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Breakthrough innovations in light-emitting materials have opened new exciting avenues for science
and technology over the last few decades. Aggregation-induced emission (AIE) represents one of
such innovations. It refers to a unique light-emitting phenomenon, in which luminescent materials
that are non-emissive in molecular state can be induced to emit efficiently in aggregated state. The
design and development of AIE luminogens (AIEgens) have overcome technical and fundamental
limitations that exist in conventional light-emitting materials, and thus generate great opportunities
for various applications. In this review, we aim to introduce the wonderful world of AIE to scientists
from different disciplines by summarizing the recent progress made in this exciting research field.
The mechanistic analyses and the working principles of the AIE processes are first elaborated, which
reveal the restriction of intramolecular motions as the main cause for the AIE effect. The different
molecular engineering strategies for the design of new AlEgens are subsequently discussed with
examples of various AIEgen systems. The recent high-tech applications of AIEgens as optoelectronic
materials, chemical sensors, and biomedical probes are presented and discussed. We hope that this
review will stimulate more research interest from physics, chemistry, life science, and biomedical
fields to this wonderland of AIE. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4984020]
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Light has been playing fundamental roles in science,

technology, and the whole human society. As light is indis-

pensable to human beings, the year of 2015 was proclaimed
as the “International Year of Light and Light-based

Technologies” by the United Nations. The breathtaking
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understanding of light-emitting processes and the develop-
ment of luminescent materials have provided exciting oppor-
tunities in medicine, scientific discoveries, and high-tech
innovations over the history, as light gives us the new “eye”
to visualize the physical, chemical, and biological species
and processes that have never been seen before. It is not sur-
prising that light-based materials and techniques have been
issued three Nobel Prize awards in the past decade. One was
for the work on green fluorescent proteins (GFP) in 2008,"
and the other two were for the work on light-emitting diodes
(LEDs) and the development of super-resolved fluorescence
microscopy in 2014.>® With such a strong support and moti-
vation from scientific community, it is expected that the
research of luminescent materials will continue to evolve
and remain as a hot topic in the future decades.

As a major class of luminescent materials, organic mole-
cules have found their indispensable positions in numerous
practical applications varying from optoelectronic field to bio-
medical research, due to their easy synthesis, convenient modi-
fication, and great accessibility.* Solid state or aggregate state
has represented the most active physical state for these applica-
tions. For example, solid films and crystals are used in organic
light-emitting diodes (OLEDs), organic field-effect transistors
(OFETs), etc. In biomedical applications, although functional
groups with water solubility are often conjugated with organic
luminescent molecules, the intrinsic hydrophobicity of organic
molecules almost always leads to aggregate formation in phys-
iological microenvironments or aqueous buffer. In aggregate
state, conventional organic molecules usually show weakened
or totally diminished emission as compared to their single
molecular state, which is referred to as aggregation-caused
quenching (ACQ).’ The studies of ACQ have been continued
over the past half century, and most of the conventional aro-
matic luminescent materials suffer from different degrees of
ACQ effect although they emit strong fluorescence as isolated
molecules. In the aggregate state, the aromatic backbones of
organic molecules, especially for those organic dyes with rod
or disk-like shapes, pack in close proximity and hence experi-
ence intense intermolecular n-7m stacking interactions. Along
with this m-7 stacking interaction, the non-radiative pathway
dominates the relaxation of the exciton energy, which leads to
fluorescence quenching. Considerable efforts have been made
through chemical, physical, and engineering approaches to
mitigate this notorious ACQ effect, but with limited success
due to the natural tendency of aggregate formation of most
organic molecules.®

In 2001, we observed a phenomenon that is a reverse of
ACQ effect: non-emissive luminogens at isolated molecular
state can be induced to emit strong fluorescence upon aggregate
formation.” This novel phenomenon was named as
aggregation-induced emission (AIE), and the luminogens with
AIE characteristics were later termed as AlEgens. The very
first coined AIEgen was hexaphenylsilole (HPS),® which is
almost non-emissive when it is molecularly dissolved in a good
solvent, such as tetrahydrofuran (THF), but shows bright green
fluorescence in solid state or in the mixture of water/THF with
high water fractions due to the formation of HPS aggregates.
Ever since then, the family of AlEgens has rapidly expanded,
and various approaches have been developed to design novel
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AlEgens or convert conventional ACQ fluorophores to be AIE-
active.” The fluorescence turn-on mechanism is interpreted as
the restriction of intramolecular motions (RIM).'® The free
active rotation, vibration, or other molecular motions of the
flexible segments of AIEgens consume energy and cause the
radiationless exciton energy dissipation, while the aggregates
restrict such energy consuming pathways, leading to radiational
dissipation and intensified emission. The development of
AlEgens and exploration of the AIE mechanism further deepen
our understanding of photophysical processes beyond the ACQ
phenomenon, which provides the conceptual guidelines for
multidisciplinary and interdisciplinary applications, from opto-
electronic systems including liquid crystal displays (LCDs),
OLEDs, OFETs, wave-guiding to biomedical research such as
ion detection, disease diagnosis, and therapeutics.” '

In this review, we introduce the great opportunities of
AIE and AlEgens to the readers and scientists from different
disciplines. We first interpret the guiding concepts and work-
ing mechanisms of AIE processes, followed by the demon-
stration of different molecular engineering approaches to
convert ACQ fluorophores to AIEgens. Various AIE systems
from small molecules to macromolecules and unconventional
systems are subsequently presented. At last, novel technologi-
cal applications of AlEgens are discussed. Considering the
rapid development of AIE research in recent years, and the
numerous excellent review papers appeared in different jour-
nals,”™'© herein, we would like to limit the scope of these
technological applications developed in the past three years.
With this review, we hope to stimulate new ideas and inspire
new endeavors in this emerging wonderful world of AIE.

Il. AIE MECHANISMS

Study of the AIE phenomenon and mechanisms helps
deepen our understanding of the fundamental photophysical
processes of light-emitting and exciton dissipation, which
potentially leads to new theory for luminescence processes.
The understanding also guides the design of new AIE systems
with unique functions and properties to further widen their
applications. Since 2001, researchers from different perspec-
tives have been continuously exploring the real mechanisms
that contribute to the AIE phenomenon.” Various hypothe-
sized mechanisms have been raised, including J-aggregate
formation, conformational planarization, twisted intramolecu-
lar charge transfer (TICT), etc.'” These hypotheses can
explain the AIE phenomenon for some specific examples,
none of them is generally applicable to most AIE systems.
After over one-decade effort from many experiments and
also theoretical studies, the mechanism of AIE has evolved
from the restriction of intramolecular rotations (RIR) to
restriction of intramolecular vibrations (RIV) and finally to
restriction of intramolecular motions (RIM), which includes
both RIR and RIV. As active intramolecular motions are able
to effectively dissipate the exciton energy to the diminished
luminescence, any process that can cause RIM process is able
to activate radiation dissipation with turn-on fluorescence.'’

The RIR mechanism is proposed based on the iconic
examples of AlEgens, HPS, and tetraphenylethene (TPE, 1,
Fig. 1). TPE consists of four phenyl rings through a
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FIG. 1. Schematic illustration of AIE mechanism. (a) TPE (1) due to RIR; (b)
THBA (2), and (c) BDPM-DHT (3) due to RIV +RIR (RIM). Reproduced
with permission from Mei et al., Adv. Mater. 26, 5429 (2014). Copyright 2014
Wiley-VCH.

connection of a C=C double bond, which takes a propeller-
like structure with large torsion angles [Fig. 1(a)].17 As a sin-
gle molecule, TPE forms a diphenylmethylene (DPM) inter-
mediate, and the four phenyl rings are able to undergo
intramolecular rotation freely with negligible fluorescence.
TPE is insoluble in water, and water is usually used as the
poor solvent to induce aggregate formation. Due to its highly
twisted conformation, the face-to-face packing and n-7
stacking interaction become impossible in aggregate state,
and blue emission of TPE is thus largely intensified in water
when compared to that in THF solution. Various approaches
to activate the RIR process have been proposed to turn-on
the fluorescence of TPE and its derivatives. Enhancing the
steric effect is an efficient way to activate the RIR process.'®
Decorating phenyl rings with multiple methyl groups at o-
positions of TPE is able to elevate the rotational barriers
with high steric hindrance and to activate the RIR process
even in molecular state, and the resultant TPE derivative
shows bright emission with a fluorescence quantum yield (1)
of 64% in THF.'® This directly validates the RIR hypothesis.
Locking the rotor through covalent bonds is another effective
way to activate the RIR process.'” Using the “O” bridge to
lock one pair of phenyl rings, its # in solution increased to
4.6% as compared to negligible n of TPE in solution. When
two sets of phenyl rings are locked, its solution # further
increased to 30.1%. The locking of phenyl rings suppresses
the rotational motions, and the exciton energy cannot be
depleted through a non-radiation pathway, leading to high
emission in molecular state. Since the TPE derivatives with
two “O” bridges still exhibited twisted conformation, it
showed emission in solution and solid states, making it
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neither AIE-nor ACQ active. Besides these covalent bonds
blocking rotational motions, other physical processes also
have been introduced to modulate the RIR processes. For
example, TPE derivatives have been incorporated with oligo-
nucleotides to afford TPE-DNA bioconjugates to utilize the
DNA hybridization process to increase the physical con-
straint and block phenyl rings rotations of TPE to realize
DNA hybridization by means of fluorescence turn-on.”° In
addition, a coordination process can also activate RIR pro-
cesses as exampled by tetrakis(bisurea)-functionalized TPE,
whose fluorescence is negligible in solution but can be
induced to turn on over the complexation with anions such
as sulfates or phosphates.”'** Apart from experimental
examinations, theoretical calculations and simulations also
provided conventional evidence on activation of the RIR
process to realize the AIE phenomenon.?*~*

With the advances of AIE study, new AlEgens without
rotatable units have been reported, where their AIE process
could not be explainable by the RIR process, but they are
still AIE active. One of the particular examples is
10,10°,11,11 -tetrahydro-5,5’-bidibenzo[a,d][7]annulenylidene
(THBA) [2, Fig. 1(b)].>° THBA comprises no rotatable phe-
nyl rings. Each pair of phenyl rings is linked and blocked by
ethylene tethers. THBA is AIE-active as it exhibits no emis-
sion in solution and becomes highly fluorescent as aggregates.
Any molecular motion is able to consume energy, which
should not only be limited to rotations, but also applicable to
vibrations. In this regard, RIV reserves the energy for radiative
dissipation and is responsible for the AIE mechanism of
THBA, although RIR can also come into play. The quantum
mechanics and molecular mechanics (QM/MM) modelling
further supported this RIV concept.”® As an isolated molecule,
six vibrational modes coexist for THBA, which consume a
very large amount of excited-state energy up to 5639 cm ™',
while only three vibrational modes are present when THBA is
in cluster with reduced consumption of the excited-state
energy of 4016cm ™', The reduced vibration modes together
with the 30% of energy consumption enable the radiative
decay pathway for THBA, and lead to the AIE effect.

Now, it has become clear that the working mechanism
for AIE involves both RIR and RIV processes, which is
termed as RIM, where M (motion) refers to any molecular
actions including, rotations, and vibrations such bending,
twisting, scissoring, flapping, etc., or both, that consume
excited energy.' Various examples of AIEgens that can be
explained by RIM have been reported, and one of such
AlEgens that comprises a vibrating core and rotatable
peripheries is 5,12-bis(diphenylmethylene)-5,12-dihydrote-
tracene (BDPM-DHT) [3, Fig. 1(c)].”” BDPM-DHT is not
emissive in dilute THF solution, but shows intense fluores-
cence at 455nm in aggregated state, revealing its typical
AIE feature. In solution state, the acene backbone vibration
and phenyl group rotation consume the excited energy, lead-
ing to the domination of non-radiative dissipation of excited
state. In crystalline state, BDPM-DHT presents a highly con-
torted structure, where the diphenylmethyl groups and the
tetracene backbone show large dihedral angles with weak
conjugation. Such steric repulsion leads to the locking and
separation of BDPM-DHT molecules in the crystals, which
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blocks the non-radiative decay pathways and makes the
BDPM-DHT crystal emissive.

RIM is a simple and fundamental mechanism that
explains the AIE phenomenon, and it has been solidly eluci-
dated by both experimental and theoretical works. In a RIM
system, the RIR and RIV mechanisms can work indepen-
dently or together, but all follow one trend: any intramolecu-
lar motion can consume energy and enhance non-radiative
decay rates of molecules, whereas blocking the non-radiative
pathways via structural restriction will relax excitons
through radiative channels to lead to the AIE effect.

lll. AIE SYSTEMS

As discussed in Sec. II, there are two main factors that
determine the AIE properties, one is the blocking of the
active intramolecular motions, and the other one is to form
twisted 3D conformation to reduce the n-n stacking interac-
tions faced by conventional ACQ fluorophores. This pro-
vides the guidelines for the design of novel AIE systems as
well as strategies to convert ACQ fluorophores to AIEgens.
Since the discovery of the AIE phenomenon, lots of work
emerged to transform ACQ fluorophores to AlEgens that
aim to introduce AIE features, while maintaining the desir-
able properties of conventional fluorophores. These success-
ful examples have facilitated the rapid exploration of AIE
systems with great diversities. In this section, we will intro-
duce the different strategies to convert ACQ to AIE, and the
development of different AIE systems including small mole-
cules, macromolecules, and some nonconventional systems.

A. Conversion of ACQ to AIE

Conventional ACQ fluorophores usually exhibit disc-
like structures, which form compact packing in solid state
with strong n-m stacking interaction, leading to undesired
ACQ effects. Various approaches (chemical, physical, and
engineering) have been used to mitigate the ACQ effects but
more or less introducing undesirable side effects to the prop-
erties of fluorophores.”®>" The discovery of the AIE phe-
nomenon and understanding of the AIE mechanism provide
a win-win strategy to mitigate the ACQ effects faced by
many conventional fluorophores without harming their origi-
nal properties. A multitude of works have been reported for
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ACQ to AIE conversion, which involves the decoration of
the ACQ fluorophore cores with AIE moieties, or vice versa,
and creating new AlEgens directly from ACQ fluorophores
based on the RIM mechanism.

AlEgens themselves are electronically conjugated, and
hence it provides the opportunities of linking AIE and ACQ
segments together at molecular levels to eliminate ACQ
effects without sacrificing the AIE feature of the new fluo-
rophores. One of the most straightforward strategies is to
decorate the ACQ fluorophores with AIE moieties to intro-
duce the intramolecular motions as isolated molecules to
eliminate solution fluorescence and the twisted 3D structure
in aggregate state to enhance the aggregate emission. One
of the representative examples to demonstrate such ACQ-
to-AIE conversion is the symmetrical decoration of a pyr-
ene core with four TPE peripherals to form the 4TPE-Py (4)
(Fig. 2).*! Pyrene is a typical ACQ fluorophore that is com-
monly used as a blue emitter in OLEDs, which suffers from
low emission in solid and film states. 4 emits weak fluores-
cence in solution but shows largely enhanced emission in
solid state. The 1 of 4 in film state is measured to be up to
70%. In a more in-depth study, different numbers of TPE
units have been attached to perylene bisimide (PBI), a flat
heteroatomic molecule exhibiting the ACQ property, to
study the effects of TPE decoration.>* Without TPE periph-
eries, PBI shows an emission peak at 538 nm with a solu-
tion 1 of 95.2%, while its solid film exhibits very weak
emission. With two TPE substituents, the resultant 2TPE-
PBI (5) (Fig. 2) effectively consumes the excited-state
energy through the free intramolecular rotation of TPE
units, which endows 5 with a n of 0.07% in solution state.
In solid state, due to the TPE impairing the n-m stacking
interactions and RIR of phenyl rings, 5 displays strong red
emission (n=18.9%). On the other hand, with only one
TPE periphery, the analogue of 5, TPE-PBI shows a much
higher solution brightness (7 =2.2%) and lower solid state
emission (71 =9.0%) as compared to 5. Such results clearly
reveal the importance of TPE in converting ACQ fluoro-
phores to be AIE active, where a single TPE moiety in
TPE-PBI can only consume a portion of the excited-state
energy, while the two TPE moieties are able to totally
exhaust such exciton energy, resulting in almost diminished
emission in solution for §.

o/_< \\_QF«O
N >:< < N-Caro
/) !
de\f = . . '
FIG. 2. Schematic illustration of dif-
Q ferent strategies to convert ACQ fluo-

rophores to AIEgens.
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Another strategy for converting ACQ fluorophores to
AlEgens is to utilize AIEgen as the core and replace the moi-
eties of AIE archetypes with ACQ units. Anthracene deriva-
tives have been widely applied in OLED applications
because of their excellent photoluminescent, electrolumines-
cent (EL), and electrochemical properties.*> However, the
notorious ACQ effect due to the flat anthracene structures
always leads to decreased 7 in solid state. Zhao et al. teth-
ered two anthracene moieties to peripheral phenyl rings of
the TPE core, and the obtained TPE-2An (6) exhibits a typi-
cal AIE characteristic (Fig. 2).34 In THF solution, 6 has a
low 7 of 0.29%, but the 7 increases to nearly 100% in the
film state. The introduction of anthracene does not affect the
structural flexibility and twisting instinct of the aryl rings of
TPE, which still undergoes free intramolecular rotation in
the isolated state to consume the excited-state energy of the
whole molecules. At aggregated state, the RIR is activated,
and the twisted 3D structure of TPE segments prevents the
adjoining anthracene segments from forming n-m stacking
interactions, both help to eliminate the emission quenching
in the solid state, largely improving the performance of
anthracene derivatives in OLED applications.

Directly attaching AIE moiety to ACQ fluorophores
without a core-periphery structure can also convert ACQ to
AIE. One example is to attach TPE to boron-dipyrromethene
(BODIPY) via a vinyl bond to yield AIEgen TPE-VB (7)
(Fig. 2).> As BODIPY itself is electron-deficient, integrating
with an electron-rich TPE moiety readily generates a donor-
acceptor (D-A) system with more photophysical properties,
and thus, 7 exhibits both TICT and AIE characteristics. In
THF solution, the TICT effect dominates the photophysical
properties, 7 shows the TICT emission at 640 nm. When the
water fraction in the THF/water mixture is increased to 10%,
the TICT emission is completely quenched. The TICT emis-
sion quenching is likely due to the solvent polarity effects of
the D-A system as well as the consumption of excited-state
energy by the free intramolecular motions of the TPE moi-
ety. The emission of 7 is invigorated and intensified when
the water fraction is larger than 75%, at which stage 7 forms
aggregates and the RIM dominates the photophysical pro-
cess, indicating that 7 is AIE active.

Besides the illustrated examples via conjugation of
ACQ fluorophores with AIEgens,*®® lots of other works
have also successfully converted ACQ fluorophores to
AlEgens without introducing AIE elements, which is nor-
mally achieved by connecting aromatic ACQ stators and
rotors with rotatable single bonds. For example, embellishing
quinoline with two rotatable phenyl rings can transfer quino-
line to be AIE active, with a solution # of 0.3% and a solid-
state 1 of 3.2%.% These converted AIEgens may exhibit
varied degrees of emission in solution state if the free intra-
molecular motions cannot fully consume the excited-state
energy. All these molecules have shown largely intensified
emission in aggregate state, contributed by joint activities of
the twisted 3D structures to impede the strong n-m stacking
interactions, and the activation of the RIR effects. In this
section, the successful examples of converting ACQ fluoro-
phores to AIEgens have been demonstrated. Although not all
fluorophores can be converted to be AIE active, these studies
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have expounded tremendous synthetic routes of AIEgens,
further deepened our mechanistic understanding of AIE, and
yielded various classes of AIE systems for different
applications.

