emission [Fig. 13(a and b)]. Upon
freezing to 77 K, the emission color of the concentrated D-Xyl
solution (1 M) changed from cyan to blue as the lex value was
varied from 254 to 365 nm [Fig. 13(d)]. Detailed spectral analysis
suggested that this emission color change originates from ratio-
metric variation among the emission maxima/shoulders at 393, 443
and 462 nm. Similar excitation-wavelength-dependent CTE colors
were also found in other systems. A typical example is the CTE of
HBPC.44 As the excitation wavelength of HBPC is increased, the
emission wavelength exhibits a progressive red shift [Fig. 13(e)].

Room-temperature phosphorescence (RTP)

Pure organic room-temperature phosphorescence (RTP) has been
actively demonstrated to have immense potential for specific
applications, including organic optoelectronics,88–92 anti-counter-
feiting labelling for advanced data security,93–95 highly sensitive
sensing,96–98 and high-contrast time-gated in vitro and in vivo

imaging.99–103 However, RTP from pure organic emitters remains
challenging since the intersystem crossing (ISC) process and the
phosphorescence lifetime depend highly on the efficiency of
spin–orbit coupling (SOC), as well as on the prominent effect of
oxygen quenching on the triplet excited state.104

However, in CTE systems, the RTP phenomenon is often
observed.16,18–20,35,37,38,42,43,51 This is because there are abundant
heteroatoms in CTE systems, and the heteroatoms are known to
enhance SOC, thereby promoting ISC. Furthermore, TSC in the
CTE system provides a rigid environment that greatly increases
the excited-state lifetime. Finally, the TSC effect can be further
improved by ionization of the CTE molecules since ions may
enhance the polarization of the CTE system, which is called the
polarization-enhanced conjugation effect.

For example, the amorphous non-aromatic polymers of poly-
(acrylic acid) (PAA), polyacrylamide (PAM) and poly(N-isopropyl-
acrylamide) (PNIPAM) were found to display persistent RTP.38

Fig. 13 (a) Schematic illustration of the CTE mechanism of non-conventional luminogens. (b) Jablonski diagram for the demonstration of colour-
tunable luminescence in non-conventional luminogens. (c) Structure of D-Xyl. (d) Images of a 1 M D-Xyl solution taken at 77 K under the illumination of
various UV light wavelengths or upon stopping the UV irradiation. (e) Structure of HBPC, and normalized fluorescence spectra and CIE chromaticity
coordinates for HBPC at a concentration of 12 mg mL�1 in aqueous solution at a series of excitation wavelengths with a 10 nm increment. Figures
reproduced with permission from (a)–(d) ref. 58. Copyright 2020, Royal Society of Chemistry, and (e) ref. 44. Copyright 2017, Wiley-VCH.
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PAA/PAM powders and films demonstrate cyan RTP after ceasing
the UV irradiation [Fig. 14(b)], with emission maxima (lem) and
lifetime (htip) values of 488/482, 504/489 nm and 41.8/97.6, 54.4/
117.0 ms, respectively. Upon neutralization with NaOH or fuming
with HCl, the resulting PAANa and PAMHCl powders show a
greatly enhanced emission efficiency and a prolonged RTP life-
time [Fig. 14(c)], with F/htip values of 7.6%/139.1 ms and 16.7%/
116.9 ms, respectively. In another study, persistent RTP was
observed in the powders of e-poly(L-lysine) (e-PLL) after ceasing
UV irradiation.19

Polarization-enhanced luminescence

Inter/intramolecular electrostatic interactions produced by a
dipole or transient dipole serve as an important driving force
for the formation of clusteroluminogens.22 As the polarization
enhances the relative strength of the spatial conjugation and
further stabilizes the conformation of the clusters, polarization
can enhance the efficiency of CTE.

