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lly activated delayed fluorescence
emitters for highly efficient organic light-emitting
diodes†

Yanyan Liu,‡a Jiaji Yang,‡b Zhu Mao, *c Yuyuan Wang,a Juan Zhao, *d

Shi-Jian Su *b and Zhenguo Chi *a

The isomeric strategy is an important design concept inmolecular design that has a non-negligible influence on

molecular properties. Herein, two isomeric thermally activated delayed fluorescence (TADF) emitters (NTPZ

and TNPZ) are constructed with the same skeleton consisting of an electron donor and electron acceptor

but different connection sites. Systematic investigations show that NTPZ exhibits a small energy gap, large

up-conversion efficiency, low non-radiative decay, and high photoluminescence quantum yield. Further

theoretical simulations reveal that the excited molecular vibrations play a key role in regulating the non-

radiative decays of the isomers. Therefore, an NTPZ based OLED achieves better electroluminescence

performances, such as a higher external quantum efficiency of 27.5% compared to a TNPZ based OLED

(18.3%). This isomeric strategy not only provides an opportunity to deeply understand the relationship

between substituent locations and molecular properties, but also affords a simple and effective strategy to

enrich TADF materials.
Introduction

Pure organic thermally activated delayed uorescence (TADF)
emitters have attractedmuch attention for applications in organic
light-emitting diodes (OLEDs) due to their advantages of 100%
internal quantum efficiency via the reverse intersystem crossing
(RISC) process from the triplet (T1) state to the singlet (S1) state.1–3

To achieve an efficient RISC process, the general molecule design
strategy is to construct a twisted connection between the electron
donor (D) and electron acceptor (A) with a D–p–A skeleton, which
can separate the highest occupied molecular orbital (HOMO) and
the lowest unoccupiedmolecular orbital (LUMO) to reduce the S1–
T1 energy gap (DEST) so as to enhance RISC up-conversion.4,5

However, the isolated HOMO–LUMO tends to decrease radiative
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decay with a low quantum efficiency.6 Additionally, for highly
efficient TADF emitters, low non-radiative decays are also required
simultaneously.7 To solve this dilemma, several design strategies
have been proposed, such as intensifying intramolecular charge
transfer (ICT),8–10 increasing molecular rigidity,11–13 and incorpo-
rating through-space charge transfer.14–16 Among these strategies,
the twisted angles between the donor and acceptor should be
carefully modulated as should their electron-donating and
electron-withdrawing abilities.17 Therefore, it is essential to gain
a deep understanding of the properties of the selectedmoieties (D
or A) to realize high-efficiency TADF molecules, revealing the
difficulty of molecular design.

As known, structural isomers are different compounds that
have the same molecular formula but the atoms are attached in
distinct ways by covalent bonds, which have signicant effects on
chemical and physical properties.18,19 Isomers with different
structures can induce geometric and electronic structure changes
in molecules.20 In the past decade, much attention has been paid
to the development of new types of electron donors and acceptors
to construct highly efficient TADF molecules.21,22 In contrast,
applying the same donor and acceptor to construct TADF mole-
cules has rarely been considered. Taking this into account,
isomers with the TADF feature can be accomplished by manipu-
lating different substitution positions of the same electron donor/
acceptor to regulate excited states and thus modulate photo-
physical processes.23 Therefore, further studies on the structure–
property relationship of different isomers are of great signicance
to the design of TADF molecules.
Chem. Sci., 2023, 14, 1551–1556 | 1551
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Fig. 1 (a) Key parameters and the moieties of typical TADF molecules
and (b) chemical structures of NTPZ and TNPZ in this work.

