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Abstract

Since the first report of aggregation-induced emission (AIE) concept in 2001, it has
received intense attentions from academy and industry because of its important
applications in diverse research fronts. Up to now, the luminogens with AIE property
(AlEgens) have been widely used in optoelectronic devices, fluorescent bioprobes
and chemosensors, and researchers have also committed to exploring the potentials
of AlEgens in other cross-cutting areas. The AlEgens have shown superior advantages
such as highly efficient emissions in the aggregated state and thus exhibited better
performances in comparison with traditional luminescent materials whose emissions
are usually quenched upon aggregate formation. In view of the significant
achievements of AlEgens in recent years, this review presents representative
advancements of AlEgens for the applications in organic optoelectronic devices,
mainly including organic light-emitting diodes (OLEDs), circularly polarized
luminescence (CPL) devices, electrofluorochromic (EFC) devices, luminescent solar
concentrators (LSCs), and liquid crystal displays (LCDs). Not only the design strategies
of AlEgens for these optoelectronic devices are analyzed, but also their structure-
property relationship and working mechanism are elucidated. It is foreseeable that
robust AlEgens with specific functionalities will find more and more applications in
various research fields and play an increasingly important role in high-tech devices.

Keywords: Aggregation-induced emission, Thermally activated delayed fluorescence,
Aggregation-induced delayed fluorescence, Organic light-emitting diode, Circularly
polarized luminescence, Electrofluorochromism, Luminescent solar concentrator,
Liquid crystal display

Introduction

The progress of the contemporary society is inseparable from exploitation of semicon-
ductor industry [1]. Since the twentieth century, from the vacuum tube to the very
large-scale integration circuit, the inorganic semiconductors have been developed rap-
idly and applied in all aspects of human life. However, conventional optoelectronic
components using inorganic semiconductors are built on the rigid substrates and re-
quire complex processing technique with high energy consumption, which gradually
become unfavored in the present energy-constrained world. In contrast, organic
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optoelectronic devices possess simple processing technique, flexibility, light-weight,
environment-friendly and cost-effective advantages that have broader development
prospects in some specific areas. And they have achieved remarkable progress since the
discovery of conducting polymers by Heeger, MacDiarmid and Shirakawa in 1977 [2]
and the pioneering work of organic light-emitting diodes (OLEDs) by Tang and Van
Slyke in 1987 [3]. To date, the optoelectronic devices based on organic materials have
been successfully applied in the fields of electronics [4], nonlinear optics [5], displays
[3], solar cells [6], sensors [7], storage [8], and so forth.

In order to realize a further breakthrough, developing efficient organic lumino-
gens plays a key role for the fabrication of the high-performance optoelectronic de-
vices such as OLEDs, electrofluorochromic (EFC) devices, luminescent solar
concentrators (LSCs) and liquid crystal display (LCDs). Many conventional lumi-
nescent materials emit brightly in solutions but experience serious quenching prob-
lem in the aggregated state or solid phase, which is referred to aggregation-caused
quenching (ACQ). The ubiquitous ACQ effect has impeded the progress of many
optoelectronic devices, in which organic luminogens are usually used as solid thin
films. To mitigate the ACQ problem, various chemical, physical and/or engineering
methods have been proposed but often end with little effect. In 2001, an interest-
ing photophysical concept of aggregation-induced emission (AIE) was reported [9],
which has changed the ways of thinking for luminescent materials researches. The
emissions of AIE luminogens (AIEgens) can be brightened upon aggregate forma-
tion, which is essentially opposite to the ACQ effect. Based on the experimental in-
vestigation and theoretical calculation, the restriction of intramolecular motion
(RIM), including rotation, vibration, twisting, etc., has been rationalized as the
main mechanism of the AIE phenomenon [10]. In solution, the active intramolecu-
lar motions of AlEgens provide a nonradiative decay channel to dissipate excited
state energy, resulting in very low or null emission. When these motions are
restricted by weak intermolecular interactions or physical constraint in the aggre-
gated state, the nonradiative decay channels are blocked and the radiative relaxation
is promoted. Therefore, the excited state energy can be released as photons, rendering
greatly enhanced emission. In some cases, J-aggregate formation, twisted intramolecular
charge transfer (TICT), excited state intramolecular proton transfer (ESIPT), etc. also
contribute to the AIE effect [11]. Attracted by the unique advantages of highly efficient
solid-state emissions of AlEgens, a great many of functional materials with AIE character-
istics have been developed [12, 13] and successfully used in organic optoelectronic devices
[14], biological sensors [15], chemical probes [16], and molecular electronics [17]. In this
review, we summarize representative advancements of AlEgens for the applications in
OLEDs, EFC, LSC and LCD. The design strategies and working mechanisms of AIEgens
for the organic optoelectronic devices are analyzed in detail. From the future perspective,
AlEgens will broaden the range of application fields and play an increasingly important
role in high-tech devices.

AlEgens for organic light-emitting diodes
OLEDs have become one kind of the most competitive candidates for future high-
resolution flexible display and illumination technologies, owing to the distinct merits of

Page 2 of 33



Yu et al. PhotoniX

(2020) 1:11

high contrast ratio, fast response, wide viewing angle, flexibility, light-weight, and so
on. OLEDs are thin-film devices consisting of the hole-transporting layer (HTL),
electron-transporting layer (ETL), emissive layer (EML), etc., sandwiched between two
electrodes. The conversion of electrical current into light takes place in OLEDs by ra-
diative recombination of excitons. A key parameter of OLED performance, external
quantum efficiency (EQE), is the ratio of the number of emitted photons outside the
device to the number of injected charges. The theoretical EQE can be estimated as a

product of four factors, as illustrated in Eq. (1):
HgQe =V X Qp X My X Hout (1)

where y is the charge carrier balance factor, ¢ is the photoluminescence quantum yield
(PLQY), #, is the exciton utilization ratio for radiation, 7, is the light outcoupling fac-
tor. The y is usually recommended as high as 100% with suitable device structures. The
Hout is defined as 20—-30% due to refractive index of different layers, which can be fur-
ther improved by tuning molecular orientation or adopting out-coupling enhancement
structures [18—20], such as microlens arrays, prisms and micro-structured substrates.
Different from photoexcitation, singlet and triplet excitons are generated by electron/
hole recombination with 1:3 ratio on the basis of spin statistics under electrical excita-
tion in OLEDs. Therefore, traditional fluorescent OLEDs are limited to 25% internal
quantum efficiency with the theoretically highest EQE of 5-7.5% [21]. To further
improve the efficiency of OLEDs, numerous light-emitting materials with different
photophysical processes, such as phosphorescence, hybridized local and charge transfer
(HLCT) [22], triplet—triplet fusion (T'TF) [23] and thermally activated delayed fluores-
cence (TADF) [24] have been explored and utilized to harvest the 75% triplet excitons
for luminescence. By introducing AIE property into these different types of emitters,
high PLQYs in solid films can be guaranteed to construct stable and efficient OLEDs.
Up to now, the emission colors of the OLEDs based on multifunctional AIEgens have
covered the entire visible region, greatly contributing to the vitalization of the OLED

market.

AlEgens for blue and white OLEDs
The devices that emit red, green and blue (RGB) primary colors have always been the
focus in OLED display [25-27]. With color conversion technology, blue light can also
be converted to green and red light. In addition, efficient blue emitters in white light il-
lumination can not only reduce power consumption, but also facilitate the acquisition
of higher color temperature and color rendering index (CRI). Nevertheless, due to the
high triplet energy and long exciton lifetime, blue emitters still remain as a big chal-
lenge in comparison with green and red emitters, and thus blue OLEDs with high effi-
ciency and long operating time are always not satisfactory [28]. To address this issue,
the further exploration of robust blue emitters is of high importance. Recently, AIEgens
have realized encouraging achievements in constructing blue emitters, and this review
will focus on the represitative advancements of blue emitters based on AlEgens, and
their performance in blue and white OLEDs.

