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ABSTRACT: A fast reverse intersystem crossing (RISC) is
of high importance for delayed fluorescence emitters in
terms of increasing exciton utilization and suppressing
efficiency roll-off. Herein, new robust luminogens com-
prised of carbonyl, phenoxazine, and chlorine-substituted
carbazole derivatives are synthesized and characterized.
They have distinct aggregation-induced delayed fluores-
cence (AIDF) features and exhibit high photoluminescence
efficiencies and short delayed fluorescence lifetimes in neat
films. The RISC is conspicuously accelerated because of
their tiny singlet−triplet energy splitting and greatly
enhanced spin−orbit coupling by heavy atom effect in neat films. They can function efficiently as light-emitting layers
in nondoped OLEDs, providing excellent maximum electroluminescence (EL) efficiencies of 20.4−21.7%, and can also
perform outstandingly in doped OLEDs in a wide doping concentration range (5−90 wt %), affording impressive EL
efficiencies of up to 100.1 cd A−1, 104.8 lm W−1, and 29.1%, with small efficiency roll-off. These findings demonstrate the
AIDF luminogens with fast RISC are promising candidates to fulfill various demands of production and application of
OLEDs.

Delayed fluorescence is an important photophysical
phenomenon, involving triplet to singlet spin con-
version via reverse intersystem crossing (RISC) or

triplet−triplet annihilation (TTA) processes. The occurrence of
RISC generally requires a small singlet−triplet energy splitting
(ΔEST) of the molecule, while TTA relies on collisional energy
transfer between two triplet states (excitons). It is RISC that
enables the current riveting purely organic thermally activated
delayed fluorescence (TADF) materials to harvest electro-
generated triplet excitons for light emission to achieve exciting
breakthrough of theoretically 100% exciton utilization for
organic light-emitting diodes (OLEDs).1−23 A fast RISC,
corresponding to a short lifetime of delayed fluorescence
(τdelayed), can effectively reduce triplet exciton concentration and
thus suppress TTA at high voltages.24−34 As a result, more triplet

excitons can be harnessed to improve electroluminescence (EL)

efficiencies, and the troublesome efficiency roll-off problem

associated with TADF materials may be alleviated or even

completely solved.

According to Fermi’s Golden rule,35−38 the rate constant of

RISC (kRISC) mainly depends on ΔEST and spin−orbit coupling

(SOC), as expressed in formula 1
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in which Ψ1 and Ψ2 represent the specific wave functions of
initial and final states of RISC, respectively, ĤSO is the operator
for SOC, and ΔE12 is the energy difference between initial and
final states. In consequence, RISC can be promoted by
increasing SOC and decreasing ΔEST. Given a large enough
SOC and a tinyΔEST approaching zero, the RISC can be greatly
accelerated. In general, the ΔEST can be lowered by separating
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) via twisted connection
of electron donor and acceptor. The formation of molecular
aggregate is also conducive to diminishingΔEST owing to energy
splitting effect of excited states or hybridized local and charge
transfer.39−42 The SOC can be increased in the presence of
atoms of high atomic number, namely, heavy atom effect, which
is widely adopted in design of purely organic molecules with
room temperature phosphorescence andTADF.43−49 The heavy
atom effect is usually categorized as internal and external heavy
atom effects. In comparison to the internal heavy atom effect
from the limited heavy atoms attached on central molecule, in
the aggregated state, the external heavy atom effect exerted on
the central molecule can be greatly amplified because of much
more surrounding heavy atoms50−53 and, thus, can play a more
powerful role in enhancing SOC and perturbing spin statistics.
To create delayed fluorescence luminogens with a fast RISC,

in this contribution, we design a series of new molecules bearing
an electron-withdrawing carbonyl core and chlorine-substituted
electron-donating groups (Figure 1A). The chlorine and