B. Small molecules

Despite the great diversities of AIEgens, small mole-
cules remain an important class of AIE systems. Compound
8 (Fig. 3) based on aryl ring decorated hexa-1,3,5-trienes
core represents one of the typical small molecular
AIEgens,40 8 is almost not emissive as isolated molecules in
chloroform, but is able to intensify its emission in solid state
with a n of 25.0%. The central hexa-1,3,5-trienes core of
8 shows an almost planar structure, while the two pairs of
phenyl rings form orthogonal conformation as the existing
steric repulsion between the hydrogen atom at the ortho-
position of the phenyl ring and the nearby hydrogen atoms
on the central core. With weaker conjugation and larger
dihedral angles (82.31° and 99.82°) with the core, the verti-
cal phenyl ring pair can undergo free rotation. The phenyl
ring pairs at horizontal position have dihedral angles of
15.16° and 15.77° with the hexa-1,3,5-trienes core, which
are also able to twist around the single bonds. Both the rota-
tion and twisting structures contribute to excited-state energy
consumption and lead to emission quenching in solution. In
aggregate state, the RIR is induced, and the orthogonal con-
formation of the two phenyl ring pairs impairs the detrimen-
tal m-m stacking interactions, both help to turn on the
emission. Hexaphenylbenzene (HPB, 9) (Fig. 3) is an
AlEgen constructed from pure aryl rings, where the benzene
ring is fully decorated with six phenyl rings.*' HPB exhibits
an aggregation-enhanced emission (AEE) characteristic. It
shows weak but detectable emission in THF, and exhibits
over 12-fold of fluorescence enhancement in the THF/water
mixture at a water fraction of 80%. The crowdedness of the
phenyl rings around benzene creates significant steric repul-
sion between adjoining phenyl rings, which restricts their
free rotation to certain degree even at molecular state and
leads to the observable emission. In aggregate or crystalline
state, the existence of a large amount of C—H...n interactions
rigidifies the molecular packing and blocks the phenyl ring
motions leading to RIR, together with the propeller shape of
HPB that avoids the close n-7 stacking interactions; the
emission of HPB in solid state is thus intensified.

Another category of AIE small molecules is based on
the anthracene core. Two phenyl rings are conjugated to both
sides of the anthracene core via vinyl bonds, and the
obtained 9,10-di[(E)-styryl]anthracene (DSA, 10) (Fig. 3)
displays AIE character, which is non-emissive in THF solu-
tion, but shows a 1 of 50.8% in crystal.*? Similar explanation
to HPB can also be found for 10 as revealed by its crystal
structure, where the orthogonal styryl arms prevent n-7 inter-
actions and the rigidified conformation activates the RIR
process. Anthracene can also serve as the rotor for building
small AIE molecules. AIEgen 11 was synthesized by linking
two anthracyl units to the 1 and 2 positions of the central
phenyl core via two vinyl bonds (Fig. 3).** Due to the steric
repulsion of the two anthracyl arms, 11 adopts a twisted
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structure with the torsion angles ranging from 53.20° to
73.55°, which weakens the electron conjugation of the whole
molecules. As a result, the anthracyl arms act as the rotors in
isolated state, resulting in almost no fluorescence, and the
activation of RIM in solid state leads to a  of 12.0%.

Besides the pure hydrocarbon small molecular AIE sys-
tem, heteroatom-containing AIEgens have also been devel-
oped. Compound 12 (Fig. 3) reported by Zhao et al. is one of
these examples.** Due to the strong intramolecular charge
transfer (ICT) effect of N-B interaction, 12 adopts large ste-
ric congestion between boronyl and amino groups, showing
emission in THF with a 5 of 27.0%. Benefiting from the
twisted structure, 12 shows a 1 of 86.0% in neat film, clearly
indicating its AEE activity. Another example is compound
13 (Fig. 3), which is constructed via conjugating two diphe-
nylethynl groups to the 1,2-positions of o-carborane.*” o-
Carborane is an icosahedral boron cluster compound, which
exhibits highly polarizable g-aromatic characters, and the
combination of o-carborane and the AIE system can create
mutual benefits to both. Due to the active rotation of the aro-
matic rings, 13 shows negligible emission in THF solution
with a 11 <0.02%. In solid state, the weak conjugation of
phenyl leads to the formation of a twisted molecular confor-
mation which prevents the n-n stacking interaction. Together
with RIM, 13 shows a raised 1 of 12.0%. Tang et al. also
reported a new type of small AlEgen, tetraphenylpyrazine
(14) (Fig. 3) through a one-pot reaction.*® The emission of
14 is weak in THF solution, but it shows gradually increased
emission in the THF/water mixtures with increasing water
fraction, indicative of its AIE properties. Single crystal anal-
ysis shows that 14 adopts non-planar conformation and the
twisted angles between phenyl arms and pyrazine core range
from 33° to 66°. The existence of multiple intramolecular
C-H...n interactions with a short distance from 2.82 to
3.18 A in the crystal packing of 14 also contributes to block-
ing the intramolecular motion and suppressing the radiation-
less dissipation pathway, leading to emission tum-on in solid
state.

Excited-state intramolecular proton transfer (ESIPT) is an
ultra-fast photoautomerization process (at subpicosecond scale)

that holds the characters of the intramolecular hydrogen-
binding formation with a large Stokes shift.*” ESIPT properties
have been widely adopted in the design of photosensitizers,
luminescent materials and molecules, etc. The designs of
ESIPT fluorophores with AIE features have shown promising
performance of this amalgamation. Compound 15 (Fig. 3) is
one of the AIE + ESIPT fluorophores, which emits almost no
fluorescence in solution but shows bright emission in aggre-
gates.*® In molecular state, all kinds of hydrogen bonding in the
ESIPT process is inhibited by the active intramolecular rotation
around N-N, C-N, or C-N single bonds, so the excited-state
energy is effectively dissipated through a non-radiative path-
way. In aggregate state, the formation of intramolecular hydro-
gen bonding and the impaired -7 stacking interaction leads to
the radiative decay pathway and bright emission. In addition,
the hydrogen-bonding tautomerizes the excited enol state to
lower excited keto state at a very fast rate (kggpr> 101257]),
and the smaller energy gap between keto state and ground state
leads to red-shifted emission, and hence, 15 exhibits a large
Stokes shift of 152 nm in aggregate state.

Transition metal based small molecular AIE systems
have also drawn enormous interest. One of the examples is
the Ru(Il) polypyridyl complex. Through the coordination of
the central Ru(Il) with two bipyridine and one pyrazinly
moieties, the obtained 16 (Fig. 3) displays a distorted octahe-
dral sphere.*” 16 shows a weak fluorescence centered at
613nm in diluted acetonitrile solution upon excitation at
441 nm with a low 7 of 0.1%. Addition of toluene leads to an
aggregate formation and enhanced red emission (at a toluene
fraction of 90%), indicative of its AIE activity. It should be
noted that the vibration of bipyridine and pyrazinyl triazine
diamine ligands contributed to the excited-state energy con-
sumption in isolated state, as their active rotation is blocked
by the coordination between these ligands and the Ru(II)
core. Another example of AIE-active transitional metal com-
plexes is AIE-Ir(II) (17) (Fig. 3),°° where the Ir(III) core is
decorated with 2-phenylpyridine ligands. Similar to 16, the
vibrational motions rather than the rotational motions of
these ligands consume the excited-state energy, and 17
shows hardly detectable emission with a # < 0.1% in isolated
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state. In crystals, both the weak and angled n-7 interactions
between 2-penylpyridine arms and the strong C-H...7 inter-
actions work together to activate RIV of 17, leading to inten-
sified emission in solid state with a n of 4.3%.

Attaching simple rotatory ligands to linear, cyclic
organic molecules or transition metal complexes can readily
generate AlE-active fluorophores without hampering the use-
ful and original functions of these cores. AIE systems have
been proved to be highly compatible with various molecular
systems and luminescence processes. AIE ligands as electron
accepting or donating units can be easily introduced to com-
bine the TICT with AIE properties in the molecular systems
to fine tune the emission wavelengths that are desirable for
different applications. With the rapid advances of the AIE
world, more and more small AIE molecules have been devel-
oped, and these highlighted examples in this section aim to
show the large variety and infinite possibility of AIEgens.

C. Macromolecules

Great progress has also been made for the development
of macromolecular AIE systems.'> As compared to small
molecular AlEgens, the macromolecular AlEgens display
several advantages. The molecular structures, morphology,
and topology can be easily tuned for macromolecular
AlEgens, which is hardly achieved in small molecular AIE
systems. In addition, these macromolecular AIEgens usually
exhibit excellent mechanical strengths as a result of the mul-
tiple covalent-bonded repeating units. AIE-moieties can be
introduced into the backbones or side chains of AIE

TPEBA (22)
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polymers, or to be incorporated into metal-organic frame-
works (MOFs) to realized AIE-active macromolecules. In
this section, several emblematic examples of AIE macromo-
lecules will be elucidated.

One of the most common and straightforward strategies
for developing AIE macromolecules is to incorporate typical
AlEgens such as TPE or HPS as the monomers into the back-
bones of the polymeric structures. Compound 18 (Fig. 4) is a
pure TPE-based fully conjugated polymer synthesized
through the Suzuki coupling reaction by joining TPE units
together.”' 18 shows weak emission in THF solution with a
n of 1.2%, while it displays high fluorescence enhancement
with a 5 of 28.0% when it forms aggregates in the water/
THF mixture at high water fractions. Due to the extended
conjugation length and a more planar structure, 18 exhibits
longer emission wavelength in solid state (centered at
506nm) as compared to its TPE monomer (centered at
470 nm). The AIE feature of 18 should be contributed to its
TPE monomer. In most cases, conjugated polymers suffer
from fluorescence quenching in solid state due to the multi-
ple n-7 interactions. The highly twisted TPE conformation
has prevented 7-n stacking interactions, and endows the pure
TPE polymer 18 with bright emission in solid state. Besides
building the backbones with AlEgens, the macromolecular
system has shown great varieties, where AlEgens can serve
as the side chains of macromolecules. Poly[(2-(4-vinylphe-
nyl)ethene-1,1,2-triyl)tribenzene] (PTPEE, 19) (Fig. 4) is
one of such AIE polymers.’> 19 is synthesized through
reversible addition-fragmentation chain transfer (RAFT)
polymerization, which helps to control the number of AIE

TPE-Pt-MC (23)

FIG. 4. Examples of AIE macromolecules. Reproduced with permission from Wei et al., J. Am. Chem. Soc. 136, 8269 (2014) and Dalapati et al., J. Am.
Chem. Soc. 138, 5797 (2016). Copyright 2014 and 2016 American Chemical Society.
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side chains in the resultant polymer. All the derivatives of
19, with different repeating units and molecular weights,
emit no fluorescence in THF solution, while their emission is
intensified in THF/water mixtures with high water fractions.
It is noted that 19 displays higher aggregated state 1 when
the polymer chain is longer. This is attributed to the
increased hydrophobicity and decreased solubility of longer
chain polymers, which forms larger nanoaggregates with
more tight packing and constrained RIM. TPE is a versatile
building block, which can also be used for constructing fully
conjugated microporous polymers with confined architec-
tures. Jiang et al. reported compound 20 (Fig. 4) with highly
ordered hyperbranched networks through the Yamamoto
coupling reaction.’® 20 possesses an interlocked network
structure, which can sufficiently block the phenyl ring rota-
tions even in the isolated state when molecules dissolved in
different solvents. As such, 20 exhibits bright fluorescence
with red-shifted emission of 551 nm and a 5 of 40.0%.
Nitrogen sorption isotherm measurement at 77 K reveals its
high surface area up to 1665 m* g~ ' and the presence of
micropores with a size of about 0.8 nm. This interweaving
scaffold could effectively interlock the rotation of these TPE
units by covalent bonds from all four directions, which pro-
vided validation of the RIM mechanism from a different
perspective.

MOFs that comprise inorganic metal-containing nodes
and organic linkers with large internal surface rears and
diverse structures have shown promising performance in cat-
alysts, OLEDs, and luminescent sensors.>* The incorporation
of AlEgens especially TPE derivatives is able to generate
MOFs with intrinsic luminescence. One of the AIEgens that
has been used for MOF construction is 21 (Fig. 4).5% The
AlE-active 21 displays bright yellow fluorescence centered
at 545 nm with a n of 30.0% in solid state. The corresponding
MOF PCN-94 with a porous and robust structure is built by
the crystallization of 21 with Zr(IV). PCN-94 adopts a
3,3,3,12-c net, where the Zrg cluster serves as a 12-
connected node and 21 acts as 3,3-connected nodes. The
crystal structure reveals that each Zrg cluster is connected to
18 other Zrg clusters through 12 units of 21. The strong coor-
dination with the Zrg cluster immobilizes the free rotation of
21, and hence, the rigid PCN-94 exhibits a largely improved
n nearly unity (100%). PCN-94 exhibits a blue shifted emis-
sion (centered at 470nm) as compared to 21. The blue
shifted emission is caused by the breakdown of the delocal-
ized conjugation system in PCN-94 by the more nonplanar
conformation as compared to 21 itself, which widens the
HOMO and LUMO energy gap.

AlEgens have also been used for construction of cova-
lent organic frameworks (COFs). COFs are crystalline
porous polymers that can integrate organic units into peri-
odic columnar m-arrays and inherent pores, making them
valuable in different applications. Through the solvothermal
condensation of the TPE-cored boronic acids (TPEBA, 22)
(Fig. 4) and 1,2,4,5-tetrahydroxybenzene (THB) in the mix-
ture of dioxane/mesitylene, Jiang et al. reported the highly
emissive two-dimensional COF (TPE-Ph).’® The obtained
TPE-Ph COF shows rectangular belt shapes, and its size
increases with reaction time. TPE-Ph COF contains a dual-

Appl. Phys. Rev. 4, 021307 (2017)

pore Kagome lattice with trigonal micropores and hexagonal
mesopores. TPE units at the vertices and the phenyl linkers
at the edges of the polygons form periodic columnar TPE =-
arrays. Nitrogen sorption measurement at 77 K gives a com-
bination of micropores and mesopores in TPE-Ph COF, with
a Brunauer-Emmett-Teller (BET) surface area of 963 m> g{l
and pore sizes of 1.3 and 2.6nm. The TPE-Ph COF solid
sample shows a higher n of 32.0% as compared to 22
(n =15.0%), which suggests that the n-7 interactions among
different layers of COF further restrict the rotation of the
four phenyl rings and rigidify the TPE structure.

Besides the above mentioned MOF and COF, Stang
et al. recently also reported another type of organic-
inorganic hybrid AIE macromolecule, namely, TPE-based
discrete organoplatinum(Il) metallacycle (TPE-Pt-MC, 23)
(Fig. 4).>” Some of these hybrid molecules have shown
unique bright luminescence in both solution and aggregated
states. Taking 23 as an example, the 2D structured 23 has a
ca. 4.0 x 6.0nm cavity and six positive charges, which is
able to form a 3D biohybrid complex through the hierarchi-
cal self-assemble with 1D rod-like tobacco mosaic virus
(TMV) with turn-on fluorescence. The TMV rod has a
dimension of 300 x 18nm and a cavity of 4.0nm has been
widely used for development of novel functional materi-
als,”®>? and this fluorescence turn-on provides a direct obser-
vation of hierarchical assembly and disassembly of individual
virus. In water/dimethyl sulfoxide (DMSO) (3/7, v/v) solu-
tion, 23 has an absorption band at around 334 nm in dichloro-
methane with a molar absorptivity of 1.48 x 10°M 'cm ™!
and exhibits a very weak fluorescence centered at 490 nm.
The formation of the 3D biohybrid complex is achieved by
simply mixing the TMV aqueous solution with the 23 DMSO
solution, which is evidenced by the morphology of TMV
changes from discrete rod-like shape to network-like ones
with several micrometers. Due to the electrostatic interaction
between TMV and 23, the absorption of the formed biohybrid
complex slightly shifted to 331 nm with a decreased ¢ of
1.28 x 10°M~'em ™. The hierarchical self-assembly between
TMYV and 23 forms tight and well-ordered arrays, which rigid-
ify the twisted TPE moieties in the confined environment,
leading to large fluorescence enhancement. In addition, the
emission intensity of 23 shows a linear increase with TMV in
a concentration range of 0-0.6 mg/ml, with a fluorescence
enhancement factor of 5.41-fold observed at TMV and 23
concentrations of 0.6mg/ml and 10 uM, respectively. The
bright emission provides the opportunities for direct visualiza-
tion of the self-assembly processes and the morphology
change of the hybrid materials.

D. Nonconventional AIE systems

For most of the organic fluorophores, they have to pos-
sess enough electron conjugation to be luminescent. For
example, in THBA (Fig. 1), the phenyl rings and the vinyl
rods are connected through single bonds to obtain large -
conjugated systems to realize its fluorescence. However,
there were increasing reports of fluorophores that do not
require through-bond conjugation but still display the AIE
phenomenon. Compound 24 [Fig. 5(a)] is one of such
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fluorophores.®® As a simple molecule, 24 only has one of the
carbonyl 7 systems extended to the 7 cloud of the C=C dou-
ble bond, and such a weak through-bond 7 conjugation can
hardly realize emission. 24 emits no fluorescence in solution
but shows bright emission in crystals with a 17 over 50%. The
crystal structure analysis helps to reveal the reason of their
bright emission in crystals: the lone-pairs between heteroa-
toms, e.g., oxygen and nitrogen, are in close proximity in
crystal state. The distances between O-O, O-N, and N-N
are all very short around or less than 3 A, which form elec-
tronic interactions through space. This existence of multiple
and strong through-space electronic interactions actually pro-
vides largely enough electronic conjugation when their struc-
tures are rigidified. Furthermore, the presence of interactions
between C-H...O, C-H...N, and C-H...n in crystalline state
also restricts the active intramolecular motions, and thus, 24
gives bright emission in crystals. In solution, the active rota-
tion of aryl and ester units and vibration of tetrahydropyrimi-
dine rings not only consume the excited-state energy, but
also possibly separate the through-space electronic conjuga-
tion between these heteroatoms, which leads to very weak
fluorescence of 24 in solution. Another example of such non-
conventional AIE molecules is 25 [Fig. 5(a)].°! 25 is a TPE
derivative with a folded conformation, where two phenyl
rings and vinyl rod are organized into a large m-electronic
conjugation through single bonds. 25 is almost not emissive
in polar and nonpolar solvents, such as THF, hexane, tolu-
ene, and acetonitrile, at normal temperature, as it has a
highly twisted conformation and can actively rotate. But
when these solutions are frozen at low temperature of 77 K
or 25 is in crystal form, bright green fluorescence can be
observed. It implies that the specific molecular motions are
locked or impeded by ordered molecular packing as well
intermolecular interactions. Crystal structure analysis further
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provides insight into the turn on process. As crystal, eight
intermolecular C-H...O hydrogen bonds exist between mol-
ecules of 25 and six surrounding cousins with a short dis-
tance (2.416, 2.417, 2.482, 2.483 A). These intermolecular
interactions fully lock molecular rotation of phenyl rings and
carboxyl groups. In addition, this unique structure of 25 in
crystalline state also generates an electronic delocalization
system through space m-conjugation. Both the through bond
and through space electronic conjugations work together to
afford 25 with the AIE feature.

Besides these high luminescent AIE systems based on
organic molecules, AIE active metal clusters have also been
reported. Xie et al. developed the AIE active Au@Ag nano-
clusters (NCs) [Fig. 5(b)] with bright luminescence.®® The
mono-metallic cluster, glutathione (GSH)-protected Au NCs
show very weak fluorescence at an emission wavelength of
800 nm in aqueous solution with a n of 0.37%. The addition
of Ag(I) ions into the Au NCs can generate Au@Ag NCs, as
observed by the change of solution color from greenish
brown to brown. The Au@Ag NCs show light-up red fluo-
rescence with an increased #n of 6.8%. Au@Ag NCs have a
lifetime of 2.21 us, indicating that the emission of Au@Ag
NCs actually is phosphorescence, which is generated from
the complexation of Au(I) and Ag(I). At isolated state, Au
NCs hold long lifetime and excited state, which provide suf-
ficient time for excited-state energy consumption by the
active vibration of the GSH arms, leading to weak fluores-
cence. The complexed Ag(I) on Au@Ag NCs provides mul-
tiple interactions with GSH arms through the functions such
as carboxyl, carbonyl, and amine groups. These interactions
form a grid network around the whole Au@Ag NCs, which
restricts the GSH arm vibrations, and such activation of RIV
leads to radiative relaxation of excitons with enhanced phos-
phorescence. The design of metal clusters or complexes
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provides a simple approach for developing light-emitting
materials with strong fluorescence or phosphorescence. The
demonstration of decoration metal centers to provide lumi-
nescence has further proven the genericity of AIE mecha-
nisms for realizing strong emission in solid state via
blocking the excited-state energy consumption through RIM.
Moreover, the AIE mechanism is more significant in phos-
phorescent materials, where phosphorescence is more sus-
ceptible to non-radiative quenching due to the prolonged
lifetime originated from intersystem crossing (ISC) to the
triplet excited state.