Anthracene is a traditional building block to construct blue luminescent materials
[29]. However, the rigid and planar molecule structure of anthracene is prone to form
compact m—m stacking in solid state, which is usually undesired for light emitting.
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Grafting ¢-butyl groups and AlE-active tetraphenylethene (TPE) onto anthracene can
efficiently inhibit tight molecular packing to mitigate emission quenching effect. Then,
the corresponding molecule TPE-TAPBI [30] with a twisted conformation was obtained
and showed a low PLQY of 3.9% in tetrahydrofuran (THF) solution. But in film, TPE-
TAPBI radiated blue light at 459 nm with a high PLQY of 64.2%, exhibiting typical AIE
property. Additionally, the introduction of 1,2-diphenylbenzo [d] imidazole (PBI), an
important moiety of commercial electron-transporting material 1,3,5-tri(1-phenyl-1H-
benzo[d]imidazol-2-yl)phenyl (TPBi), could balance carrier transport capacity and in-
crease exciton recombination of TPE-TAPBI. As a result, a good electron mobility
value of 3.85x 10 °cm®V™'s™! for TPE-TAPBI was achieved at an electric field of
5.5x10° Vcm™ ', Strong solid-state photoluminescence (PL) intensity and high electron
mobility guaranteed its potential device performance. Indeed, the nondoped OLED with
a configuration of indium tin oxide (ITO)/1,4,5,8,9,11-hexaazatriphenylenehexacarboni-
trile (HATCN) (5nm)/N,N’-bis(naphthalen-1-yl)-N,N"-bis(phenyl)-benzidine (NPB)
(40 nm)/tris(4-carbazoyl-9-ylphenyl)amine (TCTA) (5 nm)/TPE-TAPBI (20 nm)/1,3,5-
tri(mpyrid-3-ylphenyl)benzene (TmPyPB) (40 nm)/lithium fluoride (LiF) (1 nm)/Al

-

-
o

EL efficiencies: 7.21 cd A", 6.78 Im W' and 5.73%
e ¢ '—*.\‘

-
o
1

ClEx'y =(0.457,0.470)
EL efficiencies: 76.0 cd A™',70.5 Im W' and 28.0%

T T T T T
10° 10’ 10? 10° 10’ 10? 10° 10 10°
Luminance (cd m™2) Luminance (cd m—2)

External quantum efficiemcy (%)
External quantum efficiency (%)

EL efficiencies: 6.81 cd A™', 6.57 Im W' and 5.71%

o —8—8 o
o . O-Qe

———8—-0-0
'/. ‘\
1 CIEx,y =(0.44, 0.46)

EL efficiencies: 56.7 cd A™',55.2 Im W' and 19.2%

External quantum efficiency (%)
External quantum efficiency (%)
o

@ =72.8%
Ao =455 nm
o]
0.1 : : T 1 ; : . :
10° 10’ 107 10? 10* 10° 10’ 107 10° 10* 10°
Luminance (cd m~?) Luminance (cd m™2)

Fig. 1 a and ¢ EQE — luminance curves of nondoped blue OLEDs for TPE-TAPBI and TPE-TADC; inset:
molecule structures, partial photophysical properties, EL properties and device photos; b and d EQE —
luminance curves of WOLEDs for TPE-TAPBI and TPE-TADG; inset: EL properties and device photos.
Reprinted with permission from ref. [30] Copyright 2018 Wiley-VCH; and ref. [31] Copyright 2019 American

Chemical Society
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emitted blue light (CIE.y,=0.15, 0.16) with an excellent maximum EQE of 5.73%
(Fig. 1a). It is worth noting that the electroluminescence (EL) efficiencies dropped
slowly with a low roll-off at 1000 cd m™ 2 Inspired by the outstanding performance of
the nondoped blue OLED, two-color hybrid white OLED (WOLED) was fabricated with
a structure of ITO/HATCN (150 nm)/NPB (15 nm)/TAPC (5 nm)/NPB: bis[2-(2-hydro-
xyphenyl)-pyridine]beryllium  (Bepp2):  bis(2-phenyl-4,5-dimethylpyridinato)[2-(bi-
phenyl-3-yl)pyridinato]iridium (III) [Ir(dmppy),(dpp)] (25 nm, 0.5:0.5:0.1)/TAPC:Bepp2
(4 nm, 0.7:0.3)/TPE-TAPBI (15 nm)/TmPyPB (40 nm)/LiF (1 nm)/Al. High singlet en-
ergy and triplet energy of the mixed interlayer could effectively prohibit the mutual ex-
citons transfer and quenching processes. The WOLED exhibited warm white light and
total power efficiency (PE), current efficiency (CE) and EQE of 70.5lm W', 76.0 cd
A~ and 28% at 1000 cd m™?, respectively. The PE, CE and EQE still remained as 49.8
Im W', 75.0cd A™! and 25.7% at 5000 cd m™ %, demonstrating very good efficiency sta-
bility (Fig. 1b).

Later, a new blue AlEgen (TPE-TADC) with a higher PLQY of 72.8% in neat film was
prepared by replacing electron-transporting unit PBI with the hole-transporting carbazole
groups [31]. The forked carbazole-based substitute could increase carrier transport as well
as triplet energy level. TPE-TADC showed a good hole mobility of 7.96 x 10 ¢ cm>V~*
s~ ! at an electric field of 5.5 x 10° V. ecm™ . And the regular horizontal orientation of tran-
sition dipole moment of TPE-TADC could enhance the light out-coupling efficiency over
0.3 to contribute to EL efficiency. As expected, the nondoped OLED constructed with
TPE-TADC afforded good EL performances of 6.81cd A~ ', 6.571m W™, and 5.71% (Fig.
1c). By utilizing TPE-TADC as the emissive layer, highly efficient two-color hybrid white
OLEDs were achieved, furnishing modulable light color from pure white (CIE,, = 0.33,
0.33) to warm white (CIE,, = 0.44, 0.46) and excellent forward-viewing EL efficiencies of
56.7cd A%, 55.2lm W™, and 19.2% (Fig. 1d).

By tuning the twisted angles between the aromatic building blocks, Li et al. [32] suc-
cessfully developed a benzene-cored blue luminogen 3TPA-CN with aggregation-
enhanced emission (AEE) property. Based on the excellent hole-transporting ability of
3TPA-CN, the simple nondoped OLED without the hole-transporting layer showed a
maximum EQE of 3.89%. Afterwards, the optimized blue OLED [33] with a structure of
ITO/HATCN (5nm)/TAPC (50 nm)/TCTA (5nm)/3TPA-CN (20 nm)/TmPyPB (40
nm)/LiF (1 nm)/Al realized a higher EQE of 6.3%. In addition, 3TPA-CN could also
serve as a host material for orange emissive phosphorescent OLED with a maximum
EQE of 18.2%, representing that AIEgens had been successfully employed as hosts in
phosphorescent OLEDs (PhOLEDs) for the first time. As excellent blue emitter and
phosphor host, 3TPA-CN was further used to fabricate two-color WOLED, providing
maximum PE and EQE as high as 86.7 Im W~ ' and 22.3%, respectively.

Ma et al. [34] developed a multifunctional bipolar deep blue AIEgen, TPB-AC, with a
high triplet energy of 2.48 eV and a superior PLQY of 98.6% in neat film (Fig. 2a). No-
ticeably, TPB-AC neat film showed a high horizontal dipole ratio of 79%, revealing a
great potential in development of high-performance nondoped OLEDs. As a result,
TPB-AC was not only suitable to fabricate the pure blue OLED with the maximum
EQE of 7.0% and extremely low efficiency roll-off of 10% at 1000 cd m™?, but also a
great host for PhOLEDs with maximum EQEs of 21.0% for green, 27.3% for orange,
and 26.1% for red OLEDs, which even still remained at 19.5%, 25.9%, and 24.1% at
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Fig. 2 a Molecular structure of TPB-AC and EL performances for nondoped OLED, PhOLEDs and WOLEDs
based on TPB-AC. b and ¢ EQE — luminance curves of nondoped OLED, PhOLEDs and WOLEDs; inset: EL

curves for the OLEDs. Reprinted with permission from ref. [34] Copyright 2019 American Chemical Society

1000 cd m™?, respectively (Fig. 2b). Furthermore, easily manufactured high-efficiency
hybrid WOLEDs, which used pure TPB-AC as a blue-emitting layer without existence
of interlayer, were fabricated. The maximum CE, PE and EQE reached 83.5cd A~ ',
99.9Im W~ and 25.6% for the two-color WOLED, and 54.8cd A ', 60.7Im W~ ' and
25.3% for the four-color WOLED, respectively (Fig. 2c).