Fig. 2 Theoretical calculations ofNTPZ and TNPZ based on gas states.
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With this hypothesis, two isomeric TADF emitters based on
a dibenzo[a,c]phenazine (PZ) skeleton, namely 4,4′-(3,6-bis(4-
(diphenylamino)phenyl)dibenzo[a,c]-phenazine-11,12-diyl)diben-
zonitrile (NTPZ) and 4,4′-(11,12-bis(4-(diphenylamino)phenyl)-
dibenzo[a,c]phenazine-3,6-diyl)-dibenzonitrile (TNPZ) with the
same donor and acceptor units but different connection loca-
tions were designed and synthesized (Fig. 1b). PZ was selected as
the backbone considering its large conjugate plane, excellent
thermal stability, and easy structural modication, while tri-
phenylamine was chosen considering its strong electron donor
ability and high hole mobility.24 NTPZ and TNPZ have similar
photophysical properties due to their identical components,
while NTPZ exhibits a signicantly faster RISC process and lower
non-radiative decay than TNPZ, thereby promoting electrolumi-
nescence performance. Further experimental and theoretical
analyses demonstrate that the isomers exhibit different excited
structural relaxations, resulting in varied efficiencies. The results
give us an opportunity to get a deep understanding of the rela-
tionship between substituent positions and molecular proper-
ties. Meanwhile, the isomeric strategy of exchanging donor and
acceptor positions enriches the structural diversity of TADF
molecules. Therefore, this work provides an effective new strategy
for the development of efficient TADF emitters.
Results and discussion
Theoretical calculations

The synthetic procedures are shown in Scheme S1† (ESI) and
structural characterization studies are conducted by proton
nuclear magnetic resonance spectroscopy, carbon nuclear
magnetic resonance spectroscopy and high resolution mass
spectroscopy (Fig. S1–S9†). Density functional theory calculations
of NTPZ and TNPZ were rst carried out using the B3LYP/6-
311G(*) level to optimize molecular geometries. The frontier
molecule orbital distributions of NTPZ and TNPZ are calculated
and delineated as shown in Fig. 2, showing that the HOMOs are
1552 | Chem. Sci., 2023, 14, 1551–1556
mainly distributed on the TPA group and the LUMOs are located
on the PZ core while extending to the benzene cyano unit. Such
thorough separation of the HOMO–LUMO drives the reduction in
DEST (0.20 eV and 0.17 eV forNTPZ and TNPZ, respectively), which
is benecial for an efficient RISC process. Natural transition
orbital (NTO) and spin-orbital coupling matrix (SOC) investiga-
tions are performed to further evaluate excited state characteris-
tics using time-dependent density functional theory. As displayed
in Fig. S10 and S11,† the ground state S0 / S1 transition repre-
sents the charge transfer (CT) transition from the TPA donor to
the PZ acceptor. Intriguingly, the lower-lying triplet states (T1 and
T2) of the two isomers show hybrid charge transfer and locally
excited (LE) features, which are crucial to enhance the RISC
process via non-adiabatic coupling.25 These results indicate that
the two molecules constructed by the same units exhibit the
potential to act as TADF materials. Intriguingly, the theoretical
results reveal that the two isomers with different substitution
positions show analogous electronic features of excited states,
which is different from previously reported cases.26,27

Photophysical properties

Ultraviolet-visible (UV-vis) absorption and photoluminescence
(PL) spectra ofNTPZ and TNPZ in dilute toluene solutions at room
temperature were measured to explore the effect of different
connection modes on photophysical properties. As presented in
Fig. 3a, the twomolecules show similar absorption features due to
their identical components. The high energy absorption peaks
before 409 nm can be assigned to the intramolecular LE transi-
tions and the low energy absorption peaks (410–550 nm) should
be attributed to the intramolecular charge transfer (ICT) transi-
tions from the donor to the acceptor. Besides, NTPZ and TNPZ
also show similar PL emission peaks that are located at 557 and
563 nm, respectively. Both compounds show broad and struc-
tureless emissions, suggesting their ICT characteristics, which
can be further proved by the solvatochromic effect (Fig. S12 and
S13†). It can be seen that the absorption peaks of NTPZ or TNPZ
are very similar while the emission peaks show an apparently
bathochromic shi with the solvent polarity increasing from non-
polar hexane to polar trichloromethane, indicating the ICT char-
acters of these molecules. Moreover, the transient PL decay
spectra of NTPZ and TNPZ were recorded in toluene solutions
(Fig. 3c), which exhibit single exponential prompt decays with
© 2023 The Author(s). Published by the Royal Society of Chemistry