For example, poly(4-vinylpyridine) (PVP) is a typical CTE
polymer with weak RTP. In the work reported by An et al., upon
ionization with different organic acids, PVP-based ionization
products showed distinct phosphorescence behavior.52 Under
ambient conditions, heavy-atom-free poly(4-vinylpyridine)butane-
1-sulfonate (PVP-S) exhibits an emission lifetime of up to 578.36 ms,

which is 525 times longer than that of the original PVP. The strong
ionic interactions between sulfonic acid and PVP played a critical
role in boosting ultralong phosphorescence in PVP-S by suppressing
the non-radiative transitions and restricting the chromophore
motions [Fig. 15(a)]. The effects of different anions on PVP-based
ionization products are also reported. Between the PVPs carrying
chloride (PVP-C) and bromide (PVP-B) counterions, PVP-B exhibited
a longer phosphorescence lifetime [Fig. 15(b)] since the bromine
ions show greater polarizability and possibly a stronger heavy-atom
effect than chloride ions.

Impressive examples of CTE systems

Biomacromolecules. One of the most important values of
CTE theory is changing people’s understanding of protein
luminescence in organisms. It is textbook knowledge that
protein photoluminescence stems from the three aromatic
amino acid residues of tryptophan (Trp), tyrosine (Tyr), and
phenylalanine (Phe), with predominant contributions from
Trp.105–107 However, Yuan et al. have revisited the emission of
natural proteins using BSA as the representative.35 BSA consists
of 583 amino acids in a single polypeptide chain with a
molecular weight of around 66 kDa and has a heart-shaped
structure at physiological pH [Fig. 16]. The photophysics of BSA
revealed new aspects of protein photoluminescence: (1) other

Fig. 14 (a) Structure of PAANa and PAMHCl. (b and c) Images of different powders and films taken under 312 nm UV light or after ceasing UV irradiation.
Reproduced with permission from ref. 38. Copyright 2019, Royal Society of Chemistry.
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than the UV emission from Trp residues, BSA can generate
intense lex-dependent visible PL upon concentration or aggregation;
(2) RTP with a lifetime value (htip) of up to 34 ms is acquired in air
from BSA in the solid state despite its amorphous nature; and
(3) this unique visible emission and RTP are readily enhanced
through further pressurization. All these results are highly related to
the contribution of non-aromatic moieties, including the poly-
peptide backbone and diverse pendant groups, and are under-
standable in terms of the CTE mechanism.

Multicolour luminescent polymers

Although the emission wavelength of a typical CTE system
changes with the excitation wavelength, its luminescence win-
dow is often in the blue region (400–480 nm). However, several
systems have been published with an emission beyond blue,
even showing red fluorescence.54,56,108–110 For example, the
variation in fluorescence during the process of heat treatment
of hyperbranched (HP)-PAMAM was studied.108 Upon heating
at 90 1C, the colourless pristine HP-PAMAM gradually turned

pale yellow and became luminescent. Fig. 17 displays the contour
plots of excitation–emission matrices (EEMs) measured at different
time points in the heating process. Gradual changes in the spectral
shift and emission intensity were observed. Subsequently, bright
yellow fluorescence was obtained after 18 h of heating.

In another study, orange–red and bright white emissions
under 365 nm UV irradiation were observed in poly(itaconic
anhydride-co-vinyl caprolactam) (PIVC) and poly(itaconic anhy-
dride-co-vinyl pyrrolidone) (PIVP) copolymers54 [Fig. 18]. The
copolymers show concentration-dependent luminescence, and
their emissions change from blue to orange with an increase in
the polymer concentration. In addition, they also exhibit sig-
nificant excitation-dependent fluorescence characteristics and
emit dark red light when excited with red light.

Organic–inorganic hybrid materials

Organic–inorganic hybrid materials are emerging as attractive
CTE materials. Many organic CTE groups may interact with
inorganic nanoclusters through chemical bonding or physical

Fig. 15 (a) Ionization enabling ultralong organic phosphorescence in polymers. (b) Photophysical properties of ionized PVP-B and PVP-C polymers in
the solid state. Reproduced with permission from ref. 52. Copyright 2019, Wiley-VCH.

