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Multiple resonance (MR) thermally activated delayed fluorescence (TADF) emitters have attracted much

attention for their narrow emission band and high efficiency. However, organic light-emitting devices

based on MR-TADF emitters generally suffer from severe efficiency roll-off at high current density due

to their relatively large singlet–triplet splitting energy. In this work, three TADF molecules are designed

by an ortho-connected oligo carbazole donor and diphenyltriazine acceptor with the purpose of

combining both through-bond charge transfer (TBCT) and through-space charge transfer (TSCT).

Through fine tuning the proportion of intramolecular TBCT and TSCT by changing the number of

carbazole units, a relatively high reverse intersystem crossing rate (kRISC) approaching 106 s�1 and

radiative transition rate (kF) of over 106 s�1 are achieved. As a result, the devices using these molecules

as emitters give maximum external quantum efficiency (EQE) of over 20% with extremely low efficiency

roll-off of 9.9% at the practical luminance of 1000 cd m�2. Furthermore, by using these materials as

assistant hosts and sensitizers and DMAc-BN as a terminal emitter, high efficiencies of 23.9% and

66.0 lm W�1 are achieved with a full width at half maximum of 46 nm, featuring slow efficiency roll-off

with EQE of 17.9% at the luminance of 1000 cd m�2.

Introduction

Thermally activated delayed fluorescence (TADF) materials have
attracted global attention from the academic and industrial
communities since the pioneering work of the purely organic
TADF organic light-emitting diodes (OLEDs) developed by Adachi
and coworkers.1–3 Owing to the unity exciton utilization compar-
able to noble-metal-containing phosphorescence materials and
much higher than traditional fluorescence materials, as well as
facile property modulation through manipulating the charge
transfer (CT) characteristics, TADF materials hold great potential
to achieve high performance OLEDs.4–6 Through-bond charge
transfer (TBCT) and through-space charge transfer (TSCT) are
two general CT characteristics for developing TADF materials.4,6–9

High radiative transition rate (kF) and reverse intersystem crossing
(RISC) rate (kRISC) are indispensable for TADF materials to
achieve high external quantum efficiency (EQE) and low efficiency

roll-off.10,11 Generally, a considerable overlap of highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) is conducive to a high oscillator strength ( f )
and then a high kF.12–14 However, for achieving a high kRISC, the
most effective strategy is to reduce the splitting energy between
the lowest triplet state (T1) and the lowest singlet state (S1), i.e.,
DEST, by decreasing the overlap of the HOMO and LUMO.1,4,13 It
follows that achieving high kF and kRISC simultaneously is of some
difficulty in TADF materials, which is an obstacle for achieving
high EQE and low efficiency roll-off simultaneously.

With regard to the TBCT-based TADF materials, appropriate
donors/acceptors that possess suitable electron donating/
accepting abilities are generally combined through a conjugated
unit, and the torsion angels between the donors and acceptors
should be subtly manipulated to give suitable HOMO–LUMO
overlaps and thus high kF.2,4,15–17 As for the TSCT-based TADF
materials, the CT process occurs through the spatial p–p inter-
action of the donors and acceptors. The tiny overlaps of the
HOMOs and LUMOs for this kind of material generally give high
kRISC.18–21 It appears that concurrent intramolecular TBCT and
TSCT might be an effective way to achieve high kF and kRISC

simultaneously. Unfortunately, the majority of the reported
intramolecular TSCT-based materials mainly emphasized the
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existence of TSCT without too much consideration of TBCT.20–22

Although a few research studies have paid attention to the
coexistence of intramolecular TBCT and TSCT,5,14,23,24 systema-
tic manipulation of the intramolecular TBCT and TSCT was not
mentioned.

Due to the strong CT characteristic, D–A-type TADF emitters,
including TBCT and TSCT type molecules, exhibit a broad
electroluminescence (EL) band with a typical full-width at
half-maximum (FWHM) of 80–100 nm. To address this crucial
flaw, Hatakeyama et al.25,26 reported a new design strategy
featuring an alternating HOMO/LUMO pattern, based on the
multiple resonance (MR) effect of boron and nitrogen/oxygen
atoms. Most MR-based molecules possess a narrow emission
band owing to the suppressed vibronic coupling between the
ground (S0) and singlet excited (S1) states. Even though these
MR-TADF emitters rendered excellent performance in OLED
devices, severe efficiency roll-off at high current density can be
observed due to their relatively large DEST.25,27–30 To overcome
this drawback, great efforts have been made in molecular
design and device design, such as increasing kRISC and using
a phosphor or TADF molecule as an assistant host (sensitizer)
to improve the device performance and reduce the efficiency
roll-off of the devices with MR-TADF materials as terminal
emitters.5,31–37