Phosphorescence, especially room temperature phospho-
rescence (RTP), has attracted extensive attention in wide
applications, ranging from electronics to optics and biologi-
cal science.®? However, due to the sensitive response of the
excited triplet state emission to temperature and oxygen as
well as the inefficient ISC caused by weak spin-orbit cou-
pling and fast non-radiative decay, RTP from pure organic
molecules has been very limited. Recently, RTP from pure
organic fluorophores has been achieved with the help of
AlEgens. 26 [Fig. 5(c)] represents one of the simplest small
AIE molecules with RTP.* 26 in solution is transparent and
exhibits no emission upon excitation at room temperature,
but it shows high phosphorescence under UV irradiation
when being cooled to 77 K. In addition, the amorphous solid
of 26 is not emissive but its crystalline state gives blue emis-
sion even at room temperature, with phosphorescence peaks
centered at 420, 449, and 483 nm. Moreover, 26 crystal has a
mean lifetime (1) of ~316.5 us with three relaxation path-
ways, indicating that the phosphorescence originates from
the radiative decay of triplet excited states. In addition, the
molecular packing in crystals reveals that the multiple
C-H...O hydrogen bonds between two benzene rings of two
adjacent 26 molecules over the whole crystal structure help
to rigidify the molecular conformations, leading to efficient
RTP. Very recently, Tang et al. also reported how to achieve
persistent and efficient RTP for four organic fluorophores.®®
1-(Dibenzo[b,d]furan-2-yl)phenylmethanone (27) is one of
the typical examples. 27 is not emissive in solution or amor-
phous state, but its crystalline powders emit intense green
emission at room temperature under 365 nm UV irradiation
[Fig. 5(c)]. In addition, the phosphorescence spectra are
nearly identical measured in air and in an inert atmosphere,
indicating that rigidification of intramolecular motions by
crystallization is an effective approach to realize RTP by
blocking the emission quenching from oxygen contacting or
other non-radiative decay pathways. The t of 27 is 0.23s
with a phosphorescence quantum yield of 34.5% at 300K in
ambient conditions. These examples clearly reveal that intro-
ducing AIE into phosphorescence compounds is an efficient
approach to achieve persistent and efficient pure organic
RTP.

IV. TECHNOLOGICAL APPLICATIONS

Great research interests have been attracted to AIE,
since the concept was first coined in 2001. Along with the
diversities of AlEgens developed, enormous AIE materials
have been implemented in various applications that involve
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light emitting or RIM processes, which also have inspired
the great innovations in plentiful techniques. AIEgens as
bright solid emitters have been promising in the fabrication
of high performance optoelectronic devices. The unique
fashion of AIEgen fluorescence turn-on processes has shown
great possibilities for the development of new sensing and
detection systems with high signal to noise ratios. In this sec-
tion, we discuss the various applications for AIEgens, with
main focus on the emerging new applications reported since
2013.

A. Optoelectronic devices

Optoelectronics is one of the cutting-edge research areas,
which has played indispensable roles in our daily lives. As
the core components of the optoelectronic technique, these
optical-to-electrical or electrical-to-optical transducers and
other optoelectronic devices require luminescent materials to
be fabricated in solid state with promising performance. As
bright solid emitters with excellent photostability and thermal
stability, AIEgens represent one of the most promising optical
materials for optoelectronic devices and applications, such as
OLEDs, OFETs, optical waveguides, etc.

1. OLEDs

As the key components of novel display devices,
OLEDs have recently attracted great attention. Thanks to the
great solid state performance of AIEgens, AIE-based OLEDs
with primary RGB (red, green, and blue) colors and promis-
ing performance have been developed, and in this subsec-
tion, we will illustrate the excellent performance of AIEgens
in fabrication of OLEDs with different emitting colors.

Among solid state emitters, the design of deep blue emis-
sive fluorogens is crucial for the full color OLED displays.
One of the main problems is the wide bandgap of blue emit-
ters and the associated large driving voltage and low device
efficiency due to their large and unbalanced charge injections.
In 2015, We reported a deep blue emitting AIEgen to over-
come these problems.®® This new AlEgen, 28 (Fig. 6), is
designed by conjugating two triphenylethene groups onto a
deep blue building block of phenanthro[9,10-d]imidazole. 28
has absorption and emission maxima centered at 340 nm and
449 nm in THF, respectively. In addition, the insensitivity of
28 emission in response to solvent polarity changes makes it
ideal for improved charge balance in OLEDs, as indicated by
only 6 nm red-shift upon changing the solvent from nonpolar
toluene to polar N,N-dimethylformamide. Upon increasing
the water fraction in the THF/water mixture, 28 shows largely
intensified fluorescence with an enhancement factor of 5-
fold, indicating that it is AIE-active. Moreover, the thin film
of 28 has a 1 up to ~93.8%, and 28 has HOMO and LUMO
levels of —5.50eV and —2.45¢eV, respectively. Such a high
solid emission and good carrier injection property make it a
promising candidate for electroluminescent (EL) device with
a simple configuration. A non-doped OLED device with a
configuration structure of indium tin oxide (ITO)/NPB
(60nm)/28 (20nm)/TPBi (40 nm)/LiF (1nm)/Al (100 nm)
was fabricated, where NPB ([N,N'-di(1-naphthyl)-N,N'-
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FIG. 6. Representative AIEgens for OLED applications.

diphenyl-(1,1’-biphenyl)-4,4'-diamine]) functioned as a hole-
transporting layer, TPBi ([1,3,5-tri(phenyl-2-benzimidazolyl)-
benzene]) served as both the electron-transporting layer
(ETL) and hole-blocking layer. The fabricated device dis-
plays good EL performance, where it can turn on at a very
low bias voltage of 3.2 V with a maximum bright blue lumines-
cence up to 20300 cd/m?, a maximum current efficiency (CE)
of 5.9cd/A, and a power efficiency (PE) of 5.91m/W, respec-
tively. The device has a very high external quantum efficiency
(EQE) up to 4.4% (close to the theoretical limit of 5.0%). The
device also has a very small roll-off of 14.4% when the bright-
ness increased from 1000 cd/m? to 5000 cd/m®. Such excellent
deep blue EL performance of 28 further makes it possible to
develop white light OLEDs with International Commission on
Illumination (CIE) coordinates of (0.33, 0.33).%°

With the increased diversity of AIE family, it becomes
possible to fabricate OLEDs through a solution-processable
manner with defined structures, much improved efficiency
and reduced production cost as compared to the conventional
vacuum vapor deposition method.®” AIEgen 29 (Fig. 6) with
a star-shaped structure is one of such solution-processable
AlEgens for green OLED fabrication.®® 29 shows absorption
and emission maxima at 350 and 526 nm in THF, respec-
tively, with a low 5 of 2.8%. The fluorescence of 29 is
greatly intensified in solid film state as wells as in aggregates
with a 1 up to 95%, indicating its AIE characteristics.
Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) results revealed the excellent thermal sta-
bilities of 29, enabling it to function reliably as active layers
in OLEDs. A representative solution-processed non-doped
green OLED was then fabricated based on 29 as the light
emitting layer. The OLED exhibits excellent EL

performance, with a low turn-on voltage of 3.4 V. The maxi-
mum luminance of the green OLED is up to 11665 cd/m?,
with the maximum current, EQE, and current efficiency of
8.3 cd/A, 2.6% and 7.5 Im/W, respectively.

As an indispensable element for full-color OLEDs, the
lack of red emissive organic fluorogens with high brightness
and excellent thermal abilities has been limiting the develop-
ment of red OLEDs. D-A conformation and extended 7-
conjugation have been the major approaches for design of
red fluorogens, which often suffer from ACQ effects. In this
regard, the advances of AIE families offered a unique solu-
tion to red OLEDs. AlEgen 30 (Fig. 6) reported by Tang
et al. in 2015 demonstrated an excellent example of AIEgens
for high performance red emissive OLEDs.®” 30 exhibits
both ICT and AIE characteristics, where its emission maxi-
mum red shifts along with the increased solvent polarity, and
it shows a high solid state 7 of 63.0%. 30 is a thermally sta-
ble AIEgen with a glass transition temperature up to 169 °C,
which is much higher than that of commercial red-doped
OLED materials (~98 °C). The EL device with 30 as the
emitting layer shows a turn-on voltage of 3.2 V with an emis-
sion maximum around 604 nm. Luminance of the device is
as high as 16396 cd/m?, and the maximum current, EQE,
and current efficiency were measured to be 7.5 cd/A, 3.9%,
and 7.3 Im/W, respectively, which demonstrated an impres-
sive EL performance over previous literature.

Due to the great potential in optical communication and
night-vision devices, OLEDs with near infrared (NIR) emis-
sion have attracted increasing research attention in recent
years. However, the 1 of emitting materials tends to decrease
along with increased emission wavelength, and it is further
diminished in solid state due to ACQ effects, which has led
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to low EQE for most NIR OLEDs (<1%). In 2015, Wang
et al. introduced AIE to NIR OLEDs and reported a high
EQE of 2.1% for non-doped OLED devices.”® The NIR emit-
ter, 31 (Fig. 6), adopts a V-shaped D-m-A-n-D structure,
where 2,3-dicyanopyrazino phenanthrene (DCPP) serves as
the centered acceptor, and diphenylamine (DPA) acts as the
electron donor. Due to the structure associated ICT effect, 31
shows an emission peak at 504 nm in hexane, but a largely
red-shifted emission peak centered at 810 nm in dichlorome-
thane. 31 has very weak fluorescence in THF solution but
becomes highly emissive in solid state with an emission
peak centered at 708 nm, and its neat film exhibits a high n
of 14.0%. The characteristic AIE effect should originate
from the activation of RIM and the highly twisted conforma-
tion of 31 in solid state, which makes it an excellent emitting
material for OLEDs. Using 31 as the emitting layer, the fab-
ricated non-doped EL device shows an emission maximum
at 710nm with a CIE coordinate of (0.70, 0.29). The NIR
OLED shows a luminance brightness of 591 cd/m?, which
represents the highest EQE value among the reported non-
doped NIR OLEDs with similar emission spectra.

Thermally activated delayed fluorescence (TADF) materi-
als are exciting discoveries for OLEDs, as all the excitons from
phosphorescent emitters can be contributed to the EL pro-
cess.”"”’* To achieve efficient TADF, the energy gap (AEgy)
between singlet (S;) and triplet (T;) states should be mini-
mized, which is largely achieved through introduction of the D-
A system but often accompanied by quenched emission in solid
state. The design of AIE TADF emitters ideally can solve this
problem, and the compound of 32 (Fig. 6) is one of the repre-
sentatives.” 32 is AIE-active as confirmed by a high # up to
80.0% in film state as compared to the negligible fluorescence
in THF solution. Both the activation of RIR of phenothiazine
and phenoxazine rings, and the steric hindrance between hydro-
gen of the diphenylsulfone core and hydrogen of phenothiazine
and phenoxazine contribute to the AIE characteristics. The
AEgr for 32 is ~0.09 eV, and the delay fluorescence lifetime is
6.2 us. The corresponding non-doped EL device shows a high
EQE of 17.0%, which is contributed by the TADF effect, while
AIE maintains the high EQE in non-doped devices. Compound
31 with a small AEgr of 0.13 eV also exhibits the TADF effect,
where its delayed fluorescence decay is 0.76 us.”” When 31 is
doped in the TPBi film with 10wt. %, the delay fluorescence
shows a prolonged lifetime of 86.2 us and a high # of 50.0%
with the emission centered at 645 nm. Using the doped films as
the EL layers, a high EQE of 9.6% was achieved, indicating
nearly 100% triplet harvesting for the EL device.

With the rapid emergence of AIE in the OLED field, large
numbers of AIEgens have been reported for OLEDs. Especially
with the development of deep blue AIE OLEDs, it becomes
possible to build high color rendering index white OLEDs
(WOLEDs). To achieve the WOLEDs with efficient perfor-
mance, Tang et al. reported the AIE emitter, 9,10-bis[4-(1,2,2-
triphenylvinyl)phenyl]anthracene (BTPEAn, 33) (Fig. 6) for
building deep blue OLEDs and WOLEDs.”* The deep blue
OLED has a configuration of indium tin oxide (ITO)/
1,4,5,8,9,11-hexaazatriphenylene hexacarbonitrile (HAT-CN)/
NPB/33/ETL/LiF/Al. When using bis[2-(2-hydroxyphenyl)-
pyridine] beryllium (Bepp,) as the ETL, the obtained blue
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OLED shows a very low turn-on voltage of 2.75, 3.15, and
4.05V at a luminance of 1, 100, and 1000 cd/m?, respectively,
with a maximum luminance up to 17221 cd/m? 33 based deep
blue OLED displays maximum forward-viewing power effi-
ciency (PE) of 4.31m/W, and its value is around 3.6 Im/W at a
luminance of 1000 cd/m?, indicating the low efficiency roll-off.
Galvanized by its excellent performance in blue OLEDs, 33 is
applied to build high performance WOLEDs with the incorpo-
ration of yellow phosphor Ir(dmppy),(dpp) (34) (Fig. 6). The
mixture of NPB/Bepp,/34 served as the phosphorescent layer
to reduce the phosphorescence annihilation and quenching to
guarantee the yellow emission. An interlayer was also intro-
duced between blue 33 and the yellow NPB/Bepp,/34 layers to
inhibit the Dexter energy transfer and Forster energy transfer.
The maximum forward-viewing PE and current efficiency (CE)
for the WOLED are 18.81m/W and 19.0cd/A, respectively.
The maximum total PE is up to 32.0lm/W which is much
higher than incandescent lamps (12—-17 Im/W). The obtained
WOLED displays a very stable pure-white emission close to
white equivalent point of (0.33, 0.33) under different luminance
conditions. Very recently, Chi et al. reported a white emissive
TADF AlEgen with CIE white-emission coordinates (0.33,
0.33), which further reveals the great opportunities of develop-
ment of WOLEDs with a single AIEgen as the white light emit-
ting layer.”

Benefited from the excellent emission in solid state of
these AIEgens, the introduction of AIEgens to OLED config-
urations has realized full-color display and WOLEDs with
high efficiencies. Besides the illustrated examples, various
AlEgens have been used for OLED applications with satis-
factory results. It should also be noted that the devices have
not yet been optimized thoroughly; thus, there is large room
for further development and improvement, especially for red
emissive AIE solid emitters.

2. OFETs

OFETs have recently attracted great interest to realize
low-cost and large area electronics.”® Along with the flow of
current through the transistor, OFETs can use current to
modulate the light emission, enabling the fabrication of full
color and flexible displays. Considering the excellent emis-
sion of AlIEgens in solid state, they are expected to be prom-
ising in OFETs. In 2016, Ma and coworkers developed an
AlEgen 35 [Fig. 7(a)] by introducing cyano groups to a typi-
cal ACQ dyetrans-1,4-distyrylbenzene (trans-DSB) and dem-
onstrated the great potential of AIE in OFETs.”” 35 is a
typical AlEgen, which emits weak fluorescence in dilute
solution, but can be induced to be highly emissive in aggre-
gate and crystalline states. Its slice-like single crystal shows
green emission around 520nm with a 1 of 75.0%. The 35
single crystal is further applied to fabricate OFETs with cal-
cium (Ca)/gold (Au) asymmetric electrode geometry [Fig.
7(b)]. In this asymmetric Ca-Au OFET configuration, the Ca
has a very close work function of —2.87eV to the LUMO
level of 35 (—3.26¢eV), which is able to reduce the accumu-
lated threshold voltage to be less than 20V as compared to
OFETs with a symmetric Au-Au electrode system (30V).
Such a good energy match also affords the asymmetric
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FIG. 7. (a) Structure of 35, and schematic representation of the 35 based single-crystal device. (b) Schematic diagram of the recombination zone’s shift when
the V, or V,, increase. (c) I;— V, characteristic of OFET devices with Ca-Au asymmetric electrodes during the electroluminescence test. Inset: the light mis-
sion in the device channel at V ;=130 V. (d) Emission brightness of the OFET device, derived from the captured images when the device worked under differ-
ent /,. Reproduced with permission from Deng et al., Chem. Commun. 52, 2370 (2016). Copyright 2016 Royal Society of Chemistry.

OFET with a very high maximum current density to 200 A/
cm? as well as an improved highest electron and hole motil-
ities to 2.50 and 2.10cm® V' s7!, respectively. When
applying positive gate voltage (V,) at relatively high source-
drain voltage (V) (e.g., 40 V), both the opposite carriers are
accumulated within the channel which induces the p-n junc-
tion and leads to the recombination of the electron and holes
[Figs. 7(b) and 7(c)]. Along with the increased V, the
recombination zone moves forward towards source electro-
des. In this ambipolar OFET, the surface of the crystal dis-
plays no emission, while its side edge provides bright green
and the electroluminescence increases with the increased
drain current (/,;) [Fig. 7(d)]. With this demonstration, we
can conclude that AIE active materials not only exhibit high
solid or crystal luminescence, but also show high mobility.
We therefore foresee great potential of the AIE materials in
OFETs and the flexible and all plastic electronics.

3. Organic photovoltaic cells (OPVs)

Solar cells that convert sun light energy into electric
powers have become the third largest renewable energy sour-
ces. Among various types of photovoltaics, organic photo-
voltaic cells (OPVs) represent one of the most promising
alternatives for traditional environmental-harmful fossil fuel
combustion ways.”® To achieve high performance OPVs,
two major requirements have to be met, namely, small
domain sizes and sufficient electron mobility. However, tra-
ditional small organic molecule acceptors tend to form large
crystalline domains due to their large planar structures.
Introducing twisted confirmation with a bulky bridging unit
to these small molecules could help prevent the aggregate
formation, but they commonly exhibit a low electron mobil-
ity of 107010 *em?>V2s . In addition, these common

small molecule acceptors hardly adopt 3D ball-shaped con-
formations to facilitate the 3D charge-transporting networks
as like fullerene derivatives, the best-performance OPV to
date. The high electron mobility and unique 3D twisted
structures of AIE active materials appear to be the ideal
small molecule candidates to replace fullerenes. Yan et al.
reported one of such AIE active materials for OPVs with a
high power-conversion efficiency (PCE) of 5.53% in 2015.7°
The AIE active small molecule, 36 (Fig. 8), was synthesized
by connecting four perylenediimide (PDI) units to the cen-
tered TPE core. From density functional theory (DFT) calcu-
lation, all 3 possible locally optimal confirmations of 36
adopt 3D molecular structures. 36 exhibits excellent solubil-
ity in common organic solvents such as THF, chloroform,
and hexane, which makes it possible to form very smooth
thin films by the solution processed approach. For high per-
formance OPVs, the crystallization of PDI should be
avoided. The twisted TPE core structure could largely prevent
the crystallization, and 36 forms an amorphous thin film with
a root-mean-square roughness of 0.207 nm, making it a suit-
able candidate for OPVs. Utilizing 36 as the acceptor and
poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[ 1,2-b;4,5-
b’]dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-
b]thiophene-)-2-carboxylate-2-6-diyl)] (PBDTT-F-TT) as the
donor, the blended film has surface features with sizes
around 20-30nm, indicating that 36 does not form large
domains. Without thoroughly optimizing the device parame-
ters, the OPV device shows a high PCE of 5.53% (Fig. 8).
The open circuit voltage (Voc) of the PBDTT-F-TT:36
device is around 0.91V, which is much higher than that
using the fullerene derivative [e.g., [6,6]-phenyl-C61-butyric
acid methyl ester (PCBM)] as the acceptor. In addition, the
PBDTT-F-TT:36 device has a very simplified configuration,
which does not require additional interlays or additives to
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FIG. 8. J-V curve of the solar cells fabricated from 36. Reproduced with permis-
sion from Liu ef al., Adv. Mater. 27, 1015 (2015). Copyright 2015 Wiley-VCH.

achieve high performance. The high performance is attributed
to the 3D molecular conformation which leads to amorphous
film property and high electron mobility, and is evidenced by
using a PDI dimmer connected by a biphenyl-bridging group
(BP-PDIL,) with a 2D structure as the control group. The electron
mobility of 36 is around 1 x 10~ cm? V™' s™" which is 5-fold
higher than that of BP-PDL,. As a contrast, the PBDTT-T-
TT:BP-PDL film has large domain sizes around 60-80 nm with
a low PCE of 3.1%. AlEgens usually adopt high twisted struc-
tures in solid state, which not only activate RIM and prevent
strong 7-m stacking interactions to achieve high luminescence,
but also are able to form 3D charge-transporting networks.
Although the development of AIE based OPV materials has
been rare until now, it indeed represents one of the excellent
light-to-electricity converting materials for clean energy to solve
increased environmental concerns and global warming issues.