Fig. 16 BSA structure with partial aromatic (green, cyan, and blue) and non-aromatic (purple and yellow) amino acid residues shown in different colours.
Reproduced with permission from ref. 35. Copyright 2019, Wiley-VCH.
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admixing. These hybrid materials present richer luminescence
properties than pure organic systems.45,81,111–118 On the one
hand, the inorganic clusters serve as the platform for the

clusterization of organic functional groups; on the other hand,
they provide a large number of free electrons to participate in
the TSC process, which greatly broadens the luminescence
range and improves the emission efficiency. At the same time,
metal clusters such as Au clusters and Ag clusters with excellent
luminescence properties can have a synergistic effect with
the fluorescence of CTE. For example, the luminescence of
D-penicillamine (DPA)-capped silver nanoclusters (DPA-AgNCs)
was studied [Fig. 19(a)].119 Metal-centered emission (MCE) and
ligand-centered emission (LCE) were simultaneously observed
in AgNCs. The contributions of the metal core and surface
ligands were systematically investigated. The MCE was ligand-
independent and has relatively lower photoluminescence quantum
yields (QYs). By contrast, the LCE was highly ligand-dependent and
exhibited a ligand synergistic effect with unique pH-dependent
emission.

Furthermore, the organic–inorganic hybrid cluster itself can
be used as a clusteroluminogen. When the cluster is further
clustered, it forms a ‘‘cluster of clusters’’, which produces a

Fig. 17 Contour plot for the fluorescence EEMs of HP-PAMAM measured during the heating process: (a) 0, (b) 4, (c) 12 and (d) 18 h. Red arrows indicate
the position of fluorescence peaks. Insets in (a)–(d) are images of the corresponding samples under irradiation of their respective maximum excitation
wavelengths. Reproduced with permission from ref. 108. Copyright 2014, Royal Society of Chemistry.

Fig. 18 Images of the solid powders of PIVC and PIVP under (a) natural
light, (b) 365 nm UV light, and (c) their DMSO solutions (C = 2 � 10�4 g mL�1)
under 365 nm UV light. Reproduced with permission from ref. 54. Copyright
2020, Royal Society of Chemistry.
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supramolecular CTE effect. For example, the luminescence
of Au38@BSA and the aggregates of Au38@BSA were studied
[Fig. 19(b)].120 When the Au38@BSA cluster was excited at 365 nm,
two emission maxima were found: one at around 450 nm, which is
due to weak luminescence from the protein, and the other at
645 nm because of emission from the cluster. Then, in the presence
of Cd2+ and Pb2+, for concentrations higher than 1 ppm, Au38@BSA
was found to have aggregation-induced emission enhancement.
The luminescence enhancement was due to the aggregation of
clusters, as detected by DLS and HRTEM analyses.

Applications of CTE materials

Through the previous introduction, we can roughly see the
superiority of CTE materials. The multi-colour luminescence of
CTE materials gives them special advantages in traditional fluo-
rescent applications such as fluorescent coatings57 and opto-
electronic materials.56 Moreover, CTE materials often exhibit
excellent biocompatibility, thus showing advantages in the field
of biological fluorescent labeling.19,38,43,50,55 Most importantly, the
mechanism of CTE determines that materials are highly sensitive
to external stimuli. Any stimulus that changes the aggregation
state of the CTE material can obtain a corresponding response on
fluorescence, rendering them excellent sensors.19,37,42–44,60 In this
section, we will introduce some examples based on the above three
points.