carbonyl have been proved to be capable of increasing
SOC.54−56 The chlorine is selected also because of the stronger
chlorine−carbon bond than bromine−carbon and iodine−
carbon bonds, which ensures relatively higher chemical stability
of the luminogens with chlorine. The obtained luminogens
exhibit high photoluminescence (PL) quantum yield (ΦPL) and
short τdelayed values in neat films. The RISC obviously speeds up

in the aggregated state owing to the enhanced SOC. These
merits enable the luminogens to function outstandingly in
nondoped and doped OLEDs at varied doping concentrations
(5−90 wt %), with impressive EL efficiencies and small
efficiency roll-off.
The new luminogens 3-CCP-BP-PXZ, 9-CCP-BP-PXZ, and

3,9-CCP-BP-PXZ are easily prepared in high yields by Friedel−
Crafts acylations of chlorine-substituted carbazole derivatives
and 4-fluorobenzoyl chloride, followed by coupling with
phenoxazine (PXZ) in the presence of t-BuOK (Scheme S1).
The differential scanning calorimeter and thermogravimetric
analysis reveal high glass-transition temperatures of 92, 81, and
111 °C and high decomposition temperatures of 359, 417, and
422 °C for 3-CCP-BP-PXZ, 9-CCP-BP-PXZ, and 3,9-CCP-BP-
PXZ, respectively (Figure S1), verifying their good thermal and
morphological stabilities. They also hold high electrochemical
stability as uncovered by the reversible oxidation and reduction
processes in cyclic voltammetry measurement. Their practical
HOMO and LUMO energy levels in neat films are determined
as around −5.0 and −2.7 eV, respectively (Figure S2).
Single crystals of the new luminogens are cultured in

dichloromethane−methanol mixtures by slow solvent evapo-
ration, and analyzed by X-ray crystallography. As illustrated in
Figure 1B, all the luminogens adopt twisted conformations.
Taking 3-CCP-BP-PXZ as an example, the phenyl ring at 9-
position of carbazole shows a torsion angle of 49.6°, and the
phenyl ring between PXZ and central carbonyl forms large
torsion angles of 73.9° and 43.2° with each other. However, the
carbazole is connected with carbonyl in a relatively planar
manner with a small torsion angle of 10.1°. These conforma-
tional findings suggest that it is much easier for PXZ and
carbonyl to achieve separation of HOMO and LUMO. The
twisted conformation can also efficiently suppress strong π−π
interaction that may lead to emission quenching and exciton
annihilation. Numerous weak intermolecular interactions,
including C−H···π, CO···H and C−Cl···H, as well as C−
Cl···π interactions, are observed in crystals (Figure S3), which
are helpful to rigidify molecular structures and reduce
nonradiative energy loss. Moreover, the interactions of chlorine
and carbonyl with neighboring aromatic moieties can induce
efficient orbital couplings (e.g., π−σ* and n−π*).57−59
Consequently, the luminogen can feel additional heavy atom
effect from many surrounding chlorine and carbonyl groups in
the aggregated state, like external heavy atom effect, which is
conductive to SOC enhancement.
The twisted geometry of the new luminogens can facilitate

separation of HOMOs and LUMOs. Indeed, as disclosed by
theoretical calculation, the HOMOs are mainly located on PXZ,
while the LUMOs are distributed on carbonyl, adjacent phenyl
and a part of carbazole (Figure 1C), which agrees well with their
crystal structures. The good separation of HOMOs and LUMOs
results in small theoretical ΔEST values of 0.115−0.172 eV and,
thus, ensures the occurrence of rapid RISC. On the other side,
the SOC values of these luminogens in gas phase are calculated
to be 0.002−0.007 cm−1, while the SOC values in solid phase
significantly boost to 0.234−0.406 cm−1, which is attributed to
the enhanced heavy atom effect in the aggregated state as
discussed above.49−53 These SOC values are also apparently
larger than that of the chlorine-free parent CP-BP-PXZ (0.084
cm−1) in solid. The large SOC values can greatly accelerate
RISC and eventually bring about efficient delayed fluorescence
with short lifetimes.