In this research, three TADF molecules, o-Cz-TRZ, o-DCz-
TRZ and o-TCz-TRZ, are constructed by an oligo carbazole
donor and diphenyltriazine acceptor ortho-connected to a benzene
linker (Fig. 1). The ortho-linkage between the donor and acceptor
is conducive to inducing intramolecular TSCT characteristics for
the short spatial distance of the donor and acceptor while
retaining TBCT characteristics through the HOMO–LUMO overlap
localized at the benzene linker. The proportions of intramolecular
TBCT and TSCT are easily modulated by the number of carbazole
units. Benefitting from the concurrent intramolecular TBCT
and TSCT, kF exceeding 106 s�1 and kRISC approaching 106 s�1

are achieved simultaneously for all the developed materials.

o-DCz-TRZ with 70.0% intramolecular TSCT characteristic and
25.5% TBCT characteristic gives the highest kRISC and photolumi-
nescence quantum yield (PLQY) and a relatively high kF among
the three compounds, resulting in a maximum EQE of 20.3%
and a low efficiency roll-off of 11.8% at 1000 cd m�2 for the
device based on o-DCz-TRZ as the emitter. Furthermore, by using
these materials as assistant hosts and sensitizers and DMAc-BN
as a terminal emitter,29,30 high efficiencies of 23.9% and
66.0 lm W�1 are achieved for the device sensitized by o-TCz-
TRZ, featuring a FWHM of 46 nm and a slow efficiency roll-off
with EQE of 17.9% at the luminance of 1000 cd m�2. The current
work provides a simple molecular design strategy of tunable
intramolecular TBCT and TSCT for TADF molecules with simul-
taneous high kF and kRISC toward high-efficiency and low effi-
ciency roll-off OLEDs.

Results and discussion
Synthesis and characterization

The molecular structures and synthetic routes are illustrated in
Fig. 1 and Scheme S1 (ESI†). The intermediate 2-(2-fluoro-
phenyl)-4,6-diphenyl-1,3,5-triazine and target product o-Cz-TRZ
were synthesized according to the reported literature.38,39 The
chemical structures of all the materials were determined by
1H NMR, 13C NMR and mass spectra. Thermogravimetric analysis
(Fig. S1a, ESI†) reveals that all the compounds exhibit good
thermal stability with high decomposition temperatures (Td,
corresponding to a weight loss of 5 wt%) over 360 1C (Table S1,
ESI†). According to the differential scanning calorimetry (DSC)
analysis, all the compounds exhibit obvious glass transition
processes with glass transition temperatures (Tg) of 62, 120 and
165 1C for o-Cz-TRZ, o-DCz-TRZ and o-TCz-TRZ, respectively.
No obvious melting processes were observed for o-DCz-TRZ
and o-TCz-TRZ in the range of 0–300 1C whereas o-Cz-TRZ
exhibits a melting point (Tm) of 210 1C. In addition, distinct

Fig. 1 Chemical structures and optimized molecular geometries of the ground states and FMO distributions and energy levels (a) simulated at the
B3LYP/6-31G** level. RDG isosurfaces (b) and RDG scattering diagrams (c) based on DFT simulations for o-Cz-TRZ, o-DCz-TRZ and o-TCz-TRZ,
respectively.
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non-equilibrium crystal transformation processes were observed
for all the compounds (Fig. S1b, ESI†). Electrochemical properties
were investigated by cyclic voltammetry (CV) measurements (Fig.
S2, ESI†), and the HOMO energy levels were estimated to be
�5.52, �5.38 and �5.37 eV for o-Cz-TRZ, o-DCz-TRZ and o-TCz-
TRZ, respectively, from the onset potentials of the redox peaks
according to Eqn S1 (Table S1, ESI†).