Anti-counterfeiting materials

One of the important applications of CTE materials is in anti-
counterfeiting. Both the multicolour and RTP properties of CTE
materials are beneficial in creating multilevel anti-counterfeiting
patterns. For example, the powder form of N,N0-carbonylbis-
succinimide (CBSI) displays CTE.57 As shown in Fig. 20, the word
‘‘ON’’ was composed of conventional luminescent terephthalic
acid (TPA) and CBSI solid powders, respectively. Under 312
and 365 nm UV irradiation, the ‘‘ON’’ of TPA powder shows a
consistent deep-blue emission while its CBSI counterpart glows
yellowish white and bluish white, respectively. Furthermore, the
multicolour RTP feature of CBSI makes the corresponding pattern
exhibit distinct green and yellow afterglows after ceasing the 312
and 365 nm UV irradiation, whereas the former pattern of TPA
shows an unchanged greenish yellow colour. This colour-tunable
emission characteristic makes CBSI a promising multilevel
security material. Obviously, the lex-dependent PL and RTP of
CTE materials are more advantageous in anti-counterfeiting
than traditional afterglow materials.

White LED materials

Phosphor-converted white LEDs have shown their superiorities
in the consumption of electricity, lifespan, and colour rendering
index (CRI),121 especially for the single white-light-emitting

Fig. 19 (a) Schematic illustration of metal-centered emission versus the synergistic effect in ligand-centered emission. (b) Schematic illustration of
aggregation-induced emission enhancement in protein-protected gold clusters of Au38@BSA. Figures reproduced with permission from (a) ref. 119.
Copyright 2019, American Chemical Society and (b) ref. 120. Copyright 2019, American Chemical Society.
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phosphor. In the work published by Zhang et al.,56 white LEDs
with a high CRI of 95 were fabricated by combining PHUMs-180
[poly(hydroxyurethane) microspheres prepared at 180 1C] as a
single phosphor with a UV chip. The white-light-emitting PHUMs

containing CTE materials were prepared via crosslinking of
trimethylolpropane tri(cyclic carbonate) ether and 1,6-hexa-
nediamine in chloroform [Fig. 21(a)], and the emission colour
of the PHUMs could be controlled by changing only the reaction

Fig. 20 Anti-counterfeiting applications with the word ‘‘ON’’ using (a) TPA and (b) CBSI solid powders. Reproduced with permission from ref. 57.
Copyright 2020, Wiley-VCH.

Fig. 21 (a) Preparation of poly(hydroxyurethane) microspheres (PHUMs) and their application in white LEDs. (b) Images of the PHUMs prepared at
different temperatures taken under daylight and UV light (365 nm). (c) CIE chromaticity coordinates of the white LEDs. Reproduced with permission from
ref. 56. Copyright 2020, Wiley-VCH.
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temperature. As illustrated in Fig. 21(b), regular microspheres
were prepared at 130, 150, 180, and 200 1C and were denoted
as PHUMs-130, PHUMs-150, PHUMs-180, and PHUMs-200,
respectively. As the synthesis temperature was increased, the
fluorescence of the PHUMs emitted under 365 nm excitation
gradually red shifted. Finally, the Commission International de
L’Eclairage (CIE) coordinates of PHUMs-180 and PHUMs-200
were located at (0.342, 0.354) and (0.346, 0.374), respectively,
which were close to that of pure white light (0.33, 0.33)
[Fig. 21(c)], providing an ideal candidate for the facile fabrication
of phosphor-converted white LEDs.

Bioimaging

Fluorescence has always been an important means for humans
to observe life activities in organisms, such as cancer cell
growth and inhibition, drug release and metabolism, protein
status and function, etc. There have been several reports on
using CTE materials for cell imaging, included polyamide,38