Fig. 3 UV-vis absorption and PL spectra in (a) toluene solutions and (b)
10 wt% doped CBP films (inset: images of toluene solution and 10 wt%
doped CBP films of emitters under a UV lamp, excitation wavelength:
365 nm), transient PL decay curves in (c) toluene solutions and (d)
10 wt% doped CBP films forNTPZ and TNPZ, and (e) PLQY and (f) non-
radiative rate of the isomers in doped films.
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a uorescence lifetime of 4.1 and 4.3 ns, respectively. The slightly
longer lifetime of TNPZ indicates the stronger ICT effect, which is
consistent with the UV-vis absorption and PL spectra. Addition-
ally, the DEST values of NTPZ and TNPZ were calculated from the
edges of uorescence spectra at room temperature and phos-
phorescence spectra at 77 K (Fig. S14 and S15†), which are 0.20
and 0.22 eV in toluene solutions and 0.10 and 0.19 eV in 10 wt%
doped CBP lms, respectively, suggesting the possibility of an up-
conversion process. It should be noted that the different DEST
values between the theoretical and experimental results can be
assigned to external environment reorganization effects.28

In a further set of experiments, the doped lms of a 10 wt%
emitter in a 4,4′-bis(9H-carbazol-9-yl)biphenyl (CBP) host were
investigated. Similar to the toluene solutions, the two lms exhibit
similar absorption and emission features that originate from the
same component. As shown in Fig. 3b, the broad absorption at
around 400–450 nm can be assigned to the ICT features of the two
Table 1 Summary of photophysical properties

Comp. lA
a (nm) lem

b (nm) PLQYc (%) FPF
d (%) FDF

e (%) sPF

NTPZ 473 583 100 72 28 7.0
TNPZ 489 589 82 57 25 4.3

a Absorption peak in a 10 wt% doped CBP lm. b PL emission peak in a 10
(excitation wavelength: 470 nm). d Quantum efficiency of prompt emiss
lifetime component (excitation wavelength: 470 nm and emission wave
(excitation wavelength: 470 nm and emission wavelengths: 583 and 589
i Rate constant of non-radiative decay for the singlet excited state. j Rate

© 2023 The Author(s). Published by the Royal Society of Chemistry
isomers, which can also be identied by the structureless emis-
sions of the lms with PL peaks at 583 and 588 nm for NTPZ and
TNPZ, respectively. Meanwhile, the transient PL decay spectra
were measured on lms (Fig. 3d). As expected, the decay curves
exhibit biexponential features composed of a nanosecond prompt
decay and a microsecond delayed decay, with delayed lifetimes of
71 ms and 125 ms for NTPZ and TNPZ in lm states, respectively.
The microsecond lifetime suggests the participation of triplet
excitons, which can further be veried by oxygen-sensitive PL
spectra, showing increased luminescence intensity under vacuum
conditions instead of air conditions (Fig. S16†). Additionally,
temperature-dependent transient decay spectra of the molecules
from 100 K to 300 K were recorded (Fig. S17†). The proportion of
the delayed components shows an increased tendency when
increasing temperature from 100 K to 300 K, demonstrating the
TADF properties of the two isomeric molecules. In order to reveal
more detailed photophysical properties of the isomers, photo-
luminescence quantum yields (PLQYs) of NTPZ and TNPZ were
measured (Fig. 3e), which reach up to nearly 100% and 82%under
oxygen-free conditions, respectively. Thereaer, kinetic parame-
ters are obtained based on the PLQYs and lifetime results (Table
1). Intriguingly, the kRISC constant of NTPZ is higher than that of
TNPZ, while the nonradiative decay rate (knr) constant of NTPZ is
signicantly reduced by two orders of magnitude (Fig. 3f),
implying an excellent TADF feature and efficient exciton utiliza-
tion for NTPZ. The detailed photophysical parameters reveal that
the different constitution types of the same donors and acceptor
have great inuence on the TADF performances of isomer mole-
cules. Notably, the emission wavelength of TNPZ presents
a bathochromic shi in the monomolecular state (Fig. 3a and b),
while it is opposite in the aggregated state (Fig. S18†), ascribed to
the way of molecular stacking, which can be proved by powder X-
ray diffraction (Fig. S19†).29,30

