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A new kind of emissive small-molecular organic cage has been developed via the combination of coupling
and condensation reactions, which shows outstanding solubility, structural stability and potential spatial
isomeric chirality. Interestingly, through the introduction of proper donor and acceptor units, this
emissive organic cage is the first among organic cages to exhibit red aggregation-induced delayed
fluorescence with photoluminescence emission at 603 nm. The finding not only expands the types of
emissive small-molecular organic cages, but also represents an important step for further development
of red delayed fluorescence materials with good solubility and aggregation-induced emission feature.
© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

Three-dimensional organic cages stand in the spotlight owing
to their extensive potential applications in a variety of fields such
as gas storage, permanent porous materials, host-guest chemistry
and so on [1]. In particular, in the field of optical applications,
luminescent organic cages have become a new light-generating
platform because of their novel and unique photophysical
properties [2]. However, the development of such materials still
needs to be further promoted, especially, such as small-molecular
emissive organic cages that have high atomic economy. Compared
with luminescent self-assembled metallacages [3] and large cage
frameworks [4], simple small-molecular emissive organic cages
show low-cost and attractive solution-processable characteristic
that makes them easier to be prepared into thin films by high-
throughput solution-processing technology, such as ink-jet print-
ing and spin coating, which is very necessary for the preparation of
cost-efficient electronic devices [5]. However, they have rarely
been reported.

On the other hand, at present, two main types of emissive
materials have been widely reported, that is, aggregation-caused
luminescence quenching (ACQ) and aggregation-induced emission
(AIE) materials. In comparison with ACQ molecules, AIE materials
exhibit strong luminescence in neat films [6], which is more
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conducive to simplify the preparation process of devices, such as
non-doped devices and even single-layer devices. Therefore, the
development of kinetically stable and simple small-molecular
emissive organic cages with AIE feature is meaningful and valuable.

Herein, we have successfully constructed a new kind of
emissive small-molecular organic cage with outstanding solubility
and structural stability, namely 3M, through a simple two-step
reaction, which showed expected AIE characteristic. More
interestingly, 3M simultaneously exhibited red thermally activated
delayed fluorescence (TADF) with photoluminescence (PL) emis-
sion at 603 nm. The materials possessing TADF property have been
identified as the most promising and cost-effective candidates for
lighting/display devices [7]. In addition, the crystal structure
showed that 3M had potential spatial isomeric chirality. The
development of this kind of luminescent organic cage not only
expands the types of emissive small-molecular organic cages, but
also represents an important step for the further development of
red TADF materials with good solubility and AIE feature.

This new emissive small-molecular organic cage was facilely
prepared based on the synthetic routes depicted in Scheme 1. The
first step was one-pot cage-forming reaction based on palladium-
catalyzed Buchwald-Hartwig coupling between the commercially
available starting materials, bis(3-bromophenyl)methanone and
bis(3-aminophenyl)methanone, which proceeded at 100°C to
obtain 3CO in 10.6% yield. The second step was Knoevnagel
condensation of 3CO and malononitrile mediated by TiCl; and
pyridine under reflux conditions for 5h to afford the target
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Scheme 1. Synthetic routes to target organic cage.

compound 3M in 92% isolated yield). The structure of 3M was
identified by NMR spectroscopy, mass spectrometry, and single-
crystal X-ray diffraction analysis, which also showed good
structural stability with a decomposition temperature of up to
446 °C for 3M (Fig. S1 in Supporting information).

The cage structure of 3M with D3 symmetry was confirmed by
X-ray crystallography (Fig. 1a), which looked like a pretty clover
with a fixed cavity, formed by the C-C distance of 6.980(15) A and
N-N distance of 5.539(96) A. A regular triangle was formed by the
three carbon atoms with each angle near 60°. Many solvent
molecules can enter such a large cavity, potentially improving the
solubility of 3M (in fact generally >10 mg/mL in most solvents).
Notably, analysis of the single crystal data of 3M demonstrated the
presence of two different configurations and indicated the
existence of spatial isomeric chirality, which was further
confirmed by the calculated mirror-image electronic circular
dichroism spectra (Fig. 1b and Fig. S4 in Supporting information).
From the side view, triphenylamine units (D) were formed on the
upper and lower sides of 3M. After combining with
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Fig.1. (a) ORTEP drawing of 3M from the side view. Hydrogen atoms are omitted for
clarity. (b) Two different spatial isomers of 3M. (c) HOMO and LUMO distributions,

and calculated singlet (S1) and triplet (T1) energy levels of 3M from the side view.
The above calculations were conducted based on B3LYP/6-31 G(d) method.
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dicyanodistyrene units (A), a twisted D-A system was formed,
which interestingly led to the realization of red TADF. Owing to that
the spatial separation of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) can
lead to a small singlet (S1)-triplet (T1) splitting energy (AEsr), thus
promoting reverse intersystem crossing (RISC) to realize effective
TADF, the electronic and geometrical structures of 3M were
evaluated based on time-dependent density functional theory
(TD-DFT) calculations. As shown in Fig. 1¢, the HOMOs and LUMOs
were mainly localized on the triphenylamine and dicyanodistyrene
units, respectively, which resulted in a small calculated AEsy value
of 0.31 eV [7b,7c]. Meanwhile, the HOMOs and LUMOs were found
to have weak overlap on the phenyl rings, which made 3M realize
effective light emission [8].

The steady-state UV-vis absorption and PL spectra of 3M in
toluene are shown in Fig. 2a. A weak absorption at ca. 415 nm was
detected, which was assigned to the twisted intramolecular
charge-transfer (TICT) transition and confirmed by the solvato-
chromic effect of PL with gradually red-shifted as increasing the
polarity of the solvent (Fig. S5 in Supporting information). Upon
photoexcitation, the solution exhibited structureless yellow
emission with PL emission peak at 542 nm (Fig. 2a). The AEsr
value of 3M was estimated to be 0.27 eV based on the onsets of the
low-temperature fluorescence and phosphorescence spectra at
77 K in toluene (Fig. 2b), which was relatively small owing to the
twisted cage structure and thus conducive to efficient RISC.

(b) 1 I —amT7K
# e = 3M-T7K-20 ms delay
o
=08
=
©w
2os|
<
204t
k]
[]
E 0.2 —3M
2 0 ~=3M--5ps delay
500 600 700 800 900 10001100120
Wavelength (nm)

3

3

s
=3
(]

Normalized Intensity (a.u.)

-
=
[y

3M in mCP

100 200 300 400 500
Time (us)

1, (vol %)

Fig. 2. (a) The UV-vis absorption and PL spectra for 3M in toluene. (b) PL spectra of
3M in neat film without delay time and with 5 s delay time at room temperature.
Inset: PL spectra of fluorescence and phosphorescence (delayed by 20 ms) for 3M at
77 K in toluene. (¢) Transient PL decay characteristics of 3M in neat film and 3M:
mCP doped film under vacuum. Inset: Prompt emission decay curve. (d) Plot of I
(emission intensity)/lo (emission intensity in THF solution) of 3M vs. water fractions
of the solvent mixture. Inset: PL spectra of 3M (10> mol/L) in THF/water mixtures
with different water fractions.
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To further investigate the TADF property of 3M, the time-
resolved and temperature-dependent transient PL decays in neat
film were carried out (Fig. 2c and Fig. S6 in Supporting
information), which clearly exhibited both prompt and delayed
fluorescence components at room temperature with lifetime (7p)
of 14.9 ns and lifetime (74) of 28.3 s, respectively. The content of
delayed fluorescence component under vacuum was more than
that in air (Fig. S6 in Supporting information). Meanwhile, with the
decrease of temperature from 300 K to 77 K, the content of delayed
fluorescence component also decreased (Fig. S6). In addition,
consistent prompt and delayed components with red PL emission
at 603 nmin the time-dependent PL measurement implied that the
delayed emission came from the same S1 state (Fig. 2b).

Interestingly, 3M also presented the desirable AIE feature,
which was confirmed by the emission behavior in THF/water
mixtures with variable water volume ratio (f,,) (Fig. 2d). With the
increase of f, from 0% to 50%, the emission spectra and PL
intensities gradually redshifted and decreased, which was due to
the enhancement of TICT effect caused by the increase of solvent
polarity [9]. As f, continued to increase, the PL intensities
increased dramatically with slight blue-shift in emission, which
revealed the typical AIE characteristic of 3M [10]. In addition,
doped film of 3M in a host material of 1,3-bis(carbazol-9-yl)
benzene (mCP) (10 wt%) was prepared. From Fig. 2c, the delayed
lifetime in the doped film (i.e., 21.6 jus) was lower than that in neat
film, reflecting that the delayed fluorescence was induced with
aggregate formation (AIDF) [11]. On the other hand, an obvious
decrease in the content of delayed fluorescence component from
300K to 77 K was also observed from the temperature-dependent
transient PL decays in the doped film, and the content of delayed
fluorescence component in air was also less than that under
vacuum, further confirming the TADF property of 3M (Fig. S7 in
Supporting information). The PL quantum yield (PLQY) in neat film
(6%) was higher than those in the doped film and dilute solution
(i.e., 3% and 2%, respectively), which further verified its AIE feature.
The PLQY value was not very high, which may be attributed to the
weak electron-donating units. Due to the extreme distortion of the
triphenylamine units, the conjugation effect was limited to some
extent. It may be promising to achieve better performance towards
brighter and redder luminescence such as by introducing electron-
donating groups (e.g., methoxy) to the benzene rings.

In conclusion, we have developed a new kind of simple emissive
small-molecular organic cage 3M via a facile two-step reaction,
which exhibited excellent solubility, structural stability and
potential spatial isomeric chirality. More interestingly, 3M also
showed red aggregation-induced delayed fluorescence, which was
the first report of emissive organic cages with AIDF feature. We
believe that this study will be meaningful not only to enlarge the
research and types of luminescent small-molecular organic cages,
but also to represent an important step for the further develop-
ment of red TADF materials with high solubility and AIE
characteristic.
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