polysaccharide,43 polyurethane19 and so on. In 2019, Nie et al.
reported a novel fluorescent polymer (HBPSi-CD) with rigid
b-cyclodextrin attached to the end of the flexible polysiloxane
chain of hyperbranched polysiloxane (HBPSi).49 As shown in
Fig. 22(a), the biocompatible HBPSi-CD not only lit up mouse
fibroblast cells, but also possessed a high ibuprofen loading
capacity (160 mg g�1) and a superior pH-responsive drug-
release performance. In another study, spiropolymers P1a2b
were prepared, which showed CTE properties and strong
fluorescence in cancer cells, resulting from strong interactions
with the MDM2 protein [Fig. 22(b)]. By preventing the anti-
apoptotic p53/MDM2 interaction, P1a2b triggered apoptosis in
cancerous cells, while demonstrating good biocompatibility
and non-toxicity in non-cancerous cells.55 Due to the CTE
nature of the protein itself, the aggregation state of the protein
can also be judged by the fluorescence intensity that requires
no chemical modification or labelling.46 Fig. 22(c) illustrates
the evolution of the intrinsic fluorescence of I59T lysozyme
imaged using TCSPC-FLIM throughout the time course of the
aggregation process. It is clear from these images that the number
of fluorescent aggregates increases with time.

Detection of metal ions and small molecules

As CTE materials are rich in atoms with a high electro-
negativity, they can often coordinate with metal ions, change
their aggregation state, and then change the light-emitting
state. Therefore, they can be used to detect metal ions
specifically. The following two examples are of Fe3+ suppressing
CTE emission42 [Fig. 23(a)] and Zn2+ promoting emission60

[Fig. 23(b)].
There are also reports on the detection of small mole-

cules, especially explosives.19,36,37,122 For example, the PAMAM
dendrimer was successfully used for the detection of 2,4-
dinitrotoluene (DNT) as reported by Ghosh and Koley.122

PAMAM acts as an electron-donating center in the presence
of electron-deficient molecules such as DNT. The strong
host–guest interaction holds the redox centers at a proximal
distance, which causes accelerated electron-transfer kinetics for

the dendrimer–DNT redox couple to produce rapid quenching
[Fig. 24].

Summary and perspective

NTIL materials with CTE properties are emerging as a new class
of luminogens. In comparison with traditional p-conjugated
systems, the clusterization of non-conventional luminogens
with p and n electrons and subsequent TSC result in extended
electron delocalization and conformation rigidification ratio-
nalizing the emission. As a result, its luminescence tends to be
wavelength-dependent and concentration-dependent, and it is
easy to produce room-temperature phosphorescence.

The research on CTE can be divided into two important
directions. One is molecular design. CTE materials usually
require abundant lone pairs of electrons in the systems. Functional
groups rich in O, N, S, P, and Si, such as hydroxyl (–OH), ether
(–O–), carboxylic acid (–COOH), ester (–COOR), anhydride
(–COOCO–), amide (–NHCO–), amine (–NH2), nitrile (–CN),
pyridine (–C5H5N), thioamide (–NHCS–), sulfide (–S–), sulfonate
(–SO3H), sulfoxide (–SO), sulfone (–OSO–), phosphate (–PO3–)
and siloxane (–SiO), should be considered to be reasonably
introduced into the system. In addition, there are some strate-
gies that can be referred to: (1) the introduction of charges may
enhance the TSC effect; (2) the introduction of halogen groups
can change the luminescence state of its room-temperature
phosphorescence; (3) the design of donor–acceptor structures
or interaction with the conjugated luminescence system in the
way of energy transfer may produce more abundant luminescence
phenomena. On the other hand, it is also important to control the
aggregation state of the CTE materials. People have generally
realized that both a denser aggregation state and a larger aggregate
size can improve the efficiency of CTE luminescence. Organic–
inorganic hybridization, including the coordination of metal ions
and the enrichment of clusteroluminogens on the surface of metal
clusters, can often meet the dual needs of molecular structure
and aggregation state at the same time. However, more refined
structural adjustments and in-depth theoretical and experi-
mental investigations are still needed to gain insight into this
phenomenon.