4. Optical waveguides

Besides OLEDs, OFETs, and OPVs, AIE active materi-
als have also been developed with optical wave-guiding
properties for propagation of luminescence emission.

Appl. Phys. Rev. 4, 021307 (2017)

Pyridinium-substituted TPE salt, 37 [Fig. 9(a)], developed
by Zhang et al. has been reported to show optical wave-
guiding properties.®” 37 is non-emissive in good solvents,
and the addition of poor solvent leads to amorphous precipi-
tates with largely increased emission centered at 617 nm
with an 5 of 37.0%. 37 forms microcrystals under slow evap-
oration of the solution in the methanol/water mixture, which
displays blue shifted emission centered at 528 nm with a
higher n of 77.0% as compared to its amorphous solid. The
dense arrangement of the cations (pyridinium-substituted
TPE) and the (CF5S0,),N anion in crystalline state leads to
a more twisted conformation, which interprets the blue-
shifted emission for 37. The crystalline 37 exhibits multiple
short interatomic interactions with more rigidified conforma-
tion as compared to amorphous solids, and hence, 37 micro-
crystals display higher brightness. In addition, the amorphous
and crystalline states of 37 can be tuned via solvent vapor
exposure and grinding. On exposure to methanol vapor, the
red emissive amorphous solid is transformed into crystalline
with green emission, which can be further converted back to
amorphous solids by exposure to CH,Cl, or grinding. The
microcrystals of 37, in the shape or microrods, exhibit green
emissive spots at the two ends of the microrods, with
weaker emission at rod-bodies [Fig. 9(b)]. The optical
wave-guiding behavior was studied by excitation of the
microrod at designated positions (labelled as 1/, 2/, 3/, 4, 5/,
and 6) [Fig. 9(c)] and the emission spectra were collected
by the ends of the microrods of 37. Upon increasing the
propagation distance, the emission brightness at the end of
microrod decreases, correspondingly [Fig. 9(d)], while the
intensity at the excited locations does not change substan-
tially. The optical loss coefficient of 37 microrod at 530 nm
is calculated to be 15.74 dB/mm. As demonstrated, AIEgens
are able to form well-ordered morphologies, and together
with their bright luminescence in the solid and crystalline
states, which makes AlEgens active wave-guiding
materials.

FIG. 9. (a) Chemical structure of 37.
(b) Fluorescence (FL) microscopy
images of microrods of 37. (c) Bright-
field (inset, left) and microarea FL
images of 37 by exciting the respective

microrods at six different positions
with the focused UV laser (380nm).
(d) Spatially resolved FL spectra of the
emission that are out-coupled at the
microrod tip of 37. Reproduced with
permission from Hu et al., Small 11,
1335 (2015). Copyright 2015 Wiley-
VCH.
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5. Luminescent solar concentrator (LSC) shift with minimum reabsorption loss, which provide good
opportunities for the development of LSCs with high fluoro-

Luminescent solar concentrators (LSCs) are light harvest-  phore doping concentration without compromising the emis-

ing devices that concentrate the sunlight to photovoltaic devi- sion.** Wong and coworkers demonstrated this proof-of-

ces located at the edges, which could improve the output of concept idea by using two AIEgens, TPE and 38 [Fig. 10(b)]
OPVs, especially in urban environments with limited direct a5 the fluorophores for LSC fabrication in 2014.*° They fabri-
sunlight.*"** A typical LSC is a transparent plastic waveguide  cated a monolithic LSC by drop casting 10% w/w of TPE in
slab embedded with fluorophores of high quantum yields [Fig. poly(methyl methacrylate) (PMMA) onto the surface of
10(a)]. These fluorophores absorb sunlight and emit light 10mm x 10mm x 1mm glass substrate with a geometric
inside LSCs. The emitting light is trapped by the internal  ratio of 2.5. This TPE-based PMMA LSC showed a thickness
reflection and concentrated to the small solar cells at the edge. of 116 nm. Benefiting from the AIE feature of TPE, this LSC
Two limiting factors have hampered the LSC developments: showed a high absolute fluorescence quantum yield of 40%.
one is fluorescence quenching at high concentrations and in ~ As compared to its face emission, the LSC edge showed a
solid state, which restricts the amount of doped dyes to be ~ much higher intensity [Fig. 10(c)], indicating that the emitted
used and affects the light harvesting and emission; the other is photons can be effectively trapped and concentrated to the
the emission reabsorption due to small Stokes shifts of con- edge. The optical efficiency of the LSC, defined by the ratio
ventional dyes.*® AIEgens exhibit remarkable high fluores- of the edge photons to the total number of incident photons, is
cence quantum Yyields in aggregated state and large Stokes measured to be 13.2%, which is very close to the predicted

(a) LSC embodiments

Surface

reflection
Absorption Bulk doped

ol

Transmission -
3 '\‘E o - Interaal Think film
romophore X
b g reflection Reabsorption Dye layer
PV cells d X

Edge
\

\

n
Non-radiative Escape cone
decay losses

38 TPE-AC (39) DPATPAN (40)
(c) (d) O
— 4 —— Edge emission 651 LT L.
= —— Face emission - e TRy
& 0.8 —— Total emission 9 O a &
a ; 60- '.'
‘w
S 064 % ",E
£ o 5511 .
Aoem
T 0.4 5 O enggeraserenenes &R,
N = @) 0O
= §50{ O
0.2 =

E 2 o) O TPE-AC/PMMA
o o O TPE-AC/PC
Z 5 4.5

400 450 500 550 600 00 02 04 06 08 10 12 14

Wavelength (nm) [TPE-AC] (wt.%)

FIG. 10. (a) Schematic illustration of luminescent solar concentrators (LSCs). Adopted from Wong et al., Acc. Chem. Res. 50, 49 (2017). Copyright 2017
American Chemical Society. (b) Chemical structures of 38, TPE-AC (39), DPATPAN (40), and DCJTB (41). (c) Total, edge, and face emission spectra of
TPE-based LSCs. Reproduced with permission from Wong ef al., Sci. Rep. 4, 4635 (2014). Copyright 2014 Nature Publishing Groups. (d) Optical efficient var-
iations of TPE-AC/PMMA and TPE-AC/PC LSCs as a function of fluorophore content. Reproduced with permission from Pucci et al., Mater. Chem. Front.,
“Red-emitting AIEgen for luminescent solar concentrators” (published online). Copyright 2017 Royal Society of Chemistry.



021307-16 Feng et al.

stimulation value of 13.4% with the same geometric ratio and
zero reabsorption loss. On the other hand, TPE analogue 38,
with an extended absorption spectrum as compared to TPE,
shows a quantum yield of 31.2% but a lower optical efficiency
of 8.0% when casted in PMMA films. The decreased optical
efficiency is ascribed to the higher reabsorption loss for 38
(2.3%) as compared to TPE (0.2%) due to its higher extent of
absorption and emission spectra overlap (over two orders of
magnitude higher than TPE). As a proof of concept, AIEgens
with high emission in solid state lead to fabrication of LSCs
with higher fluorophore doping concentration without scarify-
ing the emission quantum yield, and the large Stokes shift also
leads to lower reabsorption loss, which shall represent a novel
class of LSC materials.

Very recently, Pucci and coworkers used a red emissive
AlEgen, TPE-AC [39, Fig. 10(b)] for LSC development.®®
TPE-AC is doped in two transparent polymers, PMMA and
polycarbonate (PC) for LSC fabrication, which showed a
thickness of 25 = 5 um. TPE-AC showed a broad absorption
band from 400 to 550 nm which is highly favorable for har-
vesting light in the UV and visible regions. The emission
peaks for TPE-AC/PMMA and TPE-AC/PC films are located
at 600 and 620nm. The large Stokes shift of over 150 nm
could largely reduce the reabsorption of emission. At 0.1 wt.
% TPE-AC doping concentration, the fluorescence quantum
yields for TPE-AC/PMMA and TPE-AC/PC films were mea-
sured to be 50% and 46%, respectively. The quantum yields
decreased to 30% when further increasing the TPE-AC con-
centration to 1.2-1.5 wt. %, which are still considered excel-
lent for LSC fabrication at such a long wavelength emission.
The optical efficiency variations as a function of TPE-AC
concentration are shown in Fig. 10(d). The TPE-AC/PC
showed an optical efficiency of 6.7%, which is comparable
and higher than most red-emitting fluorophore based LSCs at
the same concentration.®”® Besides solely utilizing AIEgens
as the emitting fluorophores in LSCs, Wong et al. also
reported an excitation energy transfer approach for LSCs by
using 2-(4-(diphenylamino)phenyl)-3,3-diphenylacrylonitrile
(DPATPAN, 40), an AlEgen as the energy donor and a con-
ventional dye 4-(dicyanomethylene)-2-tert-butyl-6-(1,1,7,7-
tetramethyljulolidyl-9-enyl)-4H-pyran (DCJTB, 41) as the
acceptor [Fig. 10(b)].*° Benefited from the AIE feature,
DPATPAN showed a nearly 100% quantum yield in solid
state, which allowed it to be used in high concentrations to
provide efficient energy transfer to the acceptor dye without
the concentration quenching issue. 10% w/w of the dye blend
(DCJTB:DPATPAN =1:99) in PMMA was used for LSCs,
which gave a high optical efficiency of 58.2%. This clearly
demonstrated the superiority of AIEgens in LSCs as compared
to conventional dyes. High dye doping concentration could
also largely reduce the thickness of LSCs to achieve efficient
light absorption without compromising its emission quantum
yields. Hence, we foresee the great opportunities of AIEgens
in the development of commercially viable LSC devices.

6. Circularly polarized luminescence (CPL)

CPL reflects the chirality of materials in excited state,
which has been using to study the conformational and
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stereochemical structural information. Materials with excel-
lent CPL performance have been widely applied in various
optoelectronic and biosensing applications.”® The emission
efficiency and emission dissymmetry factor (g,,,), are two
important parameters to evaluate CPL performance, which
should be as high as possible for better CPL properties.
However, most commonly used CPL materials have a very
small gem value of ~107> to 1072 in solution. When used in
condensed phases, the g.,, values become even worse due to
the ACQ effect, which also leads to lower luminescence effi-
ciency. As a unique phenomenon exactly opposite to ACQ,
AIE shall represent one of the promising solutions to sur-
mount these limitations of the ACQ effect. The appropriate
introduction of AIEgens to chiral moieties could afford novel
AlE-active CPL materials with much improved lumines-
cence efficiency and g.n,. Utilizing a characterized silole as
the centered AIE core, and mannose or phenylethanamine as
the chiral blocks, the obtained 42 and 43 represent two of the
particular examples of AIE-active CPL materials.”!

42 [Fig. 11(a)] displays no luminescence or circular
dichroism (CD) signal in good solvents such as CH,Cl,.
Upon inducing aggregate formation by addition of poor sol-
vent hexane, 42 shows largely intensified emission with 5
increased from 0.6% in solution to 31.5%. And the # further
increases to 81.3% in solid thin film, indicating 42 is AIE
active. The aggregation of 42 also leads to the switch-on of
the CD signal as observed by the emergence of CD absorp-
tion at 278 and 340 nm, indicating the aggregation-induced
CD. The peak centered at 340 nm also suggests that the chi-
ral sugar pendant and the triazolylphenyl together induce the
silole core to form helical arrangement with a preferred
screw sense. The aggregation-induced CD effect was further
proved by the case films formed through doping 42 in
the PMMA matrix, as well as the right-handed helical
nanoribbon and superhelical rope morphologies of 42 self-
assembled aggregates. The dependence of g., on wave-
length under different situations is shown in Fig. 11(b). In
solution, no CPL signal is detected due to the free and ran-
dom intramolecular motions. Once 42 forms aggregates in
heterogeneous solution or cast films, the g.,, showed a range
of —0.17 to —0.08 [Fig. 11(b)], such a two orders of magni-
tude higher value than previously reported organic CPL
materials, which clearly suggests the excellent CPL perfor-
mance of 42. Moreover, the pattern formed by a Teflon-
based microfluidic technique gives a much higher g, value
up to —0.32, owing to largely enhanced parking order by a
confined microenvironment. As a conclusive remark, the
AlE-active 42 shows the best result among the reported
organic conjugated molecular systems in terms of emission
efficiency, dissymmetry factor, and spectral stability, which
represents a class of desired molecular functional materials
for generating efficient CPL in the solid state.

Compound 43 [Fig. 11(a)] synthesized by linking silole
with chiral phenylethanamine through thiourea linkage is a
new AIE active CPL material with a controllable signal.”* 43
exhibits classic AIE properties, where it shows no emission
in solution but the fluorescence can be turned on by aggre-
gate formation in poor solvent or in solid thin film with a
nearly unity 7 of 95.0%. Different from 42, the CD signal of
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FIG. 11. (a) Chemical structures of 42 and 43. (b) CPL dissymmetry factor gem (g.,) versus wavelength for 42 existing in different formats: DCM solution,
DCM/hexane (v/v, 1:9) mixture (suspension), neat cast film from DCE solution of 2 mg/ml, dispersion in the polymer matrix (10 wt. % in PMMA), and fabri-
cated micropattern by evaporation of DCE solution in microfluidic channels. Reproduced with permission from Liu et al., Chem. Sci. 3, 2737 (2012).
Copyright 2012 Royal Society of Chemistry. (c) CD spectra of 43 in the presence of chiral hydroxyl acids in solid thin film state. [43]=1mM,
[acid] =40 mM. Reproduced with permission from Ng et al., J. Mater. Chem. C 2, 78 (2014). Copyright 2014 Royal Society of Chemistry.

43 cannot be switched on in aggregate state or even in solid
thin film, due to the non-favorable self-assembly properties
of the thiourea bridge and the weak intermolecular interac-
tions. The complexation of 43 with special chiral hydroxyl
acids, such as mandelic acid, could lead to the potential
hydrogen-bonding between the thiourea and the carboxylic
acid groups, which is able to induce the silole cores to be
rearranged in helical manners with observed CD signals
[Fig. 11(c)]. The chiral aliphatic acids such as malic and tar-
taric acids cannot induce the CD signal, which indicates the
important role of the phenyl group from mandelic acid
played in the complexation-induced CD. This is also evi-
denced by the fact that phenyllactic acid with phenyl rings
and two hydroxyl groups can also switch on the CD signals
of 43 [Fig. 11(c)]. The g., values of 43 are about —0.01, or
+0.01 when it is complexed with R-(-)-mandelic acid or
S-(4)-mandelic acid, respectively, indicating that the CPL
can be tuned to be left- or right-handed by enantiomer types
of mandelic acid. The luminescence and CD signal of 43
remain silent in solution. As such, the AIE-active materials
represent a class of novel organic molecules for generating
excellent CPL in solid state.

rotation
—

7. Liquid crystals (LCs)

As compared to conventional liquid crystal displays
(LCDs) where the non-emissive liquid crystals (LCs) require
an extra light source, the emergence of luminescent LCs has
shown great advantages in terms of simplified device design,
low energy consumption, high brightness, and contrast
ratios.”® However, the luminescence efficiency of LCs still
remains challenging, mainly due to the fluorescence quench-
ing associated with the highly ordered molecules in crystal-
line for conventional ACQ fluorophores.”* The unique
feature of AlEgens to have bright emission in solid espe-
cially crystalline state makes them a promising candidate for
light-emitting LCs. In this subsection, we would like to
reveal the great potential of AIEgens for LCs using the com-
pound 44 [Fig. 12(a)] synthesized by linking four mesogenic
units of 4-ethynylpropylbenzene to TPE as an example.”
The liquid crystalline property of 44 is first revealed by the
polarized optical microscopy [Fig. 12(b)], where 44 forms an
anisotropic mesomorphic texture when being heated in the
temperature range of 218-228 °C. In addition, the 44 LC is
monotropic as the mesomorphic texture disappears upon

FIG. 12. (a) Chemical structure of 44.
(b) POM photograph recorded on heat-
ing 44 at 222°C. (c¢) The LE-LCD in
the electric field off/fon condition.
Under UV irradiation and field-off
condition, the regions with and without
figures in the device are alternately
bright and dark, viewing through the
rotatable polarizer. Under UV irradia-
tion and field-on condition, both the
two regions are light-emitting and the
figures disappeared. Reproduced with
permission from Zhao et al., Adv. Opt.
Mater. 3, 199 (2015). Copyright 2015
Wiley-VCH.
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cooling, which is also confirmed by the differential scanning
colorimetry (DSC). Utilizing the AIE and mesogenic proper-
ties, 44 (0.1 wt. %) is dissoluted into nematic LC PAO182 to
prepare the LC mixture for polarized fluorescence. The light-
emitting liquid crystal display (LE-LCD) device based on
the LC mixture was further fabricated as shown in Fig.
12(c). A UV lamp was used as the light source and a polar-
izer was applied to analyze the changes of photolumines-
cence efficiency. At voltage off state, the different direction
of the polarizer is able to change the dark and bright area
reversibly, where either the numbers or the background
shows photoluminescence to give clear display of the num-
ber combination. Applying a voltage of 8 V (1 kHz) leads to
the same photoluminescence efficiency for the whole cells,
and all the figures in two original displays disappear. This
strategy of synthesizing AIE LCs presents a valuable strat-
egy for development of LC devices with a simplified struc-
ture and low energy consumption.

8. Photonic crystals

Photonic crystals (PCs) are able to display emitted light
by controlling the propagation of light via the photonic band
gaps, and many living organisms switch their PC colors for
social communication, sexual attractions, etc.”® The combi-
nation of reflected light from PCs and the luminescence from
fluorophores would create miraculous phenomena, and is of
great importance for lots of potential applications. However,
the ACQ effect always leads to diminished emission in solid
or crystalline state. Conversely and luckily, the excellent
emission of AlEgens in solid state makes it possible to
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realize the luminescence for PCs. In 2016, Tang et al.
reported a unique PC system based on AlEgen 45 and
PMMA nanoparticles where the simultaneous tuning of
reflected light and emitted light becomes possible.”” An
emulsion polymerization approach is chosen to synthesize
the 45-loaded PMMA nanoparticles, where the THF solution
of 45 is mixed with hot aqueous solution containing methyl
methacrylate (MMA) and sodium dodecyl benzene sulfonate
[Fig. 13(a)]. The polymerization was induced by K,S,Og
under 1 h incubation at 80 °C. During the polymerization, the
hydrophobicity leads to the encapsulation of 45 by PMMA
nanoparticles with sodium dodecyl benzene sulfonate
(SDBS) as the hydrophilic surface, which was also
evidenced by the occurrence of the light creamy yellow
solution. The PC hydrogel assembly was formed by
centrifuging the PMMA nanoparticles at a high speed of
12000 rpm. These PMMA nanoparticles have a uniform size
of 120nm and are arranged in a face-centered cubic pattern
[Figs. 13(b) and 13(c)]. The 45-PMMA PC hydrogel displays
a violet color under light. The reflectance peak centers at
460 nm with a very narrow photonic band gaps. The obtained
PC is able to change its color upon exposure to water stimu-
lation [Fig. 13(d)]. With increased water volume from 0 to
150 pl, the reflected light color changes from violet to blue,
green, yellow, orange and red, with the corresponding batho-
chromic shifted reflection spectra from 460 to 618 nm [Fig.
13(e)]. The red shifted photonic band gap is ascribed to the
expanded PC lattice space by aqueous medium, as 45-
PMMA nanoparticles were surrounded by the SDBS aqueous
solution. The fluorescence emitted from 45 in the 45-PMMA
PC can also be tuned. Due to the TICT characteristics, 45
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FIG. 13. (a) Schematic illustrating the molecular structure of 45 and the assembly process of the 45/PMMA PC. (b) SEM image and (c) enlarged SEM image
of 45 functionalized PMMA PC. (d) Schematic illustrating the swelling process of the 45/PMMA PC. (e) Photographs (inset) and corresponding reflection
spectra of the 45/PMMA PC hydrogels upon adding different amounts of water: 0, 25, 50, 75, 100, 125, and 150 ml (by volume), respectively. Reproduced
with permission from Wang et al., Chem. Sci. 7, 5692 (2016). Copyright 2016 Royal Society of Chemistry.
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exhibits prolonged emission in polar solvent, which helps
explain the longer emission of 45 aggregates in THF/water
(630 nm) than 45-PMMA PC (583 nm) as PMMA encapsula-
tion provides a less polar microenvironment for 45. Along
with increased water content, the photonic band gap becomes
smaller, and it is able to inhibit the light propagation and
quench the emission of 45, which leads to reduced full width
at half maximum from 127 nm at water volume of O ul to
92 nm at water volume of 150 ul. With the help of AlEgens,
the luminescent PC system with multi-functionality and con-
trollability is developed, which can be potentially applied in
humidity detection as well as other photoelectric devices.