To increase the efficiency of the OLEDs, it is also a favorable approach to improve
. by harnessing other 75% triplet excitons through hybridized local and charge-
transfer (HLCT) state mechanisms [35, 36]. Wang et al. [37] reported ppCTPI (Fig. 3)
based on a typical HLCT core phenanthroimidazole (PI). TPE, a most popular
AlE-active building block, was connected to the long axis with para-linkages to
tune the locally excited (LE) component in HLCT state (Fig. 3b). Besides, a benzo-
nitrile with a cyano group (CN) was introduced into the short axis to tune the
charge transfer (CT) component in HLCT state. Therefore, the “hot exciton”
conversion channels between S; and T, (Thicr-Shicr) as well as S, and Ty
(TarcT-SHict) were constructed and conductive to generating more emissive sing-
let excitons. The nondoped sky-blue OLED with a device configuration of ITO/
HATCN (5nm)/TAPC (40 nm)/TCTA (5nm)/ppCTPI (20 nm)/TmPyPB (40 nm)/
LiF (1 nm)/Al (120 nm) exhibited the maximum luminance, CE, PE and EQE of 31,
070cdm™?, 1846cd A™', 16.32lm W' and 7.16%, respectively, with small effi-
ciency roll-off of 4.0% at 1000 cd m™ 2,
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In addition, triplet—triplet fusion (TTF) [38, 39] is also feasible to use triplet excitons,
in which two triplet excited states can produce one singlet excited state and one
ground state, achieving up to 62.5% exciton utilization (Fig. 4a). Xiao et al. [40] pre-
pared a blue fluorescent emitter TPEA consisting of TPE and anthracenyl, which were
directly connected to decrease the conjugation (Fig. 4b). The donor-acceptor (D-A)
structure was constructed by introducing weak methoxy donor and cyano acceptor to
improve charge balance as well as reduce bathochromic shift by weak intramolecular
charge transfer (ICT). No typical m—m intermolecular interactions were found in crystal,
which effectively prevented bathochromic shift to attain deep-blue emission. The PLQY
of TPEA was only 4% in THF but 60% in nondoped film, showing typical AIE
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Fig. 4 a Typical energy level characteristic of a TTF emitter. b Molecule structure of TPEA. Reprinted with
permission from ref. [40] Copyright 2018 Royal Society of Chemistry
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characteristic. The delayed EL component was observed in time-resolved EL response
analysis, confirming the existence of TTF processes. Nondoped blue OLED with TPEA
exhibited the maximum PE of 11.1lm W™, CE of 9.9 cd A~ %, and EQE of 5.6%. To fa-
cilitate injection and transport of carriers, broaden the exciton recombination zone and
alleviate exciton quenching effect, the doped device was fabricated and displayed deep-
blue emission at 445 nm (CIE,,, = 0.15, 0.09) with an excellent maximum EQE of 8.0%.

Host materials play an important role in improving carrier injection and transport,
and modulating EL color via energy-transfer mechanism in OLEDs [41-43]. Thus, de-
velopment of qualitative host materials is of great significance for optimizing EL per-
formance. The bipolar host material, DPMBP-DMAC [44], was designed and behaved
with excellent carrier injection and transport ability due to pyridine and 9,9-dimethyl-9,
10-dihydroacridine (DMAC) moieties. The existence of AIE characteristic of host mate-
rials could effectively restrain exciton annihilation in light-emitting layer and lower effi-
ciency roll-off of the devices. Highly twisted molecular conformation of DPMBP-
DMAC could accomplish the separation of highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO), in favor of bipolar carrier
transport and hindrance of exciton quenching in EL (Fig. 5). Several monochromatic
devices with different phosphorescent dopants including blue-emissive Flrpic, green-
emissive Ir (ppy).(acac) and red-emissive Ir (piq),(acac) were achieved at very low turn-
on voltages (3.1-3.7V). The maximum EQEs for blue, green, and red PhOLEDs
reached 25.12%, 24.73% and 19.71%, respectively, with negligible efficiency roll-off.

On the basis of efficient energy transfer process between the host and guest materials,
sufficient utilization of triplet excitons generated in host materials is promising to im-
prove OLED performance [45]. Hence, Li et al. [46] reported the doped polymer light-
emitting diodes (PLEDs) with a bipolar TADF host. The A4+ B, type hyperbranched
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Fig. 5 Molecule structure, device structure and EL performance of DPMBP-DMAC. Reprinted with
permission from ref. [44] Copyright 2019 American Chemical Society
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polymer (CP1) of the cyclopentadiene (CP) derivative decorated with TPE was devel-
oped. CP1 showed obvious AIE property with a high PLQY of 50.1% in neat film. Con-
sidering the sky-blue emission (479 nm) in the neat film and high triplet energy level
(3.08 eV), the deep blue TADF emitter of CzAcSF was chosen as host. As a result, the
solution-processed multilayer PLED with a structure of ITO/PEDOT:PSS (60 nm)/
CzAcSF:CP1 (5wt%, 50nm)/(oxybis-(2,1-phenylene))-bis-(diphenylphosphine oxide)
(DPEPO) (10 nm)/TmPyPB (60 nm)/lithium quinolin-8-olate (Liq) (1 nm)/Al showed
maximum CE, PE and EQE of 16.96cd A™ ', 10.75Im W~ ' and 9.74%, respectively, with
CIE coordinates of (0.17, 0.24).

Aggregation-induced delayed fluorescence materials

Looking through the development history of organic luminescent materials, purely or-
ganic thermally activated delayed fluorescence (TADF) [47-49] materials are amongst
the most promising candidates in fabricating highly efficient OLEDs. Metal-free TADF
can efficiently harvest both singlet and triplet excitons through reverse intersystem
crossing (RISC) process, relying on the small singlet-triplet energy gap (AEst) [50-52].
Ideally, the OLEDs based on TADF materials can achieve 100% internal quantum effi-
ciency, and thus provide excellent EL performances, but there are still some challenges
that greatly delay the practical commercial applications of TADF materials. Conven-
tional TADF materials suffer from concentration-caused emission quenching and ser-
ious exciton annihilation processes, and thus exhibit drastic efficiency roll-off at high
voltages. The integration of AIE property into TADF emitters will effectively alleviate
this problem. Up to now, a series of robust aggregation-induced delayed fluorescence
(AIDF) luminogens have been developed and brought about a new breakthrough for
excellent nondoped OLEDs.

Yasuda et al. [53] developed three AIDF molecules (PCZ-CB-TRZ, TPA-CB-TRZ,
and 2PCZ-CB) (Fig. 6) based on electron-deficient icosahedral boron cluster, o-carbor-
ane, which exhibited strong yellow-to-red emissions with high PLQYs of up to 97% in
neat film. More specifically, the calculated AEst values (0.003—0.146 eV) were small
enough to achieve effective RISC to facilitate TADF owing to a large spatial separation
of the frontier orbitals. The nondoped OLED with a structure of ITO/4,4"-bis-[N-(1-
naphthyl)-N-phenylamino]-1,1"-biphenyl (a-NPD) (35 nm)/1,3-bis (carbazol-9-yl) ben-
zene (mCP) (10 nm)/PCZ-CB-TRZ (20 nm)/2,8-bis(diphenylphosphoryl)dibenzol[b,
d]thiophene) (PPT) (40 nm)/LiF (0.8 nm)/Al displayed an EL peak at 586 nm with max-
imum EQE and luminance of 11.0% and 4530 cd m™ %, respectively. Besides, other AIDF
molecules, PTZ-XT and PTZ-BP [54], were reported by the same group, in which
phenothiazine was coupled with xanthone or benzophenone acceptor unit to create D-
A structures. The maximum EQE values of the nondoped yellow OLEDs based on
PTZ-XT and PTZ-BP were 11.1% and 7.6%, respectively.

Although the EL performances of the above discussed AIDF materials achieved lim-
ited advancement, the further works demonstrated that the AIDF materials were indeed
promising to break the limit of exciton utilization and alleviate efficiency roll-off. For
example, DBT-BZ-DMAC [55] with an asymmetrical D-A-D’ structure possessed a
prominent AIDF characteristic. The practically perpendicular connection pattern be-
tween DMAC and benzoyl moieties with a dihedral angle as large as 87° was favored to
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Fig. 6 a EQE — luminance curves of nondoped OLED for DBT-BZ-DMAG; inset: molecule structure, photos in
THF/water mixtures with different water fractions (fw = 0% and 99%) taken under 365 nm excitation, and
device configuration. b EQE — luminance curves of nondoped OLED for CP-BP-PXZ; inset: molecule
structure, PL spectra in THF/water mixtures with different f,,, photos in THF/water mixtures (f,, = 0% and
99%) taken under 365 nm excitation, and PL decay spectra in THF/water mixtures with different fw. ¢ EQE—
luminance curves of nondoped OLEDs for DCB-BP-PXZ, CBP-BP-PXZ, mCP-BP-PXZ and mCBP-BP-PXZ; inset:
molecular structure, and EL spectra. d EQE — luminance curves of doped OLEDs for 3-CCP-BPPXZ; inset:
molecular structure, and EL spectra. Reprinted with permission from ref. [55] Copyright 2017 American
Chemical Society; ref. [57] Copyright 2017 Wiley-VCH; ref. [58] Copyright 2018 Wiley-VCH; and ref. [61]
Copyright 2019 American Chemical Society