CTE materials can significantly reduce the tedious organic
synthesis, which extends important potential for practical appli-
cations. In addition, the unique luminescence principles allow
CTE materials to display superior properties in many fields such
as multi-color luminescence, room-temperature phosphorescence,
bioimaging, optical sensing, etc. However, there is still a long way
to go for CTE to play a dominating role in practical applications.
Some important issues should be tackled, such as (1) the broad
emission due to the presence of multiple emission species,
(2) most of the emission is limited to 400–500 nm, and the
fluorescence efficiency is low, (3) it is hard to produce circularly
polarized light in a pure organic CTE system due to the complexity
and unpredictability of the formed conjugated structure.

In order to achieve fine control of the aggregation state,
partially solve the defects of CTE materials, and further expand
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the perspective of CTE research, we envision generating CTE in
supramolecular self-assembled structures as the supramolecular
assembled CTE system may have the following characteristics:

(I) The introduction of sufficient non-covalent supra-
molecular interactions would compensate for the concentration

effect and achieve the CTE effect at low concentrations
[Fig. 25(a)].

(II) The self-assembled CTE systems with well-defined sizes
and structures would provide unified spatial conjugation,
so the luminescence characteristics that depend on excitation

Fig. 22 (a) Biological applications of HBPSi-CD. (b) The structure of P1a2b and plausible MDM2-sensing mode of action. (c) Fluorescence intensity
(upper panel) and lifetime (lower panel) of the aggregates present at various time points during the aggregation process (0, 40, 80, 116, 360 and 1400
min). Scale bars, 20 mm. Figures reproduced with permission from (a) ref. 49. Copyright 2019, American Chemical Society; (b) ref. 55. Copyright 2020,
Wiley-VCH and (c) ref. 46. Copyright 2013, Royal Society of Chemistry.
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will disappear and the luminescence purity will be improved
[Fig. 25(b)].

(III) Environmental stimuli that are efficient in modifying
the strength of different supramolecular forces and further
adjusting the self-assembled structures, such as temperature,
pH, salts, light, and solvents, could be applicable in fine-tuning
the color of CTE, making it possible to generate full-spectrum
emission, as well as stimuli-responsive CTE [Fig. 25(c)].

(IV) Chiral self-assembly of CTE systems is a possible
approach for generating circularly polarized luminescence that
has great potential to replace conventional CPL materials
[Fig. 25(d)]. A crucial requirement for the occurrence of CPL is

alignment of the chromophores in a chiral environment.123–125

There have been reports on CPL from clusters of metal atoms.126–130

However, aligning the clusteroluminogens in a purely organic
CTE system remains an insurmountable challenge as the
clustering states of the clusteroluminogens are always hetero-
geneous. If the clusteroluminogens are aligned (oriented
alignement) properly, the supramolecular chirality formed
may bring high chiral dissymmetry.131–133

Currently, there is still no research focusing on self-
assembled purely organic CTE materials. One of the main reasons
is the lack of self-assembling ability of organic CTE molecules.
Most organic CTE molecules contain a large number of polar

Fig. 23 (a) Stern–Volmer plots of the net increase in peak intensity (I0/I � 1) at 396 nm against [Fe3+] in aqueous PEG solutions. The inset images are the
solutions with [Fe3+] of 0 and 5 mM taken under 312 nm UV light. (b) Comparison of PL intensity for different concentrations of CMCh and CS solutions
before and after mixing with 0.005 M of Zn2+ at pH = 6.4. Figures reproduced with permission from (a) ref. 42. Copyright 2018, Wiley-VCH and (b) ref. 60.
Copyright 2020, Elsevier B.V.

Fig. 24 Schematic representations of PAMAM dendrimer–DNT complexes. Reproduced with permission from ref. 122. Copyright 2016, Royal Society of
Chemistry.
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groups, such that they usually interact strongly with the solvent. It
is appealing to develop appropriate methods to drive the formation

of well-defined supramolecular assemblies of CTE molecules, and
we look forward to steering towards this goal in the near future.

Fig. 25 Advantages of self-assembled CTE systems compared with general CTE systems.
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