In order to reveal the relationship between excited-stated
structural motions and non-radiative pathways, theoretical
simulations were further carried out. Generally, excited-molecular
vibrations can be restricted by intramolecular interactions to
afford a lower non-radiative decay. In this regard, reduced density
gradient (RDG) analysis was performed to unveil intramolecular
interactions.31 Due to the steric hindrance of the isomers, plenty
of intramolecular interaction regions are found as displayed in
Fig. 4a. Intriguingly, the interaction regions exhibit a signicant
difference in triphenylamine moieties for the two isomers. In
a further set of experiments, root-mean-square-deviation (RMSD)
calculations are executed to evaluate conformation changes of the
f (ns) sDF
g (ms) kr

h (s−1) knr
i (s−1) kISC

j (s−1) kRISC
k (s−1)

71 1.03 × 108 3.94 × 100 2.88 × 107 5.48 × 103

125 1.32 × 108 3.63 × 102 4.03 × 107 2.86 × 103

wt% doped CBP lm. c Quantum efficiency in a 10 wt% doped CBP lm
ion. e Quantum efficiency of delayed emission. f Prompt uorescence
lengths: 583 and 589 nm). g Delayed uorescence lifetime component
nm). h Rate constant of radiative decay for the singlet excited state.

constant of ISC. k Rate constant of RISC.

Chem. Sci., 2023, 14, 1551–1556 | 1553



Fig. 4 (a) RDG analysis of the isomers, (b) RMSD of the ground and
excited states of the isomers, and (c) reorganization energy analysis of
the isomers.
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ground state (S0) and excited singlet state (S1) based on optimized
molecular geometry for these molecules (Fig. 4b). TNPZ presents
a much higher RMSD value (0.406) than NTPZ (0.223); the higher
RMSD means larger conformation regulations between S0 and S1,
thus resulting in more non-radiative transition channels of
excited-state molecules.32

Meanwhile, reorganization energy (l) is an indicator of geom-
etry changes in the S0 state and S1 state, which also reects the
contribution of intramolecular motions to non-radiative decay.33

Therefore, to investigate the detailed features of exicited-molecular
motions, the l values versus normal mode ofNTPZ and TNPZwere
calculated to be 1657 cm−1 and 1871 cm−1 (Fig. 4c), respectively.
As expected, the primarily normalmode (21.59 cm−1) contribution
of reorganization in TNPZ could be assigned to the vibrations of
the triphenylamine moiety (Fig. S20†), which is the main reason
for fast non-radiative decay in TNPZ. These results demonstrate
that the signicant molecular vibrations in TNPZ are the main
reason for the lower quantum efficiency.
Fig. 5 (a) Measured p-polarized PL intensity at the maximum emission
peak in 10 wt% emitter doped CBP films and simulated curves (lines
and dotted lines) with different horizontal dipole ratios for NTPZ and
TNPZ. (b) The transition dipole moment vectors and the direction of
NTPZ and TNPZ.
Thermal stability

To conrm the high rigidity and excellent thermal stability,
thermogravimetric analysis and differential scanning calorimetry
were implemented (Fig. S21†), and the decomposition tempera-
tures (Td: corresponding to 5%weight loss) ofNTPZ and TNPZ are
549 and 600 °C, respectively, while there is no signicant glass
transition temperature due to the high rigidity. The excellent
thermal properties ofNTPZ and TNPZ prove that they are suitable
for vacuum deposition techniques to fabricate OLEDs.
1554 | Chem. Sci., 2023, 14, 1551–1556
Horizontal dipole ratio (HDR)