lower the electronic coupling, and thus a small AEst of 0.08 eV was attained. DBT-BZ-
DMAC showed a high PLQY of up to 80.2% in neat film, approximately tenfold higher
than that in THF solution. At ambient temperature, the lifetime of delayed fluorescence
of the neat film (2.9 us) was much shorter than those of doped films, which was condu-
cive to suppressing efficiency roll-off in nondoped OLEDs. As expected, the nondoped
OLED with a configuration of ITO/TAPC (25 nm)/DBT-BZ-DMAC (35 nm)/TmPyPB
(55 nm)/LiF (1 nm)/Al furnished good EL efficiencies of 43.3cd A", 35.7lm W™, and
14.2%, with negligible roll-off of 0.46% at 1000 cd m™? (Fig. 7a). Furthermore, DBT-BZ-
PXZ and DBT-BZ-PTZ [56] (Fig. 6) were synthesized by altering donor moiety, which
showed AIDF features and high PLQYs in the aggregated state. The doped OLED
employing DBT-BZ-PXZ achieved excellent EL efficiencies of 19.2%, 60.6cd A™ ", and
59.21m W™ ! and the nondoped device of DBT-BZ-PTZ afforded maximum EL efficien-
cies of 9.7%, 26.5cd A ', and 29.1 Im W~ .
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Fig. 7 The main exciton dynamic processes for (a) a conventional TADF emitter and (b) an AIDF emitter in
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Based on the similar design principle of constructing twisted conformations, it is easy
to envision that there should be internal connections between AIE and TADF. Then,
the novel AIDF luminogens of CP-BP-PXZ, CP-BP-PTZ, and CP-BP-DMAC (Figs. 6
and 7b) were prepared and studied to deeply investigate the correlation between AIE
and TADF [57]. In solution, the intramolecular motions were active and then nonradia-
tive decay of the excited state occurred via fast internal conversion (IC). Consequently,
the delayed fluorescence of CP-BP-PXZ was negligible in solution and the average
fluorescence lifetime was only 11.8 ns. While in neat film, the intramolecular motions
were restricted, and the IC channel was blocked (Fig. 8). Therefore, under the premise
of a small AEgr, the intersystem crossing (ISC) and RISC processes became dominative.
The delayed fluorescence lifetime was obviously increased to 2.1 ps for CP-BP-PXZ.
The nondoped OLED of CP-BP-PXZ with a structure of ITO/TAPC (25 nm)/emitter
(35 nm)/TmPyPB (55 nm)/LiF (1 nm)/Al showed remarkably high EL efficiencies of
18.4%, 59.1cd A" and 65.7Im W™, with a very small current efficiency roll-off of
1.2% at a luminance of 1000 cd m™? (Fig. 7b). The doped OLED of CP-BP-PTZ also ex-
hibited excellent performance with maximum EL efficiencies of 22.7%, 73.3cd A" and
69.61Im W~ .

As discussed above, AIDF materials had exhibited impressive merits for fabricating
highly efficient nondoped OLEDs. The underlying mechanism of AIDF effect needed to
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be further deciphered for the development more excellent emitters. Then, three new mol-
ecules, DMF-BP-PXZ, DPF-BP-PXZ and SBF-BP-PXZ [58] (Fig. 6), were synthesized to
study the AIDF process. These materials showed weak emissions with short fluorescence
lifetimes in THF solutions. But they could emit strongly and the fluorescence lifetime be-
came much longer with obvious delayed component in neat films (1.1-1.4 ps), exhibiting
intriguing AIDF properties. By further calculating the photophysical transition rates of
these luminogens, it was found that the kic values were decreased from solutions (3.1 x
10°-5.5x 10%s™ ") to neat films (1.3 x 10'-1.6 x 10" s~ '), which were comparable to the
kisc values (7.7 x 10°-9.7 x 10°s™1). The highly active intramolecular motions in solutions
could act as the rapid IC channels to deactivate the excited state. Consequently, the ISC
and RISC processes could hardly occur and the delayed fluorescence disappeared.
However, the restriction of intramolecular motions blocked the nonradiative IC channels
in the aggregated state, and the ISC and RISC processes were allowed, in favor of the
prominent delayed fluorescence under the premise of small singlet—triplet energy splitting
(Fig. 9). And the theoretical calculation results further confirmed the dynamical

Page 12 of 33



Yu et al. PhotoniX

(2020) 1:11
Solution
Intersystem
A Crossing

Energy

Internal
Conversion

Intersystem
Crossing
A .
)
‘—_q——\/ T
a 8 Reverse Intersystem
N 8 5 = '5 Crossing
= = PR
- als Efz
3 "8
uw

s, ¥ ¥V V¥
T ———————— e
Aggregation-Induced Delayed Fluorescence

Fig. 9 Molecular structures of delayed fluorescence materials with aggregation-induced emission and EL
peaks, maximum EQE of their nondoped (red) and doped (blue) OLEDs
A\

mechanism of AIDF phenomenon. Owing to the unique AIDF property, the EL perform-
ance in nondoped and doped OLEDs had also been investigated. The maximum CE, PE
and EQE was up to 62.3cd A~ 1 62.91m W1, and 19.4%, respectively, with extremely small
efficiency roll-off.

To further improve exciton recombination in emitting layers, host materials were in-
tegrated into AIDF molecules to optimize OLED performance. Common host materials
were used to synthesize new AIDF materials DCB-BP-PXZ, CBP-BP-PXZ, mCP-BP-
PXZ and mCBP-BP-PXZ (Figs. 6 and 9) [59]. Crystal structure of CBP-BP-PXZ showed
that the phenyl ring was attached to 10-position of PXZ by adopting a large angle of
69.5°, and the phenyl ring of 4,4"-bis(carbazol-9-yl)biphenyl (CBP) moiety also exhib-
ited a highly twisted conformation, with larger torsion angles of 87.5° and 58.5°. The
highly twisted molecular geometry could effectively depress nonradiative decay and in-
hibit short-range Dexter energy transfer of excitons located at the central benzoyl part.
Consequently, the high-concentration excitons at high voltage could be fully utilized

Page 13 of 33



Yu et al. PhotoniX

(2020) 1:11

for emission without severe annihilation in neat films. Nondoped OLEDs with a simple
three-layer configuration of ITO/TAPC (25 nm)/emitter (35 nm)/TmPyPB (55 nm)/LiF
(1 nm)/Al were fabricated. Impressively, the highest luminance of 100,126 cd m™? was
achieved in OLED based on mCBP-BP-PXZ. All devices revealed maximum CE, PE and
EQE of 69.0-729cd A™", 75.0-81.8Im W' and 21.4-22.6%, respectively, with small
efficiency roll-off of 8.7-11.4% at 5000 cd m™? (Fig. 7c).

Theoretically, the short delayed fluorescence lifetime can effectively reduce triplet ex-
citon annihilation at high voltages and alleviate the roll-off of EL efficiency. The heavy
atom effect can be strategically utilized to increase the spin-orbit coupling (SOC), real-
izing a fast RISC and thus a short lifetime [60, 61]. Then, three AIDF molecules deco-
rated with chlorine atom(s), 3-CCP-BPPXZ, 9-CCP-BP-PXZ and 3,9-CCP-BP-PXZ [62]
(Figs. 6 and 7d), were explored. Obvious interactions of chlorine and carbonyl with
neighboring aromatic moieties were observed in crystals, inducing efficient orbital cou-
plings. As a result, the calculated SOC values of these luminogens boosted from 0.002—
0.007 cm™ ' in gas phase to 0.234—0.406 cm™ ' in solid phase. Furthermore, 3-CCP-BP-
PXZ, 9-CCP-BP-PXZ and 3,9-CCP-BP-PXZ had relatively short delayed lifetimes of
0.76, 0.68 and 0.42 s, corresponding to the kpjsc of 1.73 x 10°%, 1.97 x 10° and 3.10 x
10°s™ %, respectively. In addition, very small AEsy values of 0.016—0.019 eV and high
PLQYs of 70.4—-73.0% were attained. The nondoped OLED of 3-CCP-BP-PXZ provided
the maximum CE, PE, and EQE of up to 76.6cd A™ %, 75.21m W~ !, and 21.7%, respect-
ively (Fig. 7d). These new AIDF emitters could also be used to fabricate doped OLEDs
with a wide doping concentration range of 5-90 wt%, giving excellent concentration-
insensitive EL performances. The doped OLED of 3-CCP-BP-PXZ with 5 wt% doping
concentration showed impressive maximum CE, PE, and EQE of 100.1cd A~ %, 104.8
Im W™, and 29.1%, respectively.

Additionally, Su et al. [63] reported two molecules based on benzophenone, CCDC and
CCDD. The branched donors, where a carbazole unit was linked with other carbazole or
diphenylamine, could increase the PLQY and the electron donating ability. The PLQY of
CCDD with a rotatable structure increased from lower than 1% in THF solution to 30.8%
in neat film, demonstrating the AIE effect. In contrast, the interlocked phenyl rings on the
carbazole induced a coplanar conformation for CCDC (Fig. 10a). The AEst of CCDC was
0.147 eV and that of CCDD was 0.045 eV. The maximum EQEs of CCDD based non-
doped and doped OLEDs were 12.7% and 22.7%, respectively.