Computational simulations

To gain insight into the molecular structures and electron
distributions, density functional theory (DFT) and time-
dependent DFT (TD-DFT) simulations were conducted based
on the B3LYP/6-31G** level. As depicted in Fig. 1 in the ground
state geometry, the ortho-connected donor and acceptor lead to
approximately face-to-face alignment of the oligo carbazole
and triazine rings on the phenylene bridge, which ensures
the occurrence of intramolecular TSCT from the donor to the
acceptor directly. Attributed to the ortho-linkage and the large
steric hindrance, these molecules exhibit a twisted structure
with torsion angles between the oligo carbazole donor and
benzene linker (b, red curved arrow) of 72.711, 75.571, and
80.691 for o-Cz-TRZ, o-DCz-TRZ and o-TCz-TRZ, respectively.
Such large torsion angles are beneficial to separate the HOMOs
and LUMOs, leading to small computational DESTs of 90, 50
and 30 meV for o-Cz-TRZ, o-DCz-TRZ and o-TCz-TRZ, respec-
tively (Fig. 1). With increasing number of carbazole units, both
the torsion angles of a (the torsion angle between the benzene
linker and diphenyltriazine acceptor) and b increase in varying
degrees. Furthermore, the HOMO–LUMO overlap at the ben-
zene linker is reduced, leading to low oscillator strength ( f =
0.0052, 0.0040 and 0.0022 for o-Cz-TRZ, o-DCz-TRZ and o-TCz-
TRZ, respectively, as shown in Fig. S3, ESI†).

In order to investigate the intramolecular weak interactions
of these materials, reduced density gradient (RDG) isosurfaces
and scattering diagrams were performed in virtue of Multiwfn
and visual molecular dynamics (VMD) (Fig. 1).40–42 As illustrated
in Fig. 1b, a noticeable non-covalent weak interaction between
the oligo carbazole donor and diphenyltriazine acceptor can be
observed in the RDG isosurfaces (the green area in the red dotted
box), which demonstrates the existence of intramolecular TSCT

intuitively.5,7,19,21 The non-covalent weak interactions are
strengthened with increasing number of carbazole units, which
can be embodied in the larger areas in the RDG isosurfaces.
Besides, the more intensive spikes are observed as shown in
the RDG scattering diagrams (Fig. 1c, the green spikes in the
blue dotted circles), demonstrating the effectiveness of intra-
molecular TSCT modulation by the structure of the donor.
Moreover, the interfragment charge transfer (IFCT) analysis
based on the TD-DFT calculation results was conducted, which
quantitatively depicted the contribution of electron transfer
among the fragments (donor, acceptor and linker).5,19,21 The
interaction ratios of TSCT in the S1 state were calculated to be
0.6376, 0.7002 and 0.924 for o-Cz-TRZ, o-DCz-TRZ and o-TCz-
TRZ, respectively, according to the reported literature.5

Photophysical properties

Ultraviolet-visible (UV-vis) absorption and photoluminescence
(PL) spectra of these molecules were measured in diluted
toluene solution (Fig. 2a). For all the target molecules, the
relatively strong absorption bands at around 310–350 nm
mainly originate from the local excited (LE) state transition of
the carbazole-based donors, and the tail absorption bands at
around 350–440 nm could be attributed to the intramolecular
charge-transfer (ICT) transition (Fig. 3a). The optical bandgaps
(Egs) are estimated to be 2.63, 2.52 and 2.52 eV for o-Cz-TRZ,
o-DCz-TRZ and o-TCz-TRZ, respectively, from the onset of the
absorption spectra. In the PL spectra, o-Cz-TRZ exhibits a blue
emission peak at 460 nm while o-DCz-TRZ and o-TCz-TRZ
exhibit sky-blue emission peaks at 495 and 492 nm, respec-
tively. In comparison with o-Cz-TRZ, the bathochromic shift of
the PL spectra for o-DCz-TRZ and o-TCz-TRZ should be attrib-
uted to the stronger electron-donating ability of the DCz and
TCz donor units, which is consistent with the tendency of
HOMO energy levels attained from the CV measurements.
Nearly superimposed low-temperature fluorescence and phos-
phorescence spectra were observed in toluene solution (Fig. S5,
ESI†), resulting in tiny DESTs approaching zero for all the
materials (Table 1), which are consistent with the TD-DFT
calculations. In accordance with the natural transition orbital
(NTO) analysis of the S1 and T1 states (Fig. S3, ESI†), the broad

Fig. 2 (a) UV-vis absorption and PL spectra of o-Cz-TRZ, o-DCz-TRZ and o-TCz-TRZ in diluted toluene solution. (b) Transient PL decay curves of o-Cz-
TRZ, o-DCz-TRZ and o-TCz-TRZ doped in DPEPO films (30 wt%).
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and featureless fluorescence and phosphorescence spectra