Figure 1. (A) Chemical and (B) crystal structures of 3-CCP-BP-
PXZ, 9-CCP-BP-PXZ, and 3,9-CCP-BP-PXZ. (C) Calculated
frontier orbital amplitude plots, ΔEST and SOC values; SOCg and
SOCs are the SOC values computed in gas and solid phases,
respectively.
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3-CCP-BP-PXZ, 9-CCP-BP-PXZ, and 3,9-CCP-BP-PXZ
exhibit strong absorption bands at 326−328 nm and weak
charge transfer absorption bands at ∼405 nm in THF solutions
(Figure 2A) and emit weak PL at 571−576 nm with low ΦPL

values of 2.7−3.0% (Table 1) in THF solutions. Transient PL
decay spectra reveal quite short mean PL lifetimes of 3.9−11.7
ns, and the delayed components are tiny (Table S1). However,
upon formation of aggregates by adding a large amount of water
into THF solutions, their PL intensifies and gets blue-shifted to
538−540 nm (Figures 2C and S4). The restriction of
intramolecular motions by physical constraint and weak
intermolecular interactions in aggregate can block non-radiative
decay channel and reduce reorganization energy of excited state,
leading to enhanced and blue-shifted emission.60,61 On the other
hand, the PL lifetimes become longer and the delayed
fluorescence character becomes distinct as the aggregate
formation (Figures 2D and S5). The transient PL decay curves
can be fitted by double exponential decay, corresponding to
prompt and delayed fluorescence. For example, at a high water

fraction of 99 vol %, the mean PL lifetime of 3-CCP-BP-PXZ
reaches 149 ns, and the delayed component with a lifetime of
0.57 μs is observed (Table S1). In view of the weak PL without
noticeable delayed fluorescence in solutions, these results unveil
that the delayed fluorescence of the luminogens is induced by
aggregate formation, namely, aggregation-induced delayed
fluorescence (AIDF).27−34,62−65

3-CCP-BP-PXZ, 9-CCP-BP-PXZ, and 3,9-CCP-BP-PXZ can
luminesce strongly in neat films (Figure 2B), exhibiting PL peaks
at 536−543 nm, high ΦPL values of 70.4−73.0%, and mean PL
lifetimes of 112−199 ns. The transient PL decay spectra disclose
that 3-CCP-BP-PXZ and 9-CCP-BP-PXZ have relatively short
τdelayed values of 0.76 and 0.68 μs, corresponding to kRISC values
of 1.73× 106 and 1.97× 106 s−1, respectively. 3,9-CCP-BP-PXZ,
which carries more chlorine atoms, has an even shorter τdelayed of
0.42 μs and a larger kRISC of 3.10 × 106 s−1. Combining the
relatively longer τdelayed (2.1 μs) and smaller kRISC (0.63 × 106

s−1) of the parent CP-BP-PXZ,28 these data unquestionably
demonstrate the RISC is indeed quickened as the introduction
of chlorine atoms. More interestingly, temperature-dependent
transient PL decay spectra show that the delayed fluorescence of
these luminogens only change slightly as the temperature rises
from 77 to 300 K (Figure S6), probably owing to that the large
SOC values diminish the dependence of RISC on temperature,
namely, the delayed fluorescence can occur efficiently even at
low temperatures. The ΔEST values of the luminogens in neat
films are as small as 0.016−0.019 eV, calculated from
fluorescence and phosphorescence spectra at 77 K (Figure
S7), smaller than that of CP-BP-PXZ (0.024 eV). So, the smaller
ΔEST and enhanced SOC result in the faster RISC of the new
luminogens. The eminent AIDF property and fast RISC enable
the luminogens to function efficiently in both nondoped and
doped OLEDs with high exciton utilization and small efficiency
roll-off.
To study the EL performance of the new luminogens,

nondoped OLEDs with a configuration of ITO/HATCN (5
nm)/TAPC (30 nm)/TCTA (5 nm)/emitter (20 nm)/
TmPyPB (40 nm)/LiF (1 nm)Al are fabricated by vacuum
deposition technique,66 where the neat films of the luminogens
function as light-emitting layers, HATCN serves as hole
injection layer, TAPC and TmPyPB are used as hole- and
electron-transporting layers, respectively, and TCTA works as
electron-blocking layer. All the devices can be turned on at very
low voltages of 2.6−2.8 V and illuminate strong yellow light at
537−541 nm, with peak luminance (Lmax) of up to 88750 cdm