To further enhance solid-state emission efficiency and improve color purity, Cheng
et al. [64] designed two new emitters, 2QPM-mDTC and 4QPM-mDTC, based on the
benzophenone acceptor (Fig. 10b). The introduction of a secondary acceptor, quinoline,
in 2QPM-mDTC could induce intramolecular hydrogen bonding between the o-hydro-
gen on the central phenyl and the nitrogen of quinoline. Therefore, the molecular
structure of 2QPM-mDTC was rigidified to certain degree, which was beneficial to nar-
row emission peak and enhance emission intensity. The PLQY of 2QPM-mDTC was
up to 98% in 7 wt% doped 3,3"-di(carbazol-9-yl)biphenyl (mCBP) film, which was much
higher than that in toluene (6.5%), presenting obvious AIE property. On the contrary,
the hydrogen bonding couldn’t form in 4QPM-mDTC because of the long distance be-
tween nitrogen and o-hydrogen, resulting in a relatively lower PLQY of 80% in doped
film. In addition, the RISC between singlet charge transfer ('CT) state and triplet local
excited (°LE) state was favored in these two molecules, leading to delayed fluorescence.
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Fig. 10 Molecular structures of (A) CCDC and CCDD, and (B) 2QPM-mDTC and 4QPM-mDTC. Reprinted with

permission from ref. [63] Copyright 2017 Royal Society of Chemistry and Chinese Chemical Society

The doped OLED fabricated by 2QPM-mDTC could afford high maximum EQE, CE
and PE of 24.0%, 79.5cd A™ " and 62.3 Im W™, respectively.

Wang et al. [65] developed a novel acridine-carbazole hybrid donor to construct
efficient emitters 34AcCz-PM and 34AcCz-Trz. TADF and AIE features were sim-
ultaneously integrated into these two emitters with highly twisted structures. Mul-
tiple intermolecular interactions between donor and acceptor moieties were found,
which were beneficial for the improvement of molecular rigidification and reduc-
tion of nonradiative radiative channels. As a result, a high PLQY of up to 67% was
achieved in neat film. The maximum CE, PE and EQE of 73.3cd A~ L 724lmw!
and 22.6% were obtained for the doped OLED based on 34AcCz-PM, which
remained at 65.5cd A™", 27.9Im W' and 20.1% even at a high luminance of 5000
cdm™ 2 Nondoped OLED of 34AcCz-PM revealed excellent maximum EL efficien-
cies of 452cd A™ ', 40.0lm W~ and 14.1%. The same group also reported another
AIDF emitter, PXZ2PTO [66], consisting of a novel electron acceptor based on 10-
phenyl-10H-phenothiazine 5,5-dioxide. In crystal structure, molecular packing pat-
tern occupied an obvious m—m stacking between phenoxazine units of adjacent mol-
ecules with a distance of 3.608 A, which was in favor of charge transport. Multiple
hydrogen bonds in the highly twisted conformation could efficiently suppress the
nonradiative decay and enhance the emission efficiency. The green nondoped
OLED fabricated by PXZ2PTO realized high maximum EQE, CE and PE of 16.4%,
44.9 cd A™' and 32.01lm W~ !, respectively.
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Traditional TADF molecule design strategy normally focuses on creating a twisted
structure through direct connection between donor and acceptor, resulting in the diffi-
cult balance between small AEst and high PLQY. Chi et al. [67] reported an effective
structural design strategy by cooperating through-bond charge transfer and through-
space charge transfer in 2Cz-DPS, wherein donor and acceptor groups were linked at
the ortho-position to obtain the spatially close D—A interaction (Fig. 11a). The dual
charge transfer pathways greatly enhanced the oscillator strength for faster radiative
decay, exhibiting a high PLQY of 91.9% in solid. In addition, the non-adiabatic coupling
between the triplet CT and LE played an important role in enhancing the RISC process
(Fig. 11b). Thus, small AEgy, reduced vibrations and suppressed nonradiative pathways
accompanied by twisted geometry led to effective AIE and TADF properties. Impres-
sively, the nondoped OLED constructed with a configuration of ITO/PEDOT: PSS (30
nm)/mCP (20 nm)/2Cz-DPS (30 nm)/TPBI (40 nm)/LiF (1 nm)/Al achieved maximum
EQE, CE and PE of 28.7%, 82.3cd A~ " and 51.7 Im W™ ', respectively, at a luminance of
10cdm™ 2 On the basis of this design method, hexaphenylbenzene-based luminogens
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Fig. 11 a The molecular configurations of 2Cz-DPS and 4Cz-DPS. b Energy level diagrams, spin—orbital
coupling constants (€) and non-adiabatic coupling effects of 2Cz-DPS and 4Cz-DPS. Reprinted with

permission from ref. [67] Copyright 2019 Royal Society of Chemistry
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TRZ-HPB-PXZ and TRZ-HPB-DMAC [68] were also created (Fig. 6), in which
through-space charge transfer occurred between donor and acceptor moieties, favoring
efficient RISC. TRZ-HPB-PXZ and TRZ-HPB-DMAC exhibited high PLQYs of 61.5%
and 51.8%, respectively. The nondoped device of TRZ-HPB-PXZ provided maximum
EQE, CE and PE of 12.3%, 40.1cd A~ ' and 31.5Im W~ !, respectively.

Solution-processed nondoped OLEDs with low-cost and high reproducibility possess
bright prospects in commercial applications. Yang et al. [69] synthesized two blue emit-
ters, 0-ACSO2 and m-ACSO2, with excellent solubility and AIDF property to fabricate
the highly efficient solution-processed nondoped OLEDs. In comparison with 0-ACSO2,
m-ACSO?2 revealed blue-shifted emission but increased AEgt due to its weakened conju-
gation originating from the meta-linkage. The PLQYs of m-ACSO2 increased from 69%
in the doped films to 76% in neat films. Then, the solution-processed nondoped OLED
employing m-ACSO2 as emitter with an optimized device configuration of ITO/PEDOT:
PSS (60 nm)/m-ACSO2 (60 nm)/DPEPO (10 nm)/TmPyPB (50 nm)/Liq (1 nm)/Al (100
nm) was fabricated. The nondoped sky-blue device based on m-ACSO2 achieved max-
imum EQE, CE and PE of 17.2%, 37.9cd A™ ! and 23.8Im W™ !, respectively. To increase
the film-forming ability of small molecules, long alkyl chains are frequently selected as the
functional groups. Two AIDF molecules based on benzophenone, CC6-DBP-PXZ and
CC6-DBP-PXZ [70], were reported. The PLQYs of CC6-DBP-PXZ and CC6-DBP-DMAC
increased from 4.1% and 11.7% in THF to 38.3% and 59.5% in neat films, respectively.
The CC6-DBP-PXZ-based doped devices showed maximum EQE, CE and PE of 12.1%,
37.6cd A™" and 17.81m W', respectively. The CC6-DBP-DMAC-based nondoped de-
vices showed maximum EQE, CE and PE of 9.02%, 25.08cd A~' and 11.25lm W’
(Fig. 12), respectively, which very small efficiency roll-off.
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Fig. 12 Current efficiency-luminance—external quantum efficiency characteristics of the nondoped devices.
Configurations: ITO/PEDOT:PSS (50 nm)/PVK (30 nm)/emitter/TmPyPB (40 nm)/LiF (1 nm)/Al. Reprinted with

permission from ref. [70] Copyright 2019 Royal Society of Chemistry
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AlEgens for circularly polarized luminescence

Circularly polarized luminescence [71-73] materials have inspired attractive interests
for the potential applications, such as chiroptical recognition sensors, bio-responsive
imaging and optoelectronic devices. Generally, in OLED displays, antiglare filters are
used to remove glare from external light sources by exploiting the nature of circle po-
larized (CP) light. Meanwhile, nearly 50% of the nonpolarized light emitted from the
OLED pixel is also eliminated, leading to large efficiency loss. In contrast, circularly po-
larized OLEDs (CPOLEDs) [74] can directly generate CP light with simple device archi-
tectures, which will open up a new avenue for organic optoelectronic devices. So far,
various kinds of CPL materials have been continuously developed to fabricate CPO-
LEDs with intense circularly polarized EL. However, it is still challenging to realize
highly efficient CPOLEDs due to the obstacle of ACQ problems of the chiral emitting
materials. Therefore, the development of effective chiral emitters with AIE effect will
be of great significance for future display.