9. Aggregation-induced photon upconversion

Most of the reported AIE systems we have discussed
earlier are mainly based on single-excitation processes to
achieve bright fluorescence in solid state. Very recently,
Kimizuka et al. reported that triplet-excitation processes
could also have the AIE effect and they realized the
aggregation-induced photon upconversion through two
excited triplet annihilation.”® In this process, a donor (sensi-
tizer) in triplet excited state is able to populate triplet excited
state of the acceptor (emitter) via triplet-triplet energy trans-
fer. The collision and annihilation of two triplet states during
their lifetime are able to form a higher singlet energy level
and emit delayed and upconverted fluorescence. They used
(27.,2'7)-2,2'-(1,4-phenylene)bis(3-phenylacrylonitrile) (46)
and Pt"octaethylporphyrin (PtOEP) as the acceptor and
donor pair [Fig. 14(a)]. 46 exhibits a typical AIE character,
nearly no emission in solution is observed, but it shows

Appl. Phys. Rev. 4, 021307 (2017)

intensified fluorescence centered at 485 nm in solid powder.
The 46/PtOEP mixture in THF solution does not show
upconverted emission upon excitation at 532 nm, even with
an excitation power up to 220 mW/cm?, while their mixed
powder displays clear upconverted emission at 485 nm under
the same laser excitation [Fig. 14(b)]. In THF solution,
PtOERP itself shows bright phosphorescence at 650 nm with a
single exponential decayed lifetime of 66 us. The presence
of 46 not only efficiently quenches the phosphorescence of
PtOEP, but also significantly promotes the phosphorescence
decay, indicating that the triplet energy of PtOEP is trans-
ferred to the triplet state of 46 in solution. However, the trip-
let states of 46 cannot undergo the two excited triplet
annihilation process to produce upconverted fluorescence.
Their triplet excited states undergo immediate ISC to ground
state due to the conformational twisting around double bond
and the photoisomerization in triplet state. In solid state, the
large structural change is prohibited which also prevents the
crossing from triplet state to ground state, and 46 exhibits a
very long triplet state lifetime of ~90 us, which is long
enough for the triplet excitons to migrate, collide, and even-
tually annihilate to produce upconverted emission [Fig.
14(c)].

10. Logic gate

Molecular logic systems have great potential in the
applications of information process and medicine.”
Fluorescence materials show superior performance in con-
struction of simple and combinational logic systems in terms
of sensitivity and feasibility, but these devices employ
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fluorescent properties of molecules in solution. The discov-
ery of AIE provides great opportunities to develop bright
and tunable solid-state emitters, which opens the new avenue
for memory devices, sensors, and the solid state logic opera-
tion.' The A-shaped 3,4-bis(4-(9-carbazolyl)phenyl)-N-
methylmaleimide (47) [Fig. 15(a)] is one example of
AlEgens that have been used for construction of solid state
logic gate systems where fluorescence intensity or wave-
lengths are used as a signal output.101 47 adopts a D-n-A-7-
D structure, and the strong ICT effect from the carbazole
donor to maleimide carbonyl acceptor leads to a large Stokes
shift of over 200nm as well as a distinctive solvent-
dependent emission behavior. Its emission peak shifts from
574nm in toluene to 649 nm in acetonitrile. 47 exhibits a
typical AEE feature, which shows weak emission with a # of
4.0% in good solvents such as dichloromethane, but emits
strongly in solid state. The 1 of 47 in powder and film state
was measured to be 38.0% and 10.0%, respectively. As the
powder adopts a crystal structure while the film is amor-
phous, 47 exhibits crystal-induced emission enhancement
(CIEE) activity. Three different crystals for 47 are obtained
(RC, YC1, and YC2), where RC shows a red emission with a
n of 23.0%, while YC1 and YC2 exhibit similar greenish
emission with #5s of 72.0% and 80.0%, respectively.
Moreover, applying different external stimuli is able to tune
the optical properties of these solids [Fig. 15(b)]. Grinding
the yellow emissive pristine powder (1 =38.0%) leads to
weak orange emission with a y of 8.0%, while further heat-
ing the powder at 105°C for 3min or fuming in acetone
vapor for 5 min could return the solid back to its initial yel-
lowish state. This yellow-orange-yellow switching can be
reversibly repeated many times. In addition, heating at 160
or 290 °C, grinding or fuming could also lead to the switch-
ing between different fluorescence states for RC crystal of
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47. Four simple sequential logic (AND, NAND,
INHIBITOR, and IMPLICATION) and one non-sequential
gate NOR can be constructed based on the fluorescence
intensity and wavelength changes upon different treatments
[Fig. 15(c)]. For example, using heating RC at 290 and
105 °C for 3 min as input and yellow fluorescence at 560 nm
as the output (Is¢0) an AND gate operation was designed.
The unique properties of 47 crystals with tunable fluorescent
properties (as the output, Isqp, lg40) under different inputs
(290, 105, 160°C, grinding) make it possible to construct
more complicated logic gates [Fig. 15(c)].

B. Physical processes

Most of the organic materials are soft materials and they
are flexible and dynamic. Their conformational shapes can
be changed along with different physical processes, during
which their property changes can reflect and probe these pro-
cesses, such as morphology changes, crystallization, and
other single or multiple physical processes. Fluorescence is a
very sensitive technique with ease of handling and accessing,
which further makes AIE materials an excellent toolbox for
detection and visualization of different physical processes. In
this section, we discuss how AlEgens are engineered to
respond to or monitor different physical processes such as
glass transition, crystallization, self-assembly, and polymer
gelation.

1. Glass transition

Glass transition refers to the reversible transition
between glassy state and rubbery PMMA of amorphous pol-
ymers which normally is associated with large changes in
their mechanical properties.'”> The determination of the
glass transition temperature (T,) is very important in their
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practical applications, such as solar cells and drug release.
The current techniques for T, determination are based on
dilatometry or dynamic mechanical analysis and DSC, which
suffer from different drawbacks. For example, dilatometry
has poor accuracy,'®® dynamic mechanical analysis requires
a large amount of samples,'® and DSC only gives a temper-
ature range.'® Fluorescence with high sensitivity appears to
be a promising approach but the weak fluorescence of con-
ventional fluorophores in aggregated state hampers their sen-
sitivity. In this regard, AIE active materials are able to
provide accurate information about T, based on their excel-
lent brightness in solid state that cannot be achieved by con-
ventional ACQ fluorophores.'” In one study reported by
Tang and Liang et al., amorphous polystyrene with narrow
molecular weight distribution was selected as the model
polymer. TPE (1) was uniformly doped into the polystyrene
matrix without forming large aggregates, which renders the
TPE/polystyrene mixture bright blue emission under UV
radiation. DSC analysis reveals that TPE doping does not
cause noticeable changes to the glass transition of polysty-
rene, which occurs in a temperature range of 78-98 °C with
a center at 89.5°C (T,). The emission spectra of the TPE/
polystyrene mixture at different temperatures are shown in
Fig. 16(a). It clearly shows that the fluorescence intensity of
TPE decreases with rising temperature. The plot of peak
intensity against temperature gives two straight dropping
lines below and above 80 °C, and the slope increases after
80°C [Fig. 16(b)]. The T, for polystyrene was determined to
be 80 °C, which was very close to the onset temperature of
78 °C, much more accurate than the DSC result. At low tem-
perature below 80°C, TPE molecules are doped in glassy
polystyrene polymer matrices, the rigid structure can restrict
the intramolecular motions of TPE, which leads to an
enhanced radiation dissipation pathway, and hence, TPE
gives high fluorescence. Above T\, the polystyrene is in rub-
bery state, the movement of polystyrene chains is not able to
restrict the free intramolecular motions of TPE. These
motions consume more excited state energy, leading to less
efficient fluorescence of TPE. TPE also shows excellent
repeatability in monitoring the glass transition of the TPE/
polystyrene mixture, where repeatedly altering the tempera-
ture between 40 and 110 °C gives reversibly switchable fluo-
rescence intensity. Considering the ease of luminescence
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spectrometers, AIEgens provide a facile and straightforward
determination of the glass transitions of the polymers.

2. Crystallization

The transformation from amorphous-to-crystalline
(ACT) of organic molecules has played indispensable roles
in lots of research fields such as semiconducting processing,
catalysis, and drug delivery.'®” Although the ACT process in
semiconductors is fairly well studied, it remains challenging
to reveal the detailed crystallization processes for complex
molecules, especially the solid state crystallization. Due to
the ambiguous interface between amorphous and crystalline
regions, the study of ACT is still really rare even with high-
edge instrumentation.'® AIEgens exhibit bright emission in
different solid states, and their emission colors and bright-
ness could vary between amorphous and crystalline states,
which thus could provide a facile way to realize real-time
monitoring of the ACT process using a standard optical
microscope. Tao et al. reported an in situ microscopic obser-
vation of ACT by using AIE microparticles.'” Figure 17(a)
shows the structure of the selected AIE active molecule, 1,2-
bis(7-bromo-9,9-dibutyl-fluorenyl)-1,2-diphenylethene  (48).
48 crystal gives a deep-blue emission (emission peak at
~460nm) and the fluorescence changes to greenish color
(emission peak at ~520nm) when it forms amorphous pow-
ders [Fig. 17(b)] with an absolute 1 over 90.0%. The micropar-
ticles with size around 3 um formed solely from 48 were used
for ACT process study. Before exposure to ethanol vapor,
these microparticles exhibit bright green fluorescence with a
relatively dark spot in the center. Exposing them to ethanol
vapor could induce the ACT process, where at 10 h, the micro-
particles emit dense blue fluorescence with a shallow blue ring
around, which separated the blue crystal core from an amor-
phous greenish shell. Along with the increased fuming time,
the shallow ring disappeared and the blue crystalline core kept
increasing in size. Moreover, diffraction analysis also revealed
that the green-to-blue emission transition was associated with
crystalline formation, which thus provided a direct visualiza-
tion of the ACT process. Further investigation was carried out
to study how small fragment interaction with the microparticle
shell could affect the ACT process. When a small fragment
slightly touches the particle surface, it is gradually absorbed by
and merged into the microparticles, which does not affect the
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FIG. 16. (a) Fluorescence spectra of
polystyrene doped with 0.1 wt. % TPE
(1) at various temperatures and (b) fluo-
rescence intensity at 470nm as a func-
tion of temperature normalized to
110°C. Excitation: 350 nm. Reproduced
with permission from Bao et al., Polym.
Chem. 6, 3537 (2015). Copyright 2015
Royal Society of Chemistry.
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crystallization of the core [Fig. 17(c)]. When the fragment is
moved heavily to strike a microparticle, crystallization takes
place at the contact site as well as the microparticle core, both
crystalline sections join together to form a longer ribbon at the
expense of the microparticle size [Fig. 17(d)]. When two
microparticles contact with each other, both the cores and the
interacted location have the ACT process, and the crystalline
parts eventually join together to form the capsule-like ellipsoid
with a uniform amorphous shell [Fig. 17(e)]. As efficient solid
state emitters with distinguishable emission color in amor-
phous and crystalline states, AIEgens could serve as excellent
materials for monitoring crystallization processes.

3. Self-assembly

Self-assembly refers to the physical process where large
organic molecules or polymer aggregates in response to sol-
vent polarity or solubility change, and it plays fundamental
roles in nature. The study of the spontaneous interfacial self-
assembly process especially in highly dynamic interfacial
layers remains to be captivating.''® The unique feature of
AlEgens to alter their emission properties in response to the
microenvironment changes provides a special window for
real-time monitoring of dynamic self-assembly at thin inter-
facial layers. A hyperbranched polymer (49) [Fig. 18(a)] was
designed by incorporating TPE into polytriazine as the
repeating unit.''' 49 is an AIE-active polymer with strong
emission as nanoaggregates or when forming rigidified
patterns [Fig. 18(b)]. To study the self-assembly process, the
chloroform solution of 49 was cast onto a glass side under
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images of the crystallization process
due to contact between microparticles.
(c) Slight contact with a fragment, (d)
in-depth contact with fragment, and (e)
twin microparticles. The scale bars in
(c) and (d) are 2 um, and those in (e)
are 5 um. Reproduced with permission
from Ye et al., Angew. Chem. Int. Ed.
54, 7976 (2015). Copyright 2015
Wiley-VCH.

humid airflow, which formed the honeycomb-like porous
arrays driven by the hydrophobic force [Fig. 18(c)]. This
self-assembly process was visualized in four steps [Figs.
18(d)-18(f)]. In step 1, small water droplets were first
formed on the surface of chloroform solution without any
observable fluorescence, indicating that 49 was well dis-
solved without aggregate formation. In step 2, the droplets
assembled into ordered arrays and stop grows, and started to
emit weak fluorescence, suggesting that 49 was enriched and
aggregated at water-oil and water-air interfaces along with
the chloroform evaporation. With further chloroform evapo-
ration in step 3, the film around the water droplet started to
burst in different directions, during which process 49 was
accumulated at bursting gap edges. In the final step, a highly
fluorescent film with ordered porous arrays was formed after
complete evaporation of water and chloroform. This study
reveals that wrapping the water droplet by a thin film layer
followed by rupture and expansion plays an important role in
the interfacial self-assembly process.

4. Micelle formation

Another example of self-assembly is the formation of
micelles, which is the aggregation of surfactant unimers in
aqueous solution when the surfactant concentration is above
the critical micelle concentrations (CMC). The application
of surfactants and study of surfactant micelle transition pro-
cesses remain a very hot topic. The rapid advance of modern
techniques has provided kinetic monitoring of these transi-
tions such as using in situ small-angle X-ray scattering.
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FIG. 18. (a) Chemical structure of 49. (b) Schematic of 49-based imaging technology for real-time monitoring of the interfacial processes. (c) Schematic of
breath-figure formation and representative SEM images of the ordered porous film formed by breath figures. (d) Schematic illustration, (e) fluorescence micros-
copy images, and (f) representative progressing frames showing macroscopic evolution of emission signal of the four main steps of breath figures observed
with in situ AIE imaging. Reproduced with permission from Li et al., Angew. Chem. Int. Ed. 53, 13518 (2014). Copyright 2014 Wiley-VCH.

However, as the most widely used imaging method, direct
visualization of micelle transition by fluorescence still
remains rare, mainly due to the ACQ effect of conventional
fluorophores. With the help of AIEgens, efficient emission in
aggregate state is achieved. By incorporating TPE units into
sodium dodecyl sulfonate, the AIE surfactant (50) [Fig.
19(a)] was designed for direct observation of micelle transi-
tions and formation of microemulsion droplets (MEDs).112
The CMC for 50 was evaluated by surface tension as well as
conductivity variation measurements, which gave a CMC
value around 30 uM. The transmission electron microscope
(TEM) image for 40 uM 50 reveals spherical shaped micelles
with a radius of 3.5 % 0.5 nm, suggesting that 50 is a typical
anionic surfactant. 50 has two absorption peaks at 250 nm
and 318 nm corresponding to phenyl groups and conjugated
TPE, respectively. Along with increased concentration in
aqueous solution, 50 shows gradually increased fluorescence
with an inflection point at 30 uM, after which the fluores-
cence enhancement rate decreases, indicating the changes of
aggregate state. Such changes should be due to the formation
of micelles, where the TPE units presented in the nonpolar
interior of micelles have more freedom as compared to that
in the aqueous environment. The structure transitions of 50
micelles can be induced by adding the neutral electrolyte
(e.g., NaCl) into water and monitored by a confocal micro-
scope. The size of 50 micelles is beyond the resolution of
confocal measurement, and hence they exhibited as lumines-
cent dots due to the diffraction blur [Fig. 19(b)]. Upon addi-
tion of 0.5M of NaCl into the 50 micelle aqueous solution,
the effective thickness of the micelle double layers reduced,

which resulted in the reduced repulsion between micelle
anionic heads. As a result, the anionic heads pack in a more
compact manner, and the spherical micelles are transitioned
into rod-like micelles [Fig. 19(c)]. Further increasing the

() so; na

O

I
o0
50

FIG. 19. (a) Chemical structure of 50. (b)—(d) Fluorescence microscopy
images of the 50 micelles in (b) pure water, (c) 0.5M NaCl solution, and (d)
1.0M NacCl solution. [50] =80 uM. Reproduced with permission from Guan
et al., Angew. Chem. Int. Ed. 54, 15160 (2015). Copyright 2015 Wiley-VCH.
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NaCl concentration to 1.0M leads to elongated rods and
occurrence of wormlike micelles [Fig. 19(d)]. TEM and rhe-
ology measurements also show similar micelle transition
processes, but they are not able to provide the most direct
visualization of the native state of these transition processes.
Computational analysis using a mathematical model
revealed that the distance between two adjacent TPE units
should be less than 0.54 nm (half of TPE length) to activate
the RIR and micelle emission. This study not only demon-
strated a feasible approach for real-time monitoring of the
micelle transition process, but also further elucidated the
AIE mechanism.

5. Gelation

Hydrogels, especially chitosan (CS) based hydrogels
that provide a large range of applications, have drawn tre-
mendous research attention.''> Among different methods
used to fabricate CS based hydrogels such as cross-linking
and complexation with other polymers, the solubilization of
CS in acidic aqueous solution represents the most facile
approach. Using alkali-urea as the aqueous medium, CS
hydrogels with excellent hardness, strength, and toughness
have been developed.’ 4 However, detailed understanding of
the gelation process is still limited. The current direct gela-
tion visualization methods are based on a scanning electron
microscope (SEM) or TEM, which requires dry samples, so
that they cannot be used to study the native stage of hydro-
gels.l 15 Due to the lack of suitable tools, direction visualiza-
tion of the transformation during the entire gelation process
has not been investigated. Utilization of fluorescence techni-
ques is a convenient approach, but the diminished emission
in aggregate state has hampered their great potential. Very
recently, Tang et al. have successfully realized the visualiza-
tion of the gelation process of CS LiOH-urea solution with
the help of AIEgens.116 In their demonstration, TPE was
used to label CS to yield TPE-CS (51) [Fig. 20(a)]. TPE-CS
with different degrees of labelling (DLs) were synthesized,
and these samples exhibited light yellow color under normal
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room light and emitted strong blue light under UV illumina-
tion [Fig. 20(b)]. TPE-CS showed intensified brightness and
decreased solubility along with increased DLs, and TPE-CS
with DL of 1.54mol. % to minimize the TPE interference
towards the CS gelation was used for monitoring of the gela-
tion processes of CS, where CS and TPE-CS exhibited similar
gelation behaviors. A confocal laser scanning microscope was
used to real-time visualize the gelation process in a CS con-
centration range of 10~2 g/ml. The solution of TPE-CS shows
a uniform light blue image without any specific pattern [Fig.
20(c)]. At the thermal gelation stage upon heat absorption
starts, some areas appear bright blue emission, which keep
growing along with the heating time. The fluorescence
increase stops after a certain time with stabilized patterns,
indicating the terminal point of thermal gelation [Fig. 20(d)].
However, this point does not represent the termination of the
entire gelation process, as the removal of LiOH and urea
could further induce the development of gel structures [Fig.
20(e)]. Further study of optical transparency and elastic
behaviors showed good consistence with the fluorescence
imaging, which indicated that the entire gelation process
involved two stages. The embryonic structure and crystal
were formed during the thermal gelation stage driven by ele-
vated temperature; the rinse stage increased these inter/intra-
molecular hydrogen bonds which caused the increased
toughness and volume shrinkage. This study provides a simple
and straightforward method to study various gelation systems.