The HDR orientation of NTPZ and TNPZ was studied via the
polarized angle-dependent PL intensity at the maximum emis-
sion peak in CBP doped lms. As illustrated in Fig. 5a, the HDR
orientation is simulated to be 88% and 92% for NTPZ and TNPZ,
respectively, which is higher than 67% for purely isotropic
emitters, indicating that the two emitters possess excellent HDRs
in the CBP host materials. In addition, the transition dipole
moment (TDM) from S1 to S0 was calculated based on optimized
S1 state structures (Fig. 5b); the TDM vectors of both emitters
represent that the direction of TDM is mainly along the molec-
ular long x-axis, especially for TNPZ, where the X plane and
transition dipole moment are elongated despite the distorted
conformation, which is benecial to improve the outcoupling
coefficient.34 These results reveal that NTPZ and TNPZ have great
potential to enhance light harvesting efficiency without any
external light out-coupling measurements.
Electroluminescence (EL) performance

To investigate the EL performance of the TADF emitters,
multilayer devices with structures of ITO/HATCN (5 nm)/TAPC
(30 nm)/mCP (10 nm)/CBP: 10 wt% NTPZ or TNPZ (20 nm)/
B3PYMPM (70 nm)/LiF (1 nm)/Al (150 nm) were constructed.
Herein, HATCN is 2,3,6,7,10,11-hexacyano-1,4,5,8,9,12-hexaaza-
triphenylene, TAPC is 1,1-bis(4-di-p-tolylaminophenyl)cyclo-
hexane, mCP is m-bis(N-carbazolyl)benzene, and CBP is 4,4′-
bis(9H-carbazol-9-yl)biphenyl. In both devices, HATCN acted as
a hole-injection layer; TAPC and B3PYMPM are employed as
a hole-transporting layer and an electron-transporting layer,
respectively; mCP is used as an exciton blocking layer because
its high triplet energy can help prevent energy transfer and loss,
thus beneting high device efficiency.

The OLED device structure and EL performances including
current density–voltage–luminance curves, external quantum
efficiency (EQE), and EL spectra are illustrated in Fig. 6 and the
key device data are summarized in Table S1.† The turn-on
© 2023 The Author(s). Published by the Royal Society of Chemistry



Fig. 6 (a) OLED device structure and molecular structures of the
materials. (b) Current density–voltage–luminance curves and (c) EQE–
luminance curves and EL spectra (inset) of OLEDs.

Edge Article Chemical Science
voltages (at a brightness of 1 cd m−2) of NTPZ and TNPZ are 2.8
and 3.2 V, respectively, and the relatively lower turn-on voltage
and higher current density of NTPZ-OLED suggest a better charge
carrier transport characteristic of the NTPZ-OLED. Correspond-
ingly, the NTPZ-OLED achieves superior EL characteristics with
amaximumEQE, current efficiency (CE) and power efficiency (PE)
of 27.5%, 82.3 cd A−1, and 92.3 lm W−1, respectively. In
comparison, the TNPZ-OLED shows a maximum EQE, CE and PE
of 18.3%, 50.0 cd A−1, and 49.1 lm W−1, respectively. The
outstanding EL performance of the NTPZ-OLED device can be
attributed to the high PLQY, large kRISC and small knr of NTPZ.
Conclusion

In summary, we propose an isomeric strategy of exchanging
donor and acceptor positions to design efficient TADF emitters
based on the dibenzo[a,c]phenazine skeleton, resulting in two
isomeric TADF emitters, namely NTPZ and TNPZ with the same
donor and acceptor units but different connection sites. Theo-
retical and experimental investigations reveal that the distinct
connecting location has a signicant impact on the molecular
properties, including the reverse intersystem crossing process,
non-radiative decays, photoluminescence quantum yield and
electroluminescence performances. In comparison to the TNPZ-
OLED, theNTPZ-OLED exhibits better EL performances, such as
a higher maximum EQE of 27.5%, which are related to the large
kRISC, low knr, and high PLQY of NTPZ. This work not only
enriches the structural diversity of TADF emitters but also
provides an effective new strategy for future development of
electroluminescent materials.
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