Axial chirality moieties are extensively adopted as blocks to build CPL materials, such
as binaphtyl, ctahydro-binaphthol, diaminocyclohexane, and their derivatives. To pur-
sue the CPOLEDs with high EQEs and small efficiency roll-off, a series of CPL emitters
with AIE and TADF characteristics R/S-BN-CF, R/S-BN-CCB, R/S-BN-DCB, and R/S-
BN-AF [75], were developed based on binaphthalene unit (Fig. 13a). The single-crystal
structures of R-BN-CF and S-BN-DCB demonstrated twisted molecular conformations
and multiple weak intermolecular interactions, which efficiently suppressed concentra-
tion quenching and exciton annihilation. Therefore, the PLQY of S-BN-CF in neat film
was 38.7%, which fell to 2% in methanol solution, suggesting the typical AIE feature. In
addition, the twisted structure was conductive to low electronic coupling and efficient
separation of HOMO and LUMO. Thus, small AEgy values of 0.02-0.15€eV were ob-
tained, rendering the molecule with prominent delayed fluorescence property. The cir-
cularly polarized absorption dissymmetry factors (g,ps) of these molecules in the longer
wavelength region were associated with the absorption transition of D—A electronic
structures, suggesting the chirality transfer from chiral 1,1'-bi-2-naphthol (BINOL)
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Fig. 13 a The molecule structures of R/S-BN-CF, R/S-BN-CCB, R/S-BN-DCB, R/S-BN-AF, (R)-OBN-Cz and (S)-
OBN-Cz b. The gg, values of doped and neat films. Reprinted with permission from ref. [75] Copyright
2018 Wiley-VCH
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skeleton to the whole conjugated molecules. Moreover, the g,;,s and circularly polarized
photoluminescence dissymmetry factors (gpr) of these molecules were magnified from
solution state to film state. In other words, the AlEgens tended to form the population
of chiral aggregates in cluster process, which indicated the chiroptical amplification of
both ground state and excited state. The configuration of nondoped OLED was illus-
trated as ITO/HATCN (10 nm)/TAPC (60 nm)/mCP (10 nm)/S-BN-CF (20 nm)/(3,3",
5,5" -tetra(pyridin-3-yl)-1,1":3",1"” -terphenyl) (BmPyPB) (50 nm)/Liq (2.5 nm)/Al The
maximum luminance, CE and EQE of 2570 cd m~ 21028 cd A~ ! and 3.51%, respect-
ively, with circularly polarized EL dissymmetry factors (ggp) value of +0.026 were
attained. The doped device of S-BN-CF exhibited a gg; value of +0.06 with the max-
imum luminance, CE and EQE of 2948 cdm™?, 24.58 cd A~ ' and 9.31%, respectively.
The high g for nondoped device may be attributed to the population of chiral aggre-
gates in neat film (Fig. 13b).

Zheng et al. [76] reported a pair of TADF enantiomers (R)-OBN-Cz and (S)-OBN-Cz
(Fig. 13a), in which the octahydro-binaphthol (OBN) units served as chiral sources to
generate and induce chirality. Besides, due to peripheral sixteen hydrogen atoms in
cyclohexane parts, OBN unit possessed great steric hindrance to suppress close stack-
ing of molecules. For (R)-OBN-Cz, the neat film and doped film showed higher PLQYs
of 81% and 92% than those in toluene, demonstrating obvious AIE effect. In addition,
the OBN units also could induce a regular orientation to generate horizontal dipoles in
the vacuum-evaporating process for increasing the light out-coupling of OLEDs. The
TADF property was introduced by the interaction of carbazole and cyan moieties,
which were occupied by HOMO and LUMO, respectively. As a result, the small experi-
mental AEgt of 0.037 eV for (R)-OBN-Cz led to efficient RISC process. The maximum
band around 400 nm could be allocated to the absorption of the D—A electronic struc-
ture, induced by chirality of OBN unit in the ground state. The CPL spectra of enantio-
mers showed gpy values of — 4.6 x 10~ * for (R)-OBN-Cz and + 5.6 x 10™* for (S)-OBN-
Cz in toluene. Whereas the gpy values of enantiomers both in neat and doped films
were significantly improved to 1.55 x 10~ > and 2.14 x 10~ >, respectively, revealing chir-
ality amplification effect in aggregation process. The CPOLED based on D-D(R) was
fabricated as ITO/HATCN (10 nm)/TAPC (60 nm)/TCTA: (R)-OBN-Cz (10 wt%) (5
nm)/26DCzPPy: (R)-OBN-Cz (10 wt%) (15 nm)/TmPyPB (60 nm)/LiF (1 nm)/Al For
the double-emitting layer, TCTA could act as both hole-transporting “ladder” and host,
which would lower the driving voltage and broad the exciton recombination zone. The
device of D-D(R) showed green emission at 501 nm (CIE,, =0.22, 0.53) with a full
width at half maximum (FWHM) of 66 nm. It is noticeable that the device of D-D(R)
displayed maximum brightness, CE, PE and EQE of 46,651 cd m™ 2937c¢d A™1, 59.3
Im W~ ! and 32.6%, respectively, with a gg; value of — 1.94 x 10™ %, The nondoped device
of D-NF(R) showed maximum brightness, CE, PE and EQE of 35,633 cdm™?, 47.8 cd
A7, 34.6lm W™ " and 14.0%, respectively, with a g value of —2.34 x 10~ % (Fig. 13c).
In addition, triphenylamine-substituted enantiomer, (R/S)-OBN-DPA [77], was
synthesized by the same group. The nondoped and doped CPOLEDs achieved
markedly CPL signals with gg; values of up to 2.9 x 10~ (Fig. 13c), high brightness
over 25,000 cd cm™? and high maximum EQE of 12.4%.

Chen et al. [78] synthesized two enantiomers, (+)-(S,S)-CAI-Cz and (-)-(R,R)-CAI-Cz
(Fig. 14), by cooperating chiral unit of 1,2-diaminocyclohexane with TADF skeleton.
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Fig. 14 The molecule structures of (+)-(5,9)-CAI-Cz and (—)-(R R)-CAI-Cz. Reprinted with permission from ref.
[78] Copyright 2018 Wiley-VCH
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The PLQY of (+)-(S,S)-CAI-Cz was 41% in film and increased to 98% in mCBP doped
film, which was higher than those in solutions. The doped film showed a small AEgy
value of 0.06 eV and thus a fast RISC rate of 2.0 x 10*s™ !, in favor of TADF property.
In spite of the nonparticipation of the 1,2-diaminocyclohexane unit in frontier orbitals,
it still efficiently induced chiroptical signals of enantiomers as reflected in circular di-
chroism (CD) and CPL spectra. The nearly mirror-image CPL spectra of the enantio-
mers were also investigated with gy, of — 1.1 x 1072 for the (+)-(S,S)-CAI-Cz and +
1.1x 1072 for (-)-(R,R)-CAI-Cz. The doped OLED with a structure of ITO/HATCN
(10 nm)/TAPC (25 nm)/TCTA (10 nm)/mCBP (10 nm)/mCBP: enantiomers (15 wt%)
(20 nm)/TmPyPB (45 nm)/Liq (1 nm)/Al was fabricated. The device of (-)-(R,R)-CAI-
Cz showed a gg; value of 2.3 x 10”2 and emitted green light peaking at 520 nm with
maximum CE, PE and EQE of 59.4cd A~ ', 52.91m W~ ' and 19.8%, respectively.

Cheng et al. [79] synthesized chiral BINOL-based chiral polymers, S-P and R-P, by
the Pd-catalyzed Suzuki coupling polymerization reaction. The clear mirror-image CD
bands were observed in spin-coated films of S-/R-P enantiomers. Moreover, the conju-
gated structures of two chiral binaphthyl moieties bridged through AIE-active ethenyl
linker showed a weak cotton effect peak situated at about 360 nm, indicating that the
efficient chirality transfer in the whole polymer chain system. Meanwhile, S/R-P enan-
tiomers emitted CPL emission with a peak at 496 nm and the gp;. values of S-P and R-P
corresponded to +1.1x10™> and - 1.3 x 10™ %, respectively. To evaluate the circularly
polarized EL performance of the enantiomers, OLEDs with configurations of ITO/
PEDOT: PSS (25 nm)/S-P or R-P (45 nm)/TPBI (35 nm)/Ca (10 nm)/Ag were fabricated.
The maximum CE, PE and brightness were 0.926/0.833cd A™', 0.390/0.422 Im W~ !
and 1669/1270 cdm™? for the doping-free devices based on S-P and R-P, respectively.
The corresponding gg; values were evaluated as +0.024 and - 0.019. To further im-
prove the performances of CPOLEDs, the same group was incorporated with TADF
mechanism to harvest triplet excitons, and two pairs of small molecules R-1/S-1 and R-
2/S-2 were designed by extending the conjugated skeletons of chiral BINOL [80]. R-1/
S-1 and R-2/S-2 possessed prominent AIE property and displayed emission peaks at
587 and 547 nm in neat films with PLQYs of 2.3% and 5.9%, respectively. Meanwhile,
the PLQYs were greatly enhanced to 18.5% and 15.7% when doping in TCTA. For S-1
and S-2, the HOMO was distributed on phenoxazine moiety, whereas the LUMO was
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located on chiral benzophenone or xanthenone moieties. The effective separation of
HOMO and LUMO was favored to the occurrence of TADF with high kgisc values of
14x10°s™ " and 4.2 x 10°s™ ', By fixing the conjugation skeleton with oxygen bridge,
the gp; values of R-1 and S-1 were —1.2x 107 %/+ 1.6 x 1072, - 7.1x 10" */+9.2x 10" *
and -7.2x10"%/+82x10"* in toluene, neat films, and doped films, respectively,
whereas no CPL signals were detected for R-2/S-2. The doped CPOLED based on R-1
provided maximum brightness, CE and EQE of 40,470 cd m™~ 2.9.1cd A ? and 4.1%, re-
spectively, as well as a gg; of — 0.9 x 1072,