6. Inorganic composite dispersion

Organic-inorganic composites have been very actively
involved in various scientific researches. Understanding how
the inorganic compounds are dispersed into organic matrices
plays important roles for further improving their proper-
ties."'” The dispersion state and the dispersion-property cor-
relation have been widely studied by TEM or 3D-TEM
tomography. However, these observations require very com-
plex and time-consuming handling from professional person-
nel. In addition, the small observation windows of TEM are

FIG. 20. (a) Chemical structure of 51.
(b) Digital images of formation of
hydrogel with 51: solution of 51, 51 gel
after thermal gelation, and 51 hydrogel
after complete removal of LiOH and
urea; scale bar: 5.0mm. The fluorescent
photographs were taken under ultraviolet
illumination (365nm). (c)—(e) Confocal
laser scanning fluorescence microscope
images of the gelation process of 51: (c)
solution; (d) gel after thermal gelation;
(e) hydrogel after rinse procedure; Scale
bar: 250 um (c)—(e). Reproduced with
permission from Wang et al., Nat.
Commun. 7, 12033 (2016). Copyright
2016 Nature Publishing Group.
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only suitable for organic-inorganic composite dispersion at
nano-scales, which is not truly representative of the whole
sample. A fluorescence microscope with ultrafast scanning
speed and 3D visualization functionalities appears to be a
powerful imaging technique for organic-inorganic composite
dispersion study with large windows, but has not yet been
applied until the emergence of AIEgens to provide efficient
emission in solid state. Utilizing TPE-cored dodecyltrime-
thylammonium bromide cationic surfactant (52) [Fig. 21(a)],
the polyvinyl chloride (PVC)/montmorillonite (MMT)
organic-inorganic composite macrodispersion was directly
observed under a confocal fluorescence microscope.''® The
conductivity measurement revealed a CMC value of 32 uM
for 52. The plot of peak fluorescence of 52 at 490 nm versus
its concentration showed two straight lines with different
slopes and an inflection point at 32 uM, which indicated that
fluorescence properties could also be used for CMC determi-
nation. It is well known that mixing Na"™-MMT with an
organic polymer matrix induces the agglomeration of Na*-
MMT particles to form organic-inorganic composites. 52
was intercalated into the interlayer space of Na*-MMT and
the external surface inorganic cation Na' was replaced by
TPE-DTA™ with a zeta potential (&) change from —28.8 mV
to approximately OmV due to the positive ¢ of 52 around
43.5mV. With more hydrophobicity, the 52-modified MMT
appeared to be very swollen as compared to the well dis-
persed Na'-MMT particles. 52-modified MMT powders
emit very strong blue fluorescence, with a much improved
of 42.1% as compared to 52 in solution (7 =15.8%), while
Na"-MMT does not emit any fluorescence. The higher 5 of
52-modified MMT is contributed to the tightly restricted
intramolecular motions of 52 in the rigid framework of the
MMT layer. The macrodispersion of 52-modified MMT on
the PVC/MMT (5 wt. %) composite is investigated by TEM
and confocal microscope. The TEM image only shows the mor-
phology and microdispersion of 52-modified MMT in the PVC
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matrix from its lateral slice [Fig. 21(b)]. The morphology and
the dispersion state of 52-modified MMT can be clearly
observed from the strong blue emission, and with a large imag-
ing window (600 x 600 ,umz) where hundreds of luminescent
particles are seen on the dark ground [Figs. 21(c) and 21(d)].
Using the Z-scan technique, multiple images with different
depths provide a spatial distribution of the 52-modified MMT
particles in the PVC matrix [Fig. 21(e)], which thus provides a
real and impartial 3D dispersion state of MMT. In addition, the
rapid advance of fluorescence imaging techniques with high
spatial resolution such as stimulated emission depletion impar-
tial or stochastic optical reconstruction microscope (STORM)
could further provide more accurate information of these
organic-inorganic composites. To conclude, using AIEgens as
efficient solid state emitters, the confocal imaging technique
has facilitated the investigation of various solid state physical
processes of organic-inorganic hybrid composites with high
sensitivity and feasibility.

C. Stimulus processes

AlEgens are “smart” materials as they are able to change
their properties, particularly fluorescence properties, in
response to single or multiple stimuli processes. The unique
feature of AlEgens to tune their optical properties towards
changes from solution to aggregate, or from amorphous to
crystals has facilitated the study of different stimuli processes,
such as solvent polarity, temperature, pH, force, and fuming.
In this section, we demonstrate how to engineer AlEgens to
be stimuli responsive with some typical examples.

1. Mechanochromism

Organic molecules can easily form soft materials, which
tend to show pronounced responses to external stimuli.
These responses are not limited to the changes of molecular
packing, but also can reflect the electronic or optic changes.

FIG. 21. (a) Chemical structure of 52.
(b) Cross-sectional TEM micrograph
of PVC/52-modified montmorillonite
MMT (5wt. %) composite; the inset
showed the TEM image of 52-modi-
fied MMT. Scale bar: 1mm. (c)
Fluorescence microscopy image (600
x 600 um?) of PVC/52-modified MMT
(5wt. %) composite. (d) Schematic
representation of visualization of 3D
macrodispersion of fillers in organic-
inorganic composites. (e) 3D represen-
tation of 52-modified MMT dispersion
(cyan parts) in PVC matrix. All fluores-
cence microscopy images were taken
with a 405nm laser. Reproduced with
permission from Guan et al., Nat.
Commun. 7, 11811 (2016). Copyright
2016 Nature Publishing Group.
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The phenomenon that organic fluorophores change their
luminescence in response to mechanical force is referred to
as mechanochromism.''® Materials with mechanochromism
have been widely applied in various technological applica-
tions, such as memory chips, sensors, and optical storage.
AIE materials that exhibit distinguished emission in crystal-
line and amorphous states are one representative of such
smart materials. Their crystalline and amorphous states are
controllable by mechanical forces such as shearing or
grounding, or by appropriate thermal annealing or vapor
fuming. Sun and Tang et al. took advantages of the static
interaction and developed an ion pair containing a TPE
derivative, [TPE-DPy-DMe]*"[PFs],>~ [53, Fig. 22(a)] to
demonstrate the mechanochromic behavior of AIE materi-
als.'?” 53 has high yellow emission in crystalline state but
moderate red fluorescence in amorphous state. Prepared
directly from solvent evaporation, crystals of 53 show an
emission peak at 560 nm and a u of 43.0%. When grounding
with a pestle or shearling with a spatula, the solid emission
peak shifts to ~605 nm with a # of 18.0%, indicating a typi-
cal mechanochromic behavior. Different from uncharged
TPE molecules that vapor fuming can easily convert their
amorphous solids to original crystalline states, the emission
change for 53 is irreversible and cannot be recovered to the
original yellow greenish state. Dichloromethane fuming for
Smin can only lead to a slight blue-shift of the emission
peaks to 598 nm. However, the ground amorphous powder
can be recrystallized into the initial state when it is re-
dissolved in dichloromethane and dried. The amorphous
ground sample is metastable and it should be recovered to
the thermal-stable crystalline state by thermal annealing.
However, the thermal annealing at 120, 140, 160, and 180°C

grinding

Appl. Phys. Rev. 4, 021307 (2017)

for 1h can only lead to a slight blue-shift of the emission
peak of 2, 6, 3, and 6 nm, respectively, which are very small
as compared to the spectra shift between ground and crystal-
line samples (>40nm) [Fig. 22(a)]. This thus further proves
that the mechanochromic behavior of 53 is irreversible by
vapor fuming and thermal annealing. Such irreversible
mechanochromic behavior makes 53 an ideal candidate for
long term storage applications. Another AIE example with
mechanochromic behavior is 54 with an asymmetric D-A-D
conformation [Fig. 22(b)].75 54 exhibits AIE-delayed fluo-
rescence and white emission in solid state. The emission and
XRD analysis were used to study the grinding stimuli effects
to 54 [Fig. 22(b)]. With increased grinding time, the crystal-
line component of 54 is obliterated, where the blue emission
centered at 456 nm decreases, while the yellow emission at
554nm does not show any change. The blue emission is
ascribed to the crystallographic state which probably exhibits
“quasi-axial” conformer, and the yellow emission is attrib-
uted to amorphous state which probably displays “quasi-
equatorial” conformers. In addition, 54 also exhibited tem-
perature dependent emission properties, where the blue emis-
sion increased with declined temperature, while yellow
emission was not responsive to temperature changes.

2. Piezochromism

Piezochromic materials are able to give observable sig-
nal changes in response to higher external pressure, which is
desirable as pressure sensors for detection of damages.
However, due to the collapsing of organic backbones and
associated phase transition during compression, piezochro-
mic materials with reversible and reproducible emission
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FIG. 22. (a) and (b) Representative examples of mechanochromic AIEgens. (a) Emission peak/color changes of 53 upon grinding or heating, and the photo-
graphs of the light emission from 53 of as-prepared crystals, grinded powders. Reproduced with permission from Hu ef a/., Chem. Commun. 51, 8849 (2015).
Copyright 2015 Royal Society. (b) Emission and XRD spectra of 54 upon different grinding time. Reproduced with permission from Xie et al., Angew. Chem.

Int. Ed. 54, 7181 (2015). Copyright 2015 Wiley-VCH.
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color changes are very rare. AIE-active materials with rigid
and highly twisted structures are potential piezochromic
materials due to their intrinsic loose packing and space for
molecular rearrangement. In 2016, Lu et al. reported the AIE
crystals of 55 [Fig. 23(a)] with unique piezochromic fluores-
cence behavior for pressure sensing.'?' Containing cyano-
and carbazole substituents, 55 exhibits a highly twisted
conformation with strong green emission (emission peak at
529 nm, n=>56.4%). Hydrostatic pressure generated from
diamond anvil cells was applied to 55 crystals to study the
influence of pressure on its fluorescence. Upon increasing
the external pressure from 1atm to 9.21 GPa, the emission
color of 55 crystals changed from green to orange and further
to red with a red shifted emission peak from 529 nm at 1 atm
to 684nm at 9.21 GPa [Fig. 23(a)]. In addition, the emission
could fully recover to green (529nm) upon releasing the
pressure to 1atm, indicating the excellent reversibility and
repeatability of 55 crystals as the pressure indicator. In addi-
tion, plotting the emission peak wavelength against the
external pressure gave a straight line, which demonstrated a
good linear relationship between emission wavelength and
pressure. Further in situ Raman analysis revealed that the as-
prepared 55 crystals have porous and distorted configuration,
which provide enough space to withstand high external pres-
sure. The compression under high pressure could lead to
shrinkage in a crystal lattice with large deformation but
without destroying crystal structures. Such an excellent
meta-stability of 55 crystals under external pressure changes
ensures its reproducibility and reliability.

Appl. Phys. Rev. 4, 021307 (2017)

In addition to traditional AIE mechanochromic materi-
als, organic-inorganic hybrid materials such as MOFs have
also been developed for piezochromism. MOFs have very
high porosity and internal surface area, which make them
great candidates for various applications. Using TPE-based
derivative as linkers, MOFs with high brightness have been
demonstrated. Benefited from the highly twisted structure,
Zhou et al. demonstrated a stable Zr-MOF using TPE deriva-
tive 21 as the linker, which showed a unique piezochromic
behavior.'”> The Zr-MOF, denoted as PCN-128W (PCN
stands for porous coordination network, W refers to white),
prepared under solvothermal conditions using trifluoroacetic
acid as the competing reagent is white crystalline powders
under room light. Upon compression with glass slide or treat-
ment with 6.0 M HCI solution, it turned into yellow powders
denoted as PCN-128Y (Y represents yellow). Both powders
are crystalline with a similar structure belonging to the same
group (P6/mmm) and same topology (csq-a), where the Zrg
clusters are linked by rectangular 21 planar ligands.
However, the coordination sites between Zrg clusters are
quite different, being trifluoroacetate groups for PCN-128W
and terminal OH/H,O groups for PCN-128Y. The rectangu-
lar linker sizes formed by the four oxygen atoms in 21 are
18.9 x 11.7A for PCN-128W and 19.7 x 10.0 A for PCN-
128Y, respectively [Fig. 23(b)]. The presence of two trifluor-
oacetate groups oppositely attached to adjacent Zrg clusters
led to PCN-128W as in ascent mode. Under compression,
the linkers of PCN-128W were able to shrink along the c
axis upon compression to yield PCN-128Y in descent mode,

(a)

0
“N

680

<D

B

o
1

600

Wavelength (nm)

560

520

9.21 GPa

G
f

>
hS

s

9

4

PCN-128W

bt
6 8

Pressure (GPa)

PCN-128Y

FIG. 23. Representative examples of piezochromic AIEgens. (a) Plot of relative emission wavelength and intensity of 55 vs. various pressure and the corre-
sponding images of 55 crystal during a pressurizing and depressurizing cycle: excited by a 355 nm laser. Reproduced with permission from Feng et al., Chem.
Commun. 52, 3836 (2016). Copyright 2016 Royal Society of Chemistry. (b) Comparison of 21 linkers in PCN-128Y and PCN-128Y, and simplified schematic
diagram illustrating the reversible motion of PCN-128W and PCN-128Y, respectively. Reproduced with permission from Zhang et al., J. Am. Chem. Soc.

137, 10064 (2015). Copyright 2015 American Chemical Society.
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and the whole process was reversible [Fig. 23(b)]. The
freshly prepared PCN-128W showed bright blue emission at
470 nm, while the descent PCN-128Y emitted green fluores-
cence at 538 nm, and the emission color changes were asso-
ciated with rectangular linker changes, indicating the
piezochromic behavior of PCN-128W. For PCN-128W, the
coordinated trifluoroacetate groups are able to lock the 21
linkers in an “open” shape, leading to a high HOMO-LUMO
energy gap with blue emission. Treatment with strong acids
could remove the trifluoroacetate groups, and also remove
the hindrance between Zrg clusters, which lead to relaxation
of the trifluoroacetate linker and slow transformation from
PCN-128W to PCN-128Y at room temperature. Due to the
restriction by trifluoroacetate groups, the compression
towards PCN-128W by glass slide can only lead to the emis-
sion shift from 470nm to 504 nm. After using DMF to
remove the TPA groups, the emission of PCN-128W is
shifted to 508 nm. Further applying compression could lead
to red-shifted emission to 536 nm. Such study reveals the
promising potential of AIEgens for the development of effi-
cient piezochromic materials.

3. pH

Exhibiting strong proton capture ability, N,N-diethylben-
zenamine has been widely used for developing pH sensors.
By replacing the four phenyl rings with diethylbenzenamine
groups, tetra(4—(diethylamino)phenyl)ethene (56) [Fig. 24(a)]

was developed to show multiple stimuli responsive proper-
123
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fluorescence quantum yields increase from 0.2% in THF to
35.5% as nanoaggregates in the THF/water mixture at a water
fraction of 95%. The emission peaks located at 513 and
509 nm are for amorphous and crystals, respectively, with a 5
of 63.5% for the former, and 68.9% for the latter. Benefiting
from the electron rich nature of diethylbenzenamine groups,
56 possesses high electron density and exhibits a strong proton
capture capability. The emission spectra of 56 in buffers with
different pH vary obviously. Under acidic environments, 56 is
protonated to form quaternary ammonium salts (56a) with
good solubility in aqueous solution, which leads to the disso-
lution of 56 aggregate. The activation of the free intramolecu-
lar rotation of phenyl rotors leads to fluorescence quenching
of 56a in acidic buffer [Fig. 24(b)]. 56 shows very high fluo-
rescence intensity changes in the pH range of 4.0 and 6.0,
with a clear and good linear correlation (R2:0.9210). The
fluorescence switching in response to pH changes is very fast
with high repeatability and reliability where no spectral profile
changes can be found after 20 cycles [Fig. 24(c)]. As the pH
range from 4.0 to 6.0 is crucially important for lysosome
physiological processes (pH=35), acid rain detection
(pH=5.6 —4.6), and other life and environmental science
studies, 56 represents a promising candidate for sensitive pH
detection via fluorescence. Besides serving as a pH detector in
solution, 56 is also responsive to acidic and basic vapors. At
neutral state, the powder of 56 is yellow under room light and
emits green fluorescence. Upon exposure to HCI for 5min,
the powders turn white under room light and its emission
becomes sky-blue. Further treatment with hot trimethylamine

ties. 56 exhibits typical AIE properties, where its
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FIG. 24. (a) The structures and photo-
graphs of 56 and 56a in powder form
in room light and under UV light. (b)
The plot of /I, versus pH value, where
Iy is the PL intensity at pH=1.0; (c)
the reversible transformation in acidic
medium (pH =4.0, turn-off) and basic
medium (pH = 10.0, turn-on), where /,
is the PL intensity at pH=4.0.
Reproduced with permission from
Wang et al., J. Mater. Chem. C 3, 9103
(2015). Copyright 2015 Royal Society
of Chemistry.
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vapor can return the powders to initial neutral state. To con-
clude this section, with proper molecular design, AIEgens
are able to show smart responses to external stimuli or envi-
ronmental changes. These fluorescence responses are not
limited to solutions, where amorphous or crystalline AIE
materials are able to switch their emission towards grind-
ing, compression, pressuring, pH, temperature, and so on.
With the rapid advances of AIE world, more advanced and
smarter materials will be developed in future for various
stimuli process studies.

D. Biomedical applications

Biological research area is a vast and crucially important
field, where various species and numerous processes need to
be monitored and investigated. Fluorescence as a versatile
imaging technique with high spatial and temporal resolution
is the most indispensable platform for biological applica-
tions.'** Fluorescence imaging offers the most direct visuali-
zation of these biological species and events, in an on-site
and noninvasive manner, which has shown great advantages
over other modalities in the light of simplicity, high sensitiv-
ity, superior selectivity, high signal to background noise
ratio, and so on. Various materials have been embedded in
the biological sensing and imaging applications, including
the inorganic nanoparticles, organic dyes, fluorescent pro-
teins (FPs), etc. Inorganic nanoparticles, such as semicon-
ducting quantum dots are well known for their high
brightness and photostability but with inherently toxic heavy
metal components.'>* FPs provide the most accurate and pre-
cise visualization of protein activities,' but they require a
complex transfection process and suffer from silent gene
expression and potential gene mutation issues. Organic dyes,
on the other hand, have served in most biosensing and bioi-
maging applications, benefited from their tunable emission
and feasible structure modifications. However, the ACQ
effect faced by most conventional organic molecules has
limited their use at high concentrations, which compromises
the sensing sensitivity and imaging contrast. Exactly oppo-
site to the ACQ fluorophores, the low emission of AIEgens
as molecular species and the bright emission as nanoaggre-
gates facilitate the design of specific light-up probes. These
probes only turn on their fluorescence in response to specific
biological stimuli such as protein recognition or enzymatic
reaction. The low background noise also provides the oppor-
tunities for real-time continuous monitoring of biological
processes with high sensitivity without washing steps. In this
section, we focus on the showcase of the great performance
of AlEgens in different biological applications, from sensing
to imaging and therapy.

1. Bacteria sensing and imaging

Microorganisms play crucial roles in human being
lives and environment, and some bacteria have been
widely used in food processing, medical hygiene, or phar-
maceutical industry, while other are found to be the origin
of lots of human diseases.'*> The detection, imaging, and
active monitoring of the bacteria activities have great
implications. The specific feature of AIEgens to show their
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emission upon aggregate formation provides a facile
approach for sensing and imaging of different types of
bacteria.