−2

and stable EL spectra at varied voltages. These nondoped
OLEDs exhibit outstanding EL efficiencies with maximum

Figure 2. (A) Absorption spectra in THF (10−5 M) and (B) PL
spectra in neat film of the new luminogens. (C) PL spectra and (D)
PL decay curves of 3-CCP-BP-PXZ in THF/water mixtures with
different water fractions ( fw) (10

−5 M), measured under nitrogen
atmosphere.

Table 1. Photophysical Properties of the New AIDF Luminogens

solutiona filmb

λabs
(nm)

λem
(nm)

ΦPL
c

(%)
⟨τ⟩d

(ns)
λem
(nm)

ΦPL
c

(%)
⟨τ⟩d

(ns)
τprompt

d

(ns)
τdelayed

d

(μs)
Rdelayed

e

(%)
kRISC

f (106
s−1)

ΔESTg
(eV)

3-CCP-BP-PXZ 327 575 3.0 11.7 541 73.0 199 22.2 0.76 24.0 1.73 0.016
9-CCP-BP-PXZ 328 571 2.8 10.3 543 70.4 188 22.2 0.68 25.2 1.97 0.018
3,9-CCP-BP-PXZ 326 576 2.7 3.9 536 72.6 112 21.1 0.42 22.7 3.10 0.019
CP-BP-PXZh 330 582 2.2 11.8 530 58.0 512 23.5 2.10 24.0 0.63 0.024

aMeasured in THF solution (10−5 M) at room temperature. bVacuum-deposited on a quartz substrate. cDetermined by a calibrated integrating
sphere at room temperature under nitrogen atmosphere. dMean fluorescence lifetimes (⟨τ⟩), and prompt (τprompt) and delayed (τdelayed)
components evaluated at 300 K under nitrogen atmosphere. eRatio of delayed (Rdelayed) component evaluated at 300 K under nitrogen atmosphere.
fThe rate constant of RISC, calculated from the equations given in the Supporting Information. gEstimated from the high-energy onsets of
fluorescence and phosphorescence spectra at 77 K. hThe data are cited from ref 28.
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current (ηC,max), power (ηP,max), and external quantum (ηext,max)
efficiencies of 72.1−76.6 cd A−1, 53.5−75.2 lm W−1, and 20.4−
21.7%, respectively (Figure 3). At 1000 cd m−2, these devices
still maintain good performances with ηC, ηP, and ηext of 68.5−
69.8 cd A−1, 43.1−52.2 lm W−1, and 19.4−19.8%, respectively.
The corresponding efficiency roll-off is only 4.4−8.7% (Table
2). These data are clearly advanced in comparison with those of
CP-BP-PXZ (ηC,max = 59.1 cd A−1; ηext,max = 18.4%)28 and are
among state-of-the-art results ever reported for nondoped
OLEDs.27−34

To further evaluate the application potential of the new
luminogens, doped OLEDs with the same device configurations
are fabricated. The emitters are comprised of doped films of the
luminogens in 4,4′-di(carbazol-9-yl)-1,1′-biphenyl (CBP) host
with varied doping concentrations from 5 to 90 wt %. The
obtained doped OLEDs also show excellent EL performances.
As listed in Table 2, the doped OLEDs of 3-CCP-BP-PXZ show
low turn-on voltages of 2.6−3.0 V and intense EL with large Lmax

values of 76540−111400 cd m−2. The device at 5 wt % doping
concentration radiates green EL at 523 nm and holds the best EL

efficiencies, with a ηC,max of 100.1 cd A−1, a ηP,max of 104.8 lm
W−1, and a ηext,max of 29.1%. Interestingly, as the increase of
doping concentration, the EL efficiencies virtually only have
small changes. For example, even at a high concentration of 80
wt %, the ηC,max, ηP,max, and ηext,max are still as high as 84.0 cd A