Owing to the excellent EL performances of AIDF molecules, it could be a promising
approach to design efficient chiral polymers by combining AIDF units with side-chain
type chiral groups. Two polymers P5 and P10 [81] (Fig. 15a) with different amounts of
monomer units were synthesized by modified Suzuki coupling, with the calculated
AIDF unit contents of 4.5% and 10.5% for P5 and P10, respectively. The PLQYs of P5
and P10 were 2.8% and 3.9% in THF, and 6.7% and 10.3% in solid states, respectively.
P5 and P10 showed kgisc values of 2.07 x 10® and 2.50 x 10°s™, and Tgelayed Values of
1.358 and 1.366 ps, respectively, revealing favored TADF properties. In addition, the
negative CPL signals for P5 and P10 of —2.01 x 10~ % and - 1.39 x 10™° were obtained
(Fig. 15b). The introduction of 9-octyl-9H-carbazole moiety resulted in facile solubility
and processability. The solution-processed OLED with a configuration of ITO/PEDOT:
PSS (50 nm)/5wt% P10: CBP (50 nm)/TmPyPB (45 nm)/LiF (1 nm)/Al emitted green
EL with maximum CE, PE and EQE of 2.52cd A% 094ImW™' and 0.87%,

respectively.

AlEgens for luminescent solar concentrators

Luminescent solar concentrators (LSCs), which were firstly conceived by Garwin in
1960 [82], rely on the absorption of incident solar light by luminescent materials em-
bedded in glass or plastic substrates. Subsequently, the luminescent materials will emit
photons and most of these photons will be trapped in the waveguide by total internal
reflection. Then, photons are concentrated on the substrate edges by total internal
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Fig. 15 a The molecule structure of P5/10; b CPL and EL spectra of P5 and P10 in film. Reprinted with
permission from ref. [81] Copyright 2019 American Chemical Society
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reflection [83]. Therefore, the solar cells can be placed at the edges to collect the con-
centrated light and produce electric power, which can reduce the area of photovoltaic
cell and lower equipment cost. Currently, the performances of LSCs have been vastly
limited by the reabsorption losses because the surrounding chromophores may re-
absorb the emitted photons during the multiple internal reflection process [84].
Traditional chromophores used in LSCs, such as rhodamines and coumarins, generally
have planar conjugated structures and suffer from both concentration quenching and
self-absorption due to small Stokes shifts [85]. A common solution to this problem is
to reduce the concentration of chromophores, but it means less light can be absorbed
by the LSC at a given LSC device [86]. A more effective approach is to use AlEgen as
the chromophore for LSCs. The twisted aromatic AIE materials usually have large
Stokes shifts that can reduce reabsorption effectively. And no matter AIEgens are made
into thin-films or dispersed in the matrix, it will not reduce the collection efficiency be-
cause they are free of concentration quenching. These distinctive advantages provide
an important idea for the fabrication of highly efficient LSC devices.

Wong et al. first applied AlIE-active materials for solar harvesting in LSC devices in
2014 [87, 88]. They fabricated monolithic LSC devices by drop-casting 10 wt% of the
star AIE-active material, TPE, in polymethyl methacrylate (PMMA). The PLQY of the
drop-coating film was measured to be 40%. The photophysical properties of the fluoro-
phores in the LSC were closely related to the optical edge efficiency (7¢4ge), which is de-
fined as the ratio of the number of fluorescence photons that are waveguided to the
edges relative to the number of the incident photons. The #.q4g. of the LSC with TPE in
PMMA, fabricated on glass substrates with dimensions of 10 mm x 10 mm x 1 mm, was
found to be 13.2%. And the large Stokes shift of 1.11 eV could effectively reduce re-
absorption. Furthermore, other four TPE derivatives with extended conjugated skele-
tons were synthesized to generate better coupling with photovoltaic cells (Fig. 16).
Subsequently, Wong et al. combined an excitation energy transfer (EET) strategy with

Fig. 16 Photos of PMMA films containing TPE and four TPE derivatives at 10% w/w in PMMA upon
excitation with a UV light source. Reprinted with permission from ref. [88] Copyright 2017 American

Chemical Society
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the AlE-active donor to efficiently harvest light in the LSC. The branched donor
DPATPAN displayed AIE behavior with a large Stokes shift and a high PLQY of 92%
(Fig. 17a) [89]. The small reabsorption loss of LSC was achieved through low absorp-
tion contribution of the acceptor. The experimental optical quantum efficiency (OQE)
of LSC device based on DPATPAN-DCJTB system was about 58.2%. However, the
traditional acceptor DCJTB underwent concentration quenching, limiting their practical
applications. Wong et al. [90] further replaced DCJTB with AIE-active groups, PITBT-
TPE, in LSCs (Fig. 17b). The emission spectrum of DPATPAN overlapped well with
the absorption spectrum of PITBT-TPE, which was beneficial to energy migration. And
the absorption spectrum of DPTPAN and the emission spectrum of PITBT-TPE was
separated obviously which could avoid reabsorption of acceptor emission by the donor.

Pucci et al. [91] conducted an in-depth study on the utilization of red-emitting AIE
materials in LSCs based on PMMA and polycarbonate (PC) (Fig. 18a). They dispersed a
TPE derivative, TPE-AC, at 0.1-1.5 wt% contents in PC or PMMA. The films showed
wide absorption bands at 400 and 550 nm and fluorescence emission peaking at 600—
630 nm. The LSC based on the red AlEgen exhibited a high optical efficiency (#,p) of
6.7%. Afterwards, Pucci et al. [92] reported the AIEgen TPE_RED, an initiator to pre-
pare red-emitting PMMA, i.e. PMMA_TPE_RED (Fig. 18b). In the work, TPE_RED ini-
tiated the polymerization of methyl methacrylate, and the polymer films of PMMA_
TPE_RED behaved an excellent PLQY of 26.5%. The PMMA_TPE_RED film showed
bright emission peaking at 650 nm with a large Stokes shift of about 170 nm, which
could control the reabsorption at a quite low level. The performance of LSC based on
PMMA/PMMA_TPE_RED blend film showed the highest 7, of 10%. The strategy of
using well compatible and homogeneously distributed red-emitting AIEgens is a power-
ful method for gaining high-performance LSC devices.

AlEgens for Electrofluorochromic devices

In 1961, Platt reported the electrochromic (EC) phenomenon that electroactive mate-
rials can produce color changes between neutral state and colored switching state by
electrochemical redox reactions [93]. So far, lots of EC materials have been reported
and widely used in life, such as e-paper, smart windows, energy storage devices, etc.

PITBT-TPE

DPATPAN

incident =
v ; surface
OQE=58% N light ® ® o | light

1’ as 7 A waveguide ///

Fig. 17 a Molecular structures of DPATPAN and DCJTB and working principle of the devices based on
these molecules. OQE is the ratio of photons emitted from the edges of the LSC to the total number of
absorbed photons. b Molecular structures of DPATPAN and PITBT-TPE and working principle of the devices
based on these molecules. Reprinted with permission from ref. [89] Copyright 2014. Royal Society of
Chemistry; and ref. [90] Copyright 2018 Royal Society of Chemistry and Chinese Chemical Society
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Fig. 18 a Chemical structure of red-emitting AlEgen TPE-AC and the performance of LSC based on TPE-AC.
Nopt is defined as the ratio between the short-circuit current measured in the case of the cell over the LSC
edge and the short-circuit current of the bare cell when perpendicular to the light source); b Chemical
structure of red-emitting AlEgen PMMA_TPE_RED and the performance of LSC based on PMMA_TPE_RED.
Reprinted with permission from ref. [91] Copyright 2017 Royal Society of Chemistry and Chinese Chemical
Society; and ref. [92] Copyright 2018 Royal Society of Chemistry

[94] Electrofluorochromism is a new concept combining electrochromism and fluores-
cence, which was first proposed by Lehn [95] in 1993. Subsequently, Audebert et al.
[96] fabricated the first electrofluorochromic device based on tetrazine derivatives.
However, it is regretful that the ACQ effect of conventional chromophores immensely
restrict the emission contrast ratio which determines the performances of EFC devices.
In contrast, AIEgens exhibit the unique advantage of avoiding concentration quenching
and improving the emission contrast ratio to fabricate high-performance EFC devices.

Triphenylamine (TPA) derivatives are extensively applied in EFC devices due to their
photoactive and electroactive properties [97-99]. Liou et al. reported several meaning-
ful works by combining TPA units with AIEgens. Some AIE-active polymers were suc-
cessfully prepared in 2018. The existence of TPA unit could effectively quench the
emission of polyamides from neutral to oxidized states. And TPE unit was incorporated
into the system for obtaining enhanced illumination capability. The EFC devices based
on TPA-CN-CH/HV (n-heptyl viologen) showed the highest contrast ratio (I,g/I,,) of
105. The device based on TPA-OMe-TPE/HV exhibited the shortest response time of
quenching process less than 4.9 s. Whereas the response time of lighting processes was
as long as 69 s, which was not favorable for EFC devices [100]. Then, Liou et al. further
synthesized two AIE-active materials, TPETPAOMe and BTOTPAOMe, to fabricate
the EFC devices by a new technique of cross-linking gel-type. The EFC devices based
on TPETPAOMe/HV behaved cyan-blue emission with a maximum peak at 505 nm
under UV excitation, and the emission could be quenched by increasing the applied
voltage from —0.10 to 1.60 V (Fig. 19). Upon applying potential back to - 0.10V, the
devices showed bright emission again. The contrast ratios (I,g/I,,) of the devices based
on TPAOMe/HV and BTOTPAOMe/HV reached 6.89 and 6.66, respectively, and the
response time of lighting processes was successfully shortened to 16.4s. Moreover, the
electrochemical switching stability of the device based on TPE-TPAOMe/HV behaved
well after 100 cycles [94]. Recently, Liou et al. further fabricated gel-type EFC devices
based on diOMe-TPA-CN and diOMeTPA-CNBr and obtained a higher contrast ratio
(Iog/ o) of 14.4 [101].

Chen et al. [102] reported an AlE-active polyamide with diphenylamine (PA) and
TPE units, achieving high contrast ratio and short response time simultaneously. As
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Fig. 19 a The molecular structure of TPA-CN-CH and the behaviors of EFC device based on TPA-CN-CH/HV
with a specific applied voltage for oxidation. b The molecular structure of TPA-OMe-TPE and the behavior
of EFC device based on TPA-OMe-TPE/HV with a specific applied voltage for oxidation. ¢ The molecular
structure of TPETPAOMe and the behavior of EFC device based on it with a specific applied voltage for
oxidation. d The molecular structure of BTOTPAOMe and the behaviors of EFC device based on it with a
specific applied voltage for oxidation. Reprinted with permission from ref. [100] Copyright 2018 Royal
Society of Chemistry; and ref. [94] Copyright 2017 American Chemical Society

shown in Fig. 20, the PA-TPE film exhibited strong green-yellow emission in the neu-
tral state, which was quickly quenched to dark when applying potential from 0 to 1 V.
This process showed the champion fluorescence on/off contrast ratio of 417 at that
time, which was attributed to the high solid-state emission. The AIE-active polyamide
was easy to generate porous film so that the devices showed faster response speed of
fluorescence quenching and lighting processes. Subsequently, Chen et al. [103] synthe-
sized polymer TPPA-TPE-PA to fabricate the EFC devices (Fig. 21), realizing the high
fluorescence on/off contrast of up to 252, rapid response rate and excellent cycling sta-
bility over 10,000 s.

AlEgens for liquid crystal display

Liquid crystal displays (LCDs) have got great progress over the past decades, displaying
obvious advantages such as low power consumption, large display area, thin and light.
Although LCDs have been widely used in our life, researchers are still committed to
achieving performance of higher contrast, deeper color saturation, and lower power
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Fig. 20 a The molecular structure of PA-TPE; b SEM (scan electron microscope) image of PA-TPE-0.03 film; c
PL spectra changes of PA-TPE thin film at different potentials (inset shows the optical images of polymer
film under excitation of 365 nm with applied potential of 0 and 1V, respectively); d Fluorescence switching
response under applied potentials of PA-TPE. Reprinted with permission from ref. [102] Copyright 2018
American Chemical Society

consumption. The light-emitting LCDs (LE-LCDs) based on luminescent liquid crystal-
line materials will be the promising alternatives to conventional LCDs [104, 105]. The
commonly used approach to obtain LE-LCDs is to mix luminescent materials and nem-
atic liquid crystals (LCs) with different concentrations. In order to achieve high con-
trast, high concentration of luminogens are usually required. However, conventional
chromophores suffer from severe ACQ effect [106]. The unique advantages of AIEgens
provide an exciting way to fabricate high-performance LE-LCDs.

Recently, it was found that TPE derivative, TPE-PPE, could emit anisotropically
(Fig. 22a-c). The TPE-PPE/nematic LC mixture generated polarized luminescence
and two types of LE-LCDs were fabricated. The first type LE-LCD device showed
the image switching from nearly dark to bright yellow/green upon UV irradiation
(Fig. 22d), which was easily controlled by electric field-off/on state. The strong
color contrast and high solid-state emission were attributed to the native AIE
property. As for the second type, different areas of the device could achieve
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Fig. 21 The molecular structure of TPPA-TPE-PA and PL spectra changes of TPPA-TPE-PA thin film under
different voltages. Reprinted with permission from ref. [103] Copyright 2019 Royal Society of Chemistry
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Fig. 22 a Chemical structure of TPE-PPE. b Electric field-off and c field-on (1 KHz, 8 v) states under UV
irradiation. d Photograph of the LE-LCD device in the electric field-off and field-on states using light-
emitting LC mixture. The LC mixture = Nematic LC PA 0182 + 0.1 wt% TPE-PPE. Reproduced with permission
from ref. [107]. Copyright 2014 Wiley-VCH

transition between darkness and brightness in the electric field-off state by setting
the polarizer in various directions. In the electric field-on state, all areas of the de-
vice would have same emission efficiency so that all images were disappeared
(Fig. 23) [107]. TPE-PPE was introduced to chiral nematic LC, exhibiting AIE and
CPL behaviors at the same time. The device showed yellow color due to Bragg re-
flection under sunlight and could emit green CPL light under UV light irradiation.
The display device based on this system exhibited different region under different
lighting conditions. With the electric field of 60V applied on the device, the align-
ment of the LC molecules changed in the conductive ITO area. As a result, not
only the Bragg reflection was broken, but also the CPL behavior disappeared and
the PL intensity greatly dropped [108]. Recently, Cheng et al. [109] prepared Nem-
atic Liquid Crystals (N*-LC) by doping chiral AIE-active molecule, R/S-BINOL-CN,
into achiral N-LC. BINOL-CN showed weak emission and almost no CPL signal in
DMSO solution. But in the KBr pellet-dispersed solid state, bright yellow-green
emission and high CPL signal at 536 nm were observed. The N*-LC displayed the
maximum gy, values of about -0.40/+0.41 at the concentration of 2.0 wt%,
achieving the CPL signal amplification (Fig. 24).
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aligned orthogonally. Under UV irradiation, the regions with and without figures in the device will be
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Reprinted with permission from ref. [107] Copyright 2014 Wiley-VCH

Conclusion

AlEgens have got rapid development and attracted great attentions in various fields
over the last 20 years, owing to their unique photophysical properties in the aggregated
state. Especially in the field of organic optoelectronics, functional materials derived
from AlEgens have occupied the irreplaceable positions. In view of the significant
achievements of AIEgens in recent years, this review presents representative advance-
ments of AlEgens for the optoelectronic device applications of OLED, LSC, EFC and
LCD. The structure-function relationship and the performances of optoelectronic de-
vices are elucidated in detail. In OLEDs, based on the high PLQYs and flexible
structure-tunability, blue AIEgens have been fully developed and applied in WOLEDs,
host materials and full-color display. To exceed the exciton utilization of traditional
fluorescent materials, delayed fluorescence property is integrated in AlEgens, achieving
excellent EL efficiencies and negligible efficiency roll-off for nondoped OLEDs. With
further decoration of CPL character on AlEgens, the OLEDs can emit circularly
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assemblies showed high luminescence dissymmetry factor. Reprinted with permission from ref. [109]
Copyright 2018 Wiley-VCH

polarized light directly to avoid the energy loss caused by filters. To promote the
commercialization of AIEgens in OLEDs, more efficient AIEgens with deep blue and
red emissions are highly desired. The materials stability and device lifetime are import-
ant but still challenging. In LSCs, AlEgens with twisted aromatic structure can reduce
the reabsorption effectively caused by the large Stokes shift as well as emission quench-
ing by concentration or aggregation. At the same time, AIEgens can allow high concen-
trations in LSCs to improve the collection effect instead of suffering from the ACQ
problem. In the following researches, adjusting the emission wavelength range to match
different solar cells and improving cycling stability may become a research hotspot. In
EFC devices, AlEgens are hopeful to improve the contrast ratio. The future work may
focus on reducing the response time and increasing the stability of long-term operation
of the device with a high contrast ratio. In LCDs, luminescent liquid crystals doped
with AIEgens show exciting sparkle with self-luminous property. But there is still much
room for further improvement in simplifying manufacturing process. Above all, we
hope that this review can help researchers to explore more excellent AIEgen-based
functional materials for the applications in organic optoelectronic fields as well as other
research fronts.
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