Tracking of bacteria viability is of great importance in
the study of disinfection efficiency, antibacterial pharmaco-
kinetics and pharmacodynamics, and so on.'?* However,
conventional methods by counting colony forming units are
very laborious and often associated with underestimated
results, while conventional viability dyes suffer from high
toxicity and high background signal. In 2014, Tang et al.
developed a highly emissive and photostable AIE probe,
4.4'-(1,2-diphenylethene-1,2-diyl)bis(4,1-phenylene)diboronic
acid (57), for discrimination of live and dead bacteria.'?’
Incubation with 57 for 0.5-3h, no fluorescence can be
detected from live bacteria, regardless of Gram-positive nor
Gram-negative bacteria. While a short incubation time of
0.5h can lead to bright fluorescence from dead bacteria [Fig.
25(a)]. The fluorescence intensity of 57 in the presence of
dead bacteria is over 12-fold higher than that for the living
ones. A series of experiments revealed that 57 was able to
bind to the groove of the double-strained DNA of bacteria to
give brightness but it cannot penetrate cell walls of live bacte-
ria. For the live bacteria, the direct interaction of 57 with bac-
teria double-strained DNA was blocked by the presence of
cell walls, leading to the isolated 57 molecules in solution.
For dead bacteria, the membrane was broken, which opened
the access of 57 with the protoplasm and the binding towards
double-strained DNA to restrict the intramolecular motions,
and hence, the bright fluorescence from dead bacteria was
observed. Compared with commercial viability dyes, 57 pos-
sesses high brightness, excellent photostability, and apprecia-
ble biocompatibility, making it a suitable candidate for long-
term tracking of bacterial viability.

Besides blue emitting AIE probes, AIEgens with other
emission colors have also been designed for bacteria imag-
ing, and the yellow emissive cationic TPE derivative 58 is
one of such examples.'”® 58 possesses a styrylpyridinium
unit and a long alkyl chain, with an emission maximum at
~580nm. As an amphiphilic molecule, 58 dissolves well in
water at low concentrations with faint emission, but it can
form micelles at high concentrations with a CMC value of
20 uM. The micelles of 58 have an effective diameter of
240 nm with a polydispersity index of 0.20. Bearing two pos-
itively charged amino groups, 58 is able to bind to bacteria
driven by electrostatic interactions as bacteria cell envelop is
negatively charged. At a concentration of 10 uM, 58 is able
to turn on its fluorescence after binding to bacteria with a
very short incubation time of 10 min [Fig. 25(b)]. Benefiting
from the AIE feature, the background signal from unbound
58 is very low, which does not require any washing process
before imaging. Different from 57, 58 is able to stain both
dead and live bacteria. The cationic charges help facilitate
the interaction with bacteria, and the long alkyl chains and
the amphiphilic nature of 58 increase the intercalation and
permeability into the membrane by disturbing the amphi-
philic phosphatidyl lipid arrangement. The binding with and
insertion into bacteria membrane lead to distinguishable
brightness on the bacteria.
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FIG. 25. Representative examples of AIEgens for bacteria sensing and imaging. (a) Schematic illustration of discrimination of dead/live bacteria by 57. (b)
Fluorescence image of E. coli stained by 58. Reproduced with Zhao et al., Adv. Healthcare Mater. 3, 88 (2014). Copyright 2014 Wiley-VCH. (c¢) and (d)
Confocal images of (c) B. subtilis and (d) E. coli stained by 59, insets show photographs of 59 stained bacteria suspension in the presence of graphene oxide
under a UV lamp. Van: vancomycin. Reproduced with permission from Feng et al., Chem. Commun. 51, 12490 (2015). Copyright 2015 Royal Society of

Chemistry.

To address the targeting ability towards specific bacte-
ria, very recently, Liu et al. developed a red emissive AIE
probe (59) for fluorescence imaging and naked eye detection
of Gram-positive bacteria.'*® Vancomycin (Van) as a glyco-
peptide antibiotic has a very high binding affinity towards
the peptidoglycan sequence N-acyl-D-Ala-D-Ala presented
on Gram-positive.'*® The probe, 59 (Fig. 25), comprising
two Van groups and a core TPE derivative, shows negligible
red fluorescence in aqueous solution, benefiting from the
excellent solubility of Van groups. In the presence of Gram-
positive bacteria without Van resistance such as Bacillus
subtilis, 59 is able to turn on its red fluorescence centered at
650 nm, while 59 leaves Gram-negative bacteria intact with
negligible signal [Figs. 25(c) and 25(d)]. In addition, 59 also
possesses some binding affinities towards Van resistant
strains such as FEnterococcus faecium (Van A) and
Enterococcus faecalis (Van B), which also exhibit fluores-
cence turn-on in the presence of both bacteria strains.
Different from conventional bacterial staining dyes, which
have intrinsic fluorescence before bacteria labelling, the neg-
ligible fluorescence of 59 at initial stage and largely
enhanced brightness after binding provide a unique opportu-
nity for direct naked eye detection of Gram-positive bacteria.
The naked eye detection was performed at a relatively high
59 concentration of 20 uM, with the help of graphene oxide
to further reduce the background signal. B. subtilis aqueous
suspension provides bright red emission, while Escherichia
coli suspension does not emit any light [inset, Figs. 25(c)
and 25(d)]. On the other hand, Van A and Van B also exhibit
a different degree of red fluorescence. 59 also exhibits excel-
lent photosensitizing ability even in the aggregate state after
binding to bacteria, which makes it an excellent antibacterial
agent as compared to conventional photosensitizers which

suffer from reduced reactive oxygen species generation upon
. 131
aggregation.

2. Cellular organelle staining

Organelles play pivotal roles in cell life and death, and
their malfunctions could lead to serious diseases.
Fluorescence imaging that can provide images at nanometer
scales with high spatial and temporal resolutions appears to
be the best imaging modalities for imaging and monitoring
the activities of cell organelles. The development of
AlEgens has further enforced the powerful potential of fluo-
rescence imaging, in terms of brightness, biocompatibility,
and photostability. The unique feature of AIE based probes
to turn on its fluorescence also contributes to the new emerg-
ing biological areas. Compound 60 is one of such AIEgens
for labelling of cell cytoplasm.'** 60 was synthesized from
TPE by simply attaching ff-cyclodextrin (CD) to one phenyl
ring of TPE. The -CD moiety can largely inhibit the active
intramolecular rotations of TPE, and as a consequence, 60 is
very emissive with a n of ~16.0% even in isolated molecular
state, and the high brightness is also inherited by its nanoag-
gregates which formed naturally when dispersed in aqueous
solution. The 60 nanoaggregate was able to penetrate the cell
membrane and light up the interior space of cells upon incu-
bation with HeLa cells [Fig. 26(a)]. Moreover, 60 can spe-
cially label the cytoplasm of HeLa cells.

Cell membrane is a protective lipid bilayer that segre-
gates cell interior space and regulates the substance influx
and efflux. Considering its vital functions in cell adhesion,
nutrient transportation and cell signaling, it is of great impor-
tance to visualize the membrane and its related events.'*’
Currently, only few commercial organic dyes are available
for cell membrane staining, and thereby, development of
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FIG. 26. Representative examples of AIEgens for cellular organelle staining. (a) Confocal image of HeLa cell cytoplasm stained by 60. Reproduced with per-
mission from Liang et al., Chem. Commun. 50, 1725 (2014). Copyright 2014 Royal Society of Chemistry. (b) and (c) Confocal images of the HepG2 cell
membrane stained by (b) 61 and (c) co-stained by 61 and commercial membrane staining dye Dil. Reproduced with permission from Li et al., Chem.
Commun. 49, 11335 (2013). Copyright 2013 Royal Society of Chemistry. (d) Confocal image of MCF-7 cell lysosomes stained by 62. Reproduced with per-
mission from Gao et al., J. Mater. Chem. B 2, 3438 (2014). Copyright 2014 Royal Society of Chemistry. (e) Fluorescence image of HeLa cell mitochondria
stained by 63. Reproduced with permission from Zhao et al., J. Mater. Chem. C 1, 4640 (2013). Copyright 2013 Royal Society of Chemistry. (f)
Epifluorescence image and (g) super-resolution image of HeLa cell mitochondria structures stained by 64. (h) Transverse profiles of the single mitochondrion
along the yellow dotted line marked in the images (f) and (g). Reproduced with permission from Gu et al., Adv. Mater. 28, 5064 (2016). Copyright 2016

Wiley-VCH.

membrane staining dye is of practical importance. Very
recently, Li et al. developed an AIE probe (61) derived from
1,8-naphthalimide for specific labelling of cell membranes
with excellent photostability and low cytotoxicity.134 61
exhibits a bright green emission in solid state with an abso-
lute 1 of 73.0%. Due to its inherent high hydrophobicity, 61
forms nanoparticles in aqueous solution with an average
diameter of 150 nm. 61 nanoparticles show very poor cellular
uptake and they have a tendency to localize at the cell mem-
brane, where intense green emission is detected on the mem-
brane, but not in the cytoplasm and nucleus region [Fig.
26(b)]. Colocalization experiments with commercially

available membrane staining dye Dil [Fig. 26(c)] further con-
firmed the exclusive staining of cell membranes. 61 exhibits
much higher photostability as compared to Dil where contin-
uous laser scanning for 200s can only lead to less than
12% signal loss for 61 but over 65% loss for Dil.
Furthermore, 61 stays on HepG2 cell membranes and emits
strong green emission even after passage for 4 days.
Together with the very low toxicity, 61 represents an excel-
lent noninvasive membrane staining and tracking probe with
high photostability.

Lysosomes are cell membrane-bound organelles, which
are hydrolytic enzyme containing spherical vesicles and



021307-32 Feng et al.

responsible for cellular homeostasis, membrane repair as
well as cell signaling, etc. Visualization of their morphology
changes and mapping their intracellular distribution have
great implications in studying their functional activities.
However, the accumulation of conventional fluorogens in
lysosomes often leads to self-quenching due to the high
localized concentration. To visualize lysosome and monitor
the lysosome esterase activity, Liu et al. developed a specific
light-up probe based on AIE and ESIPT in 2014.'* This
probe (62) comprises a salicyladazine fluorophore, two ester-
ase reactive acetoxyl groups, and two lysosome-targeting
morpholines. The acetyl group (blue color) of 62 is cleaved
by esterase which leads to the formation of hydrogen bond
and activates the ESIPT and AIE processes in aqueous
medium to show bright fluorescence centered at 532 nm with
a large Stokes shift over 176 nm. 62 shows a fast fluores-
cence turn-on response towards esterase with excellent selec-
tivity in solution. Upon incubation with MCF-7 cells, the
fluorescence from 62 provided a discrete labelling pattern of
lysosome [Fig. 26(d)], which showed very good overlapping
with LysoTracker Red, revealing its high specificity for lyso-
somes in intracellular environment. Continuous laser scan-
ning revealed a high photostability of 62 as compared to
LysoTracker Red, where signal losses of 20% and 70% were
observed for 62 and LysoTracker Red, respectively, after
8min scanning. In addition, they also verified the critical
role of morpholine in targeting lysosome, where the control
group without morpholine conjugation showed low cellular
uptake, low signal contrast, and no specificity. With this sta-
ble and bright probe, the spatial and temporal distribution
and slight movement of lysosomes have been clearly visual-
ized and tracked.

Mitochondrion, the powerhouse of the cells, plays prom-
inent functions in cellular metabolic activities, such as regu-
lating cell cycles, growth, and cellular differentiation.'*® The
dysfunction of mitochondrion leads to numbers of diseases,
such as cardiac dysfunctions, heart failure, and Alzheimer’s
disease. Direct visualization and active tracking of mitochon-
drion morphology changes are able to provide valuable
insights for apoptosis and degenerative conditions. To
achieve this goal, fluorescent dyes should have high specific-
ity and good photostability. Considering the excellent photo-
stability and largely intensified brightness upon enrichment
at the targeted site, AIE based mitochondrion probes are
promising candidates for mitochondrion imaging and
tracking. The mitochondrion targeting AIE probe (63) was
synthesized through the reaction between 1,4-dimethylpyri-
dinium iodide and 4-(1,2,3-triphenylvinyl)benzaldehyde.'?’
63 is a typical AIEgen, which shows very weak fluorescence
in THF solution, but strong emission in both amorphous and
crystalline states. Living HeLa cells after incubation with
5 uM 63 for 15 min show strong distinct yellow emission in
mitochondria [Fig. 26(e)], which is further verified by
co-staining experiments with commercial MitoTracker Red.
Continuous laser scanning was used to evaluate the photo-
stability of 63, which showed bright emission from distinct
mitochondria patterns after 180 s scanning, while the emis-
sion for MitoTracker Red was completely bleached under
the same conditions.
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Encouraged by the exciting performance of AIEgens for
organelle staining, more dedicated efforts from different
aspects have been devoted to this area. One notable example
is a photoactivatable fluorescence turn-on AIE probe 64 with
mitochondrion targeting for localization super-resolution
microscopy.'*® The super-resolution imaging technique
breaks the light diffraction limits (~200 nm for most fluores-
cence microscopies), which has attracted great research
interest in biological science recently. It increases the imag-
ing resolution to nanometer scale, which provides a powerful
tool for visualization of intracellular structures, especially
the morphologies of different organelles. One of the promis-
ing super resolution imaging techniques is single-molecular
localization microscopy, such as stochastic optical recon-
struction microscopy (STORM), which relies on fluores-
cence switching between bright and dark states. The
brightness, on/off signal ratio, and the specific targeting abil-
ity of fluorogens are the three key factors affecting the imag-
ing quality. Due to D-A (methoxy group as donor, 1-
methylpyridinium group as acceptor) configuration, the
aggregate of 64 is very bright in non-polar solvent (e.g., tolu-
ene), but it exhibits very weak emission in aqueous media
with high polarity.'*® 64 can undergo a novel photoactiva-
tion mechanism of photocyclodehydrogenation to form 64a,
during which its brightness is largely intensified (Fig. 26)
with an enhancement factor of over 160-fold as compared to
64. Further treating the probe with appropriate power could
photobleach the molecules to dark state. The fluorescence
switchable ability makes 64 promising for super resolution
imaging. The intracellular location of 64 was first evaluated
before applying it for super-resolution imaging. HeLa cells
labelled by 64 show very weak fluorescence, and applying
10s of light irradiation for photoactivation reaction could
lead to largely intensified emission on the mitochondria of
HeLa cells, demonstrating rapid and efficient in-cell turn-on
processes as well as excellent mitochondria specificity. The
epifluorescent image of mitochondria was first acquired prior
to STORM imaging, which showed totally blurred structures
with low resolution [Fig. 26(f)]. On the contrary, the
STORM image reconstructed from the bright and dark states
displayed a clearer mitochondrial morphology with much
more detailed mitochondria structures [Fig. 26(g)]. The
transverse profiles revealed a full-width at half-maximum
of 104.5 nm and 697.1 nm for STORM image and epifluores-
cence image, respectively [Fig. 26(h)]. The unique photoacti-
vation behavior of 64 makes it a promising probe for
super-resolution imaging with much improved resolution
than traditional fluorescence techniques.

3. Cell tracking

Continuous tracking of cell activities by fluorescence in
a non-invasive manner over a long period of time is pivotal
to extract critical spatiotemporal cellular information of
physiological displacement, translocation, and the fate of
cancer and stem cells."*® This information facilitates the
understanding of cancer or stem cell development and inter-
vention, providing insights for basic oncological researches
and the development of preclinical cell based therapies.
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Fluorescent proteins have been widely used for cell tracking.
However, virally introduce fluorescent protein gene into cell
genome or non-virally transfecting green fluorescent protein
(GFP) in cytoplasm have their own caveats, such as potential
random mutations for the former, low and varied GFP
expression efficiencies for different cells for the latter. Direct
labelling with organic fluorescent materials is therefore a
fairly straightforward approach. As fluorescence decreases
upon cell division, fluorescent cell trackers should possess
excellent cellular uptake, high brightness and good biocom-
patibility. In this regard, fluorescent nanoparticles with
excellent cellular retention as compared to their small molec-
ular counterparts are one of the most suitable solutions.
Different from conventional ACQ dyes, which suffer from
decreased or diminished fluorescence upon encapsulation
into nanoparticles, the AIE based nanoparticles show much
stronger and stable emission making them the excellent can-
didates for cell tracking.

Liu’s group has been actively involved in the develop-
ment of cell trackers with multiple colors to facilitate different
biological researches. 40143 They developed a general and
simple technique to fabricate ultra-bright AIE dots for cell
tracking applications. One of the good examples is the AIE
cell tracker using the green emissive AIEgen 65 [Fig. 27(a)]
as the core."* Biocompatible block copolymer lipid PEG
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such as 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (DSPE-PEG,oq) and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(-
polyethylene glycol)-2000] (DSPE-PEG;pp-Mal) were used
as the matrices to encapsulate AIEgens to ensure the compact
packing and high loading efficiency of these molecules into
AIE nanoparticles. Once these nanoparticles have average
sizes of ~30nm, they were further termed as AIE dots. The
surface maleimide groups on the AIE dots are able to facilitate
efficient surface conjugation with cell penetration peptide
HIV-1 Tat (RKKRRQRRRC) to yield 65-Tat AIE dots [Fig.
27(a)]. These AIE dots exhibit bright green emission centered
at 547 nm, with a very high 5 of 63.0%. The 65-Tat AIE dots
show very high cellular uptake with nearly 100% cell label-
ling efficiencies towards different animal and human cell
lines, which outperform the non-viral GFP transfection
approach in cell labelling, as GFP expression efficiencies var-
ied significantly from 1.3% to 68.7% among different cells.
When using human embryonic kidney 293T (HEK-293T)
cells, which have the highest GFP expression for cell tracking,
65-Tat AIE dots could track its activity up to 10 days. The
cell labelling rate was kept above 90% on day 5 and over 70%
on day 7 while nearly no cell gave GFP expression at day 5
post infection or incubation [Fig. 27(b)]. This clearly indicated
that the 65-Tat AIE dots could be efficiently internalized into

GFP/Day 30

7 12 14 17 21

FIG. 27. Representative examples of AIEgens for cell tracking. (a) Chemical structure of 65 and schematic illustration of 65-Tat AIE dots. (b) Confocal images
of HEK-293T cells labelled by pMAX-GFP (upper) and 65-Tat AIE dots (lower) at different days of post-incubation. Reproduced with permission from Feng
et al., Biomateirals 35, 8669 (2014). Copyright 2014 Elsevier Inc. (c) Chemical structure of 66. (d) The integrated PL intensities of the region of interest at
tumor sites labelled by 66-Tat AIE dots or Qtracker® 655, on designated days post cell injection. Reproduced with permission from Li et al., Sci. Rep. 3, 1150
(2013). Copyright 2013 Nature Publishing Group. (e) Tracking of ADSCs labelled by 66-Tat AIE dot in vivo at single-cell resolution. Reproduced with permis-
sion from Ding et al., ACS Nano 8, 12620 (2014). Copyright 2014 American Chemical Society.
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cells and passed to daughter cells during proliferation, which
offered a powerful cell tracker that can uncover some biologi-
cal events that cannot be visualized before.

For in vivo cell tracking, far-red (FR)/NIR emission is
highly desired to avoid the interference from auto-
fluorescence as wells as to have a deep tissue penetration
depth. To facilitate this objective, Liu and Tang et al. also
developed FR/NIR emissive AIE-Tat dots by using 66 as the
emissive AIE core [Fig. 27(c)].!** The obtained 66-Tat dots
show an absorption peak at 511 nm and an emission maxi-
mum located at 671 nm with a tail extending to 900 nm. The
66-Tat dots have a high n of 24.0%, which is over 10-fold
brighter than commercial Qtracker 655 with similar emission
maximum. Moreover, 66-Tat dots exhibit stable fluorescence
under continuous laser scanning while Qtracker 655 blinks.
66-Tat AIE dots are able to track the MCF-7 cell activity over
12 generations while Qtracker 655 can only track for 5-6 gen-
erations in in vitro experiments. When using 66-Tat AIE dots
to track the growth of C6 glioma cells in mouse, the fluores-
cence could be tracked for 21 days, while the fluorescence of
Qtracker 655 vanished at day 7 [Fig. 27(d)]. Encouraged by
the superior cell tracking ability of AIE dots, 66-Tat AIE dots
were further applied for noninvasive tracking of stem cells
and their regenerative capability."** Stem cells that can differ-
entiate into specialized cells are noted with regenerative capa-
bility for tissue engineering.'* Monitoring the cell fate and
regenerative therapy of adipose-derived stem cells (ADSCs)
is of great importance for stem cell therapy development.
66-Tat AIE dots also outperform Qtracker 655 in tracking of
ADSCs. At day 30 after ADSC administration, the red fluo-
rescence from 66-Tat AIE dots overlaps very wells with green
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fluorescence of GFP gene transplanted ADSCs [Fig. 27(e)],
indicating the high accuracy of AIE-Tat dots for in vivo track-
ing of ADSCs. With the help of bright red fluorescence from
the AIE-Tat dots, it reveals that ADSCs engaged in blood ves-
sel formation via formatting vascular structures. Along with
development of AlEgens, more and more AIE based cell
trackers have been developed with excellent perfor-
mance, ' &141:142.146.147 1, conclude, AIE-Tat dots are simple,
safe, and effective cell labelling and tracking reagents, which
have shown remarkable advantages over current commer-
cially available cell trackers.