−1,
101.4 lm W−1, and 23.8%, respectively. More importantly,
efficiency roll-off of these doped devices are much smaller than
those of most doped OLEDs based on TADF materials. For
example, the efficiency roll-off of 80 wt% 3-CCP-BP-PXZ device
only exhibits a minor efficiency roll-off 2.9% at 1000 cdm−2. The
doped OLEDs of 9-CCP-BP-PXZ and 3,9-CCP-BP-PXZ also
exhibit concentration-insensitive feature, as evidenced by stable
ηext,max values of 20.4−24.1% and 20.0−26.5%, respectively, in a
wide doping concentration range of 5−90 wt % (Figures S8 and
S9). The device of 9-CCP-BP-PXZ at 40 wt % doping
concentration provides a ηC,max of 81.3 cd A−1, a ηP,max of 85.1
lm W−1, and a ηext,max of 24.1%, with a small efficiency roll-off of
4.9% at 1000 cd m−2 (Table S3). The 3,9-CCP-BP-PXZ device
at 20 wt % doping concentration affords a ηC,max of 92.1 cd A

−1, a
ηP,max of 90.4 lm W−1, and a ηext,max of 26.5%, with a small

Figure 3. Plots of (A) luminance−voltage−current density, (B) current efficiency−luminance−power efficiency, and (C) external quantum
efficiency−luminance of the nondopedOLEDs. Inset: EL spectra at 1000 cdm−2. Device configuration: ITO/HATCN (5 nm)/TAPC (30 nm)/
TCTA (5 nm)/emitter (20 nm)/TmPyPB (40 nm)/LiF (1 nm)/Al; emitter = 3-CCP-BP-PXZ, 9-CCP-BP-PXZ, or 3,9-CCP-BP-PXZ.

Table 2. EL Performances of the OLEDs Based on the New AIDF Luminogensa

maximum values values at 1000 cd m−2

Von(V)
ηC

(cd A−1)
ηP

(lm W−1)
ηext
(%) L (cd m−2)

ηC
(cd A−1)

ηP
(lm W−1)

ηext
(%)

RO
(%) CIE (x,y)

λEL
(nm)

nondoped OLEDs
3-CCP-BP-PXZ 2.8 76.6 75.2 21.7 88750 69.8 52.2 19.8 8.7 (0.38, 0.58) 540
9-CCP-BP-PXZ 2.6 72.5 53.5 20.4 29510 68.5 43.1 19.4 4.9 (0.37, 0.59) 537
3,9-CCP-BP-PXZ 2.8 72.1 65.4 20.6 35580 69.0 51.6 19.7 4.4 (0.39, 0.58) 541