4. Vascular imaging

Blood vessels serve as a physical barrier and function in
a highly responsive dynamic manner, allowing the regulation
of the transport rate of solutes, macromolecules, and cells
between blood and tissue.'*®!*’ The loss of barrier functions
or malfunction of blood vessel is commonly associated with
neurological disorders.'”® Two-photon fluorescence imaging
(TPFI) has been one of the most widely used techniques for
the visualization of blood vascular networks. Using DSPE-
PEG;000 as the matrix and 65 as the core, the developed 65
AIE dots are an excellent TPFI material for visualization of
blood vascular networks.'”" Besides the ultra-high brightness
under one-photon excitation, the AIE dots based on 65 also
show high two-photon cross section (¢) and two-photon
action cross section (og77) of 10.2 x 10%, and 6.3 x 10* GM,
respectively. Three intravital TPFI models: brain [Fig.
28(a)], bone marrow [Fig. 28(b)], and ear [Fig. 28(c)] were
used to evaluate the TPFI imaging capability of 65 AIE dots

FIG. 28. Representative examples of
AlEgens for vascular imaging. (a)
Brain, (b) bone marrow, and (c) ear
blood vessels stained by 65 AIE dots.
Reproduced with permission from
Ding et al., Adv. Mater. 25, 6083
(2013). Copyright 2013 Wiley-VCH.
(d) Schematic illustration of 66 AIE
dots fabrication. (e) Line scan along
capillaries of a mouse brain was used
to observe RBC flow and determine its
instantaneous velocity (dx/dt) with
two-photon  confocal  microscope.
Scale bar: 100 mm. Reproduced with
permission from Wang et al., Sci. Rep.
4, 4279 (2014). Copyright 2014 Nature
Publishing Group.

AADSPE-MPEGg,

Inst. RBC velocity = dx/dt
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for two-photon real-time blood vascular visualization. Prior
to AIE dot injection, almost no fluorescence in the range of
542 =27nm was observed upon excitation at 800nm.
Upon intravenous administration, the intrinsic fluorescence
from 65 AIE dots immediately lights up all the vascular
networks, where not only the major blood vessels but also
the smaller capillaries in the pia mater could be clearly
observed by the intense green fluorescence from the AIE
dots. 65 AIE dots exhibit much better blood vascular reten-
tion as compared to Evans Blue, the most widely adopted
vascular labelling reagents. The average fluorescence
intensity from AIE dots stained blood vessels is around 3-
fold and 20-fold brighter than those labelled by QD655 and
Evan Blue, respectively.

Meanwhile, FR/NIR emissive AlEgen 66 was also
selected for the development of AIE dots for in vivo two-
photon visualization of vascular network and evaluation of
red blood cell (RBC) velocity.'”*'>* As shown in Fig. 28(d),
the AIE-dot aqueous suspension was prepared by a micelli-
zation method. The chloroform solution of DSPE-mPEGs5
and 66 was first sonicated to prepare a homogeneous solu-
tion, which was further dried using a vacuum rotary evapora-
tor. The obtained red film was subjected to water addition
and sonication to induce micelle formation. The obtained
AIE dots and nanoparticles had a size range of 20—180 nm
depending on feeding ratio of 66. Upon intravenous injection
into mice, a bright two-photon fluorescence signal from ear
blood vessels can be detected under femtosecond (100 fs)
laser excitation at 800 nm, while no emission signal in the
blood vessels can be obtained upon one-photon excitation at
543 nm. The diminished fluorescence signal under one pho-
ton excitation is mainly due to the absorption/scattering loss
of 543nm laser in skin/blood, which provides direct evi-
dence of the large improvement in imaging depth of the
TPFI. Benefited from their PEG shells, the injected AIE dots
cannot internalize into red blood cells flowed in the blood
plasma, and individual red blood cells appeared as shadows
flowing with the fluorescent plasma during the fluorescence
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imaging [Fig. 28(e)], which provides a facile approach for
measuring red blood cell (RBC) velocity.

Multiphoton fluorescence is a non-linear optical (NLO)
process where multiple photons can be simultaneously
absorbed to generate the excited state to provide fluores-
cence.”” He and Tang er al. recently reported the three-/
four-photon excited luminescence (3PL/4PL) of AlEgens
using 66 as an example.'” Although 66 in the chloroform/
toluene mixture only shows 3PL under 1560 nm femtosecond
laser excitation, its solid state simultaneously exhibits 3PL
and third harmonic generation (THG) spectra upon excita-
tion by a 1560nm femtosecond laser [Fig. 29(a)]. In addi-
tion, the 3PL intensity showed a linear relationship with the
intensity of the THG, both are proportional to the femtosec-
ond laser power. The THG photons directly generated from
femtosecond excitation could be reabsorbed by 66 to pro-
duce the 3PL signal [Fig. 29(b)]. The 66-doped-silica nano-
particles possess both THG and 3PL signals, making it a
nanoprobe for multimodal NLO imaging. HeLa cells treated
by 66-doped-silica nanoparticles showed green (THG) and
red (3PL) emission, which overlap well with each other
[Figs. 29(c) and 29(d)]. The bright 3PL signal also makes 66
AIE nanoparticles an excellent reagent for visualization of
the vascular network in mouse brain with imaging depth up
to 550 um [Fig. 29(e)]. It should be noted that 66 was also
capable to generate 4PL as well as THG under 1950, 2010,
or 2070 nm femtosecond laser excitation, where 4PL and
THG are two independent NLO effects as the THG photons
of 650, 670, and 690 nm are not able to be reabsorbed to pro-
duce fluorescence. The high brightness, excellent photo-
stability and high biocompatibility, together with the
capability to be excited under two-photon or multiphoton
excitation clearly demonstrate the superiority of AIE dots as
vascular labelling and tracking reagents,'>*16-159

5. Theranostics

Nanomaterials with multidisciplinary and interdisciplin-
ary functions have become one of the most promising
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FIG. 29. (a) Simultaneous three photon
excited luminescence (3PL) and third
harmonic generation (THG) spectra
from 66 solid (excited by a femtosec-
ond laser at 1560nm). (b) Diagrams
showing the proposed excitation mech-
anisms of THG and THG-induced
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IPL. (c¢) THG and (d) 3PL images of
HeLa cells which were treated with 66
AIE nanoparticles for 2h. (e) 3PL
microscope image of mouse brain
blood vessels (intravenously injected
with 66 dots) at an imaging depth of
100 um. Reproduced with permission
from Qian et al., Adv. Mater. 27, 2332
(2015). Copyright 2015 Wiley-VCH.
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technologies for cancer diagnosis and therapy. These nanomate-
rials provide a multifunctional platform that allows simulta-
neous diagnosis and therapy, which is known as
theranostics.'®*'®" The combination of diagnosis and therapeu-
tics in one system enables the detection of targets, monitoring
bio-distribution of drug carrier as well as the evaluation of ther-
apeutic responses.'®*'%® So far, most of the AIEgens used in
sensing and imaging show emission color or brightness changes
under different environment, 128:134135.140.141.143144.146,164.165 [
this section, we discuss the great opportunities of multifunc-
tional AlEgens in the development of future theranostic
platforms.

In principle, fluorescence is produced when the fluoro-
gens undergo radiative dissipation from singlet excited states
to ground state. The exciton can also undergo the intersystem
crossing (ISC) process to triplet excited states, which can
either produce phosphorescence or react with surrounding
molecules or oxygen to produce radicals or singlet oxygen
species (10,).'°® Utilizing photosensitizers (PSs) to produce
'0, for cancer therapy is known as photodynamic therapy
(PDT). However, conventional PSs suffer from ACQ effects,
where both fluorescence and 'O, production are dramatically
decreased when the PSs are in the aggregate state,'®’ making
it more challenging for efficient PDT and the visualization of
PS location. Through elegant molecular design, the photo-
physical properties of AIEgens can be fine-tuned, which not
only provide distinguishable emissions from visible to FR/
NIR region, but also render them with photosensitizing abil-
ity. Fortunately, opposite to traditional PSs, in the aggregate
state, the non-radiative pathway of AlEgens is largely
blocked, which promotes both the radiative pathway and ISC
process. As a consequence, AIE-based PSs are able to pro-
duce both bright emission and efficient 'O, for image-guided
PDT.

Since the discovery of AIEgens as photosensitizers, their
applications in image-PDT have attracted great research inter-
est. One of the early examples is the study reported by Liu
et al., with 2-(2,6-bis((E)-4-(phenyl(4-(1,2,2-triphenylvinyl)-
[1,10-biphenyl]-4-yl)amino)styryl)-4H-pyran-4-ylidene)ma-
lononitrile (67) [Fig. 30(a)] as the AIE photosensitizer.168
67 shows AIE characteristics. The dual functional AIE
dots were synthesized via a modified nanoprecipitation
approach, where the dot surface was conjugated with cyclic
Arg-Gly-Asp (cRGD) tripeptide for selective targeting
integrin overexpressed cancer cells. The 67-cRGD dots
have an average size of 32nm with a low polydispersity of
0.12. Using 1,3-diphenylisobenzofuran (DPBF) as the 0,
indicator, the 67-cRGD dots show efficient 102 generation
in solution even with a very short light irradiation of 1 min.
67-cRGD dots can be exclusively uptaken by MDA-MB-
231 cells as evidenced by the intense red emission inside
the cytoplasm [Fig. 30(b)]. In addition, 67-cRGD dots can
also efficiently generate 'O, in intercellular environment as
indicated by the strong green fluorescence in cytoplasm
from the cellular ROS indicator dichlorofluorescein diace-
tate (DCF-DA) [Fig. 30(c)]. Among the tested cell lines,
67-cRGD dots only show obvious toxicity towards MDA-
MB-231 cells under light irradiation with a half-maximal
inhibitory concentration (ICsg) of 1.5 ug/ml, while the

Appl. Phys. Rev. 4, 021307 (2017)

KA o
YYD

(b) Targeted imaging (C) ROS

(d) 120 [ IMDA-MB-231 ZZZAMCF-7 RXINIH 3T3

100 LIL o
N Lﬁ N

[or]
o
)

Cell Viability (%)
& 8

N
o o
)

T T T

0.1 0f2 0f5 1 2 5
Concentration (ug mL-")

FIG. 30. (a) Chemical structure of 67. (b) Confocal image of MDA-MB-231
cells treated with 67-cRGD dots. (c) Detection of intracellular ROS produc-
tion by dichlorofluorescein diacetate (DCF-DA) in MDA-MB-231 cells after
incubation with 67-cRGD dots followed by light irradiation. (d) Viabilities
of MDA-MB-231, MCF-7 and NIH-3T3 cells in the presence of 67-cRGD
dots with light irradiation. Reproduced with permission from Yuan et al.,
Chem. Commun. 50, 8757 (2014). Copyright 2014 Royal Society of
Chemistry.

control cells of MCF-7 and NIH-3T3 exhibited high cell
viability [Fig. 30(d)]. It should be noted that 67-cRGD dots
show negligible toxicity to all the cells in the dark. AIE PS
dots thus represent a simple and flexible approach for
image-guided PDT.

As 'O, production results from triplet excited state,
improving the ISC process by reducing singlet-triplet energy
gap (AEy) should promote the triplet excited state generation.
Recently, Liu et al. reported a simple strategy to improve pho-
tosensitizing ability of AIEgens by fine-tuning the HOMO-
LUMO distribution and reducing the AE to favor 'O, pro-
duction.'® Based on the TPE core, a series of AIEgens with
different energy acceptors were designed and synthesized to
tune the HOMO-LUMO levels [Fig. 31(a)]. These three
AlEgens show a decreased AE; value from 0.48¢V for 68,
0.35eV for 69, and 0.27eV for 70, respectively. Along with
the decrease in the AE; values, the photosensitizing ability is
largely enhanced, which is evidenced by the decomposition of
an 102 indicator, 9,10-anthracenediyl-bis(methylene) dima-
lonic acid. With the smallest AE, 70 shows the quickest
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with permission from Xu et al., Chem.
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ing fluorescence. Reproduced with per-
mission from Hu et al., Anal. Chem.
86, 7987 (2014). Copyright 2014
American Chemical Society.
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decomposition rate towards the indicator [Fig. 31(a)] with the
highest 'O, quantum vyield of 89%, while the other two
AlEgens also have relatively high 'O, quantum yields of 32%
and 28%, respectively. It should be noted that all the tests were
conducted in aqueous solution, where all three AIEgens formed
aggregates with bright red emission under UV illumination.
The dual functional AIE dots were then prepared using DSPE-
PEG-Mal as the encapsulation matrix, and cell penetration pep-
tide Tat as surface biomolecules to enhance cellular uptake,
which showed an ICsy of 1.28 ug/ml,'® revealing excellent
photodynamic ablation of cancer cells.

On the other hand, AIE molecular probes can also be
used as dual functional nanomaterials for targeted imaging
and PDT of cancer cells.'”® We selected the probe developed
by Zhang et al. as an example.'’® The probe consists of
an AIE core (69) and two peripheries of 2AP2H
(IHGHHIISVG) peptide [Fig. 31(b)]. The probe 69-2AP2H
has specific binding towards lysosomal transmembrane 4
beta (LAPTM4B) proteins that are overexpressed on most
solid tumors. By introducing alkoxyl groups as the energy
donor (D) and —[PhC=C(CN),] as the energy acceptor (A)
to TPE, the resultant AIEgen exhibits an emission maximum
centered at 630 nm in aqueous buffer. In addition, the pres-
ence of —[PhC=C(CN),] also endows the probe with strong
photosensitizing ability to produce 'O, upon light irradia-
tion. 69-2AP2H is non-emissive in aqueous media, but it is
able to selectively light up on the hydrophobic extracellular
loop (PYRDDVMSVN) of LAPTM4B [Fig. 31(b)], making
69-2AP2H an ideal probe for selective detection of cancer

cells, such as HeLa cancer cells. The efficient 102 generation
further renders 69-2AP2H as a non-invasive reagent for
tumor treatment with minimized side effects to normal tis-
sues with the help of fluorescence-guided light treatment.
69-2AP2H showed very low cytotoxicity towards all the
tested cells, while under light irradiation, it can cause quick
cancer cell death to HeLa or U20S cells with LAPTM4B
overexpression, but not to HEK293 cells. The selectivity of
such a probe has been further improved through the incorpo-
ration of enzyme-responsive peptides, such as -Gly-Phe-Leu-
Gly, which could be cleaved by Cathepsin B, an enzyme
over-expressed in the lysosome of cancer cells.'”" The dual-
targeted probe has further reduced the intrinsic probe toxicity
to offer more specific image-guided cancer ablation.

The theranostic platform offering the traceable cancer
therapy attracted great research interest in personalized med-
icine. With this platform, it becomes possible to actively
track when, where, and how the pharmaceutically active pay-
load is delivered to cells as well as to monitor the in situ
therapeutic response. Very recently, Liu et al. reported an
all-in-one pH-response nanoprobe for tracking photosensi-
tizer delivery, monitoring photosensitizer activation and the
therapeutic response.'’* This nanoprobe is composed of a
poly-L-lysine (PLL) grafted with diisopropylamino (DPA)
side group to control probe hydrophobicity, 71 as an AIE
fluorescence indicator, pheophorbide A (PheA) as the ACQ
photosensitizer, and a PEG block for further conjugation
with targeting ligands [Fig. 32(a)]. Benefiting from the pro-
tonation of DPA groups in acidic medium, the probe denoted
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as PLL-g-PEG/DPA/71/PheA, shows pH-responsive behav-
ior. At normal physiological condition of pH around 7.4, the
nanoprobe forms aggregates and emits green fluorescence
originated from 71 for self-tracking, where the red emission
and 'O, production of PheA are quenched. While at acidic
environment such as lysosome (pH=5.0), DPA is proton-
ated, the nanoprobe is disassembled, which results in dimin-
ished green emission and turn-on of red fluorescence as well
as '0, generation for phototoxicity [Fig. 32(b)]. In addition,
the decreased probe size from 115.0nm at pH=7.4 to
15.0nm at pH=35.0 also verifies the disassembly of the
nanoprobe. The probe was further conjugated with cRGD to
target the integrin overexpressed cancer cells. Figure 32(c)
demonstrates how the nanoprobe works for self-tracking,
photosensitizer activation, cancer ablation, and in situ thera-
peutic response monitoring. Upon incubation MDA-MB-231
cells with the nanoprobe, the gradually increased punctuated
green fluorescence inside cells clearly indicates the cellular
uptake of the nanoprobe. The red fluorescence appears inside
the MDA-MB-231 cells overlaps very well with the lyso-
somal stain, indicating that the nanoprobe is located at lyso-
somes. With increased incubation time, the red emission
intensity further increases at the expense of green emission,
indicating activation of the photosensitizer due to acidic envi-
ronment of the lysosome. Upon light irradiation, the active
PheA generates 'O, and leads to cell ablation as well as the
disruption of lysosome. The reappearance of the green emis-
sion clearly indicates the therapeutic responses. In addition,
other reagents such as drugs or up-conversion NPs have also
been integrated with AIE PSs to realize combination therapy
that is highly desirable for in vivo applications.'>~'%2

V. SUMMARY AND OUTLOOK

In this review, we have introduced the plentiful opportu-
nities for AIEgens to researchers from different perspectives.
AIE represents a unique photophysical phenomenon that is

ﬂ Light Irradiation

exactly opposite to conventional ACQ. AlEgens can emit
more efficiently in practically useful aggregate state than the
solution state which generated great opportunities in various
research disciplines such as optoelectronic devices, energy,
environmental monitoring, materials themselves, etc. The
working mechanism of AIE was defined as RIM, which was
responsible for largely enhanced emission in aggregate state.
Multiple AIE systems derived from AIEgens are introduced,
including small molecules, macromolecules, and unconven-
tional systems, which can be engineered and synthesized
from incorporation of ACQ fluorogens with AIE units or
building directly from AIEgens according to the RIM mech-
anism. At last, the technological applications of AIEgens in
different fields from optoelectronic devices, physical or
stimuli processes to biological applications are discussed
with the scope focused on publications within the recent
three years.

The study of AIE just started a decade ago. More inves-
tigations are still expected and await further exploration. The
future advance of AlEgens should be focused on but not lim-
ited to deepen understanding of this unique photophysical
process, design of novel molecular structures, development
of innovative and real-world applications. Very recently,
Aprahamian and Liptak et al. reported a novel class of
AlEgens, which unveiled the AIE mechanism from another
perspective of Kasha’s rule.'® They demonstrated that the
emission of their AIEgens was from the states with higher
energy rather than the singlet state (>S;), where the RIM is
able to be suppressed the internal conversion to the dark S,
state, leading to this unique photophysical phenomenon.
This study further reveals the important roles of activation of
RIM: it not only modulates the excited state energy dissipa-
tion but also helps to tune the energy states of AIEgens.
Such different approaches to exposit the mechanism,
structure-property relationships and how the molecular pack-
ing and orientation affect the photophysical properties of
AlEgens will guide the future design of molecules with
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desirable functions. In addition, the promising performance
of AlEgens in OLEDs, bioimaging as well as other fields
encourages further exploration in the commercialized prod-
ucts. Several AlEgens are available on Sigma-Aldrich cata-
logue, and the biomedical start-up company “LuminiCell”
has commercialized the breakthrough technology of AIE
dots for long-term tracking of biological processes and vas-
cular imaging.'® As a novel class of fluorophores, the
research and technological applications of AIEgens are still
at the early stage. We hope that this review will stimulate
more research interests from physics, chemistry, life science
and biomedical fields. Together, we will further advance
AlEgens as a tool for future light-based technologies.
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