doped OLEDs
5 wt % 3-CCP-BP-PXZ 3.0 100.1 104.8 29.1 76820 82.0 56.0 23.8 18.2 (0.32, 0.59) 523
10 wt % 3-CCP-BP-PXZ 3.0 94.7 82.6 27.5 76540 85.2 58.1 24.7 10.1 (0.33, 0.59) 528
20 wt % 3-CCP-BP-PXZ 2.8 96.2 94.4 27.7 93900 89.7 70.4 25.8 6.8 (0.34, 0.59) 530
30 wt % 3-CCP-BP-PXZ 2.8 93.1 91.4 27.1 99590 85.7 67.3 24.9 8.1 (0.36, 0.58) 530
40 wt % 3-CCP-BP-PXZ 2.8 88.6 99.3 24.7 105400 76.8 60.3 21.4 13.3 (0.35, 0.60) 533
50 wt % 3-CCP-BP-PXZ 2.6 85.7 86.7 23.9 107100 84.0 62.8 23.4 2.1 (0.37, 0.59) 538
60 wt % 3-CCP-BP-PXZ 2.6 85.3 89.3 24.1 102400 81.1 67.0 22.9 4.9 (0.36, 0.59) 534
70 wt % 3-CCP-BP-PXZ 2.6 87.2 97.8 24.6 111400 82.0 71.5 23.1 6.1 (0.36, 0.59) 532
80 wt % 3-CCP-BP-PXZ 2.6 84.0 101.4 23.8 108000 81.6 75.4 23.1 2.9 (0.38, 0.58) 539
90 wt % 3-CCP-BP-PXZ 2.6 85.0 95.3 23.8 104600 79.5 56.8 22.3 6.3 (0.39, 0.58) 539
aAbbreviations: Von= turn-on voltage at 1 cd m−2; ηC= current efficiency; ηP = power efficiency; ηext = external quantum efficiency; L = luminance;
RO = current efficiency roll-off from maximum value to that at 1000 cd m−2; CIE = Commission Internationale de I’Eclairage coordinates. Device
configuration: ITO/HATCN (5 nm)/TAPC (30 nm)/TCTA (5 nm)/emitter (20 nm)/TmPyPB (40 nm)/LiF (1 nm)Al; nondoped OLEDs
emitter = 3-CCP-BP-PXZ, 9-CCP-BP-PXZ, and 3,9-CCP-BP-PXZ; doped OLEDs emitter = 3-CCP-BP-PXZ (x wt %): CBP; x = 5, 10, 20, 30, 40,
50, 60, 70, 80, and 90.

ACS Materials Letters Letter

DOI: 10.1021/acsmaterialslett.9b00369
ACS Materials Lett. 2019, 1, 613−619

616

http://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.9b00369/suppl_file/tz9b00369_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.9b00369/suppl_file/tz9b00369_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.9b00369/suppl_file/tz9b00369_si_001.pdf
http://dx.doi.org/10.1021/acsmaterialslett.9b00369


efficiency roll-off of 9.4% at 1000 cd m−2 (Table S4). These
interesting results suggest that the short-range Dexter energy
transfer has been successfully suppressed,27−34,67,68 which
enable the luminogens to perform efficiently at varied doping
concentrations, without causing large performance variation and
severe efficiency roll-off.
In summary, a series of new robust luminogens containing an

electron-withdrawing carbonyl core and chlorine-substituted
electron-donating groups are designed and synthesized. The
new luminogens 3-CCP-BP-PXZ, 9-CCP-BP-PXZ, and 3,9-
CCP-BP-PXZ have excellent thermal and electrochemical
stabilities, and exhibit intriguing AIDF property, with higher
ΦPL and shorter τdelayed values than those of chlorine-free CP-BP-
PXZ. The tiny ΔEST and greatly enhanced SOC values in neat
films, owing to strengthened heavy atom effect, significantly
accelerate RISC and thus shorten τdelayed. The nondopedOLEDs
of the luminogens exhibit remarkable EL performance,
providing high ηC,max, ηP,max, and ηext,max of up to 76.6 cd A−1,
75.2 lm W−1, and 21.7%, respectively, with very small efficiency
roll-off. The luminogens can also function robustly in doped
OLEDs in a wide doping concentration range (5−90 wt %) with
minor EL efficiency variation. Impressively high ηC,max, ηP,max,
and ηext,max of 100.1 cd A−1, 104.8 lm W−1, and 29.1%,
respectively, are attained in the doped OLEDs of 3-CCP-BP-
PXZ. The eminent AIDF character, fast RISC and remarkable
concentration-insensitive EL property demonstrate the new
luminogens can be promising candidates to improve OLED
production tolerance and operational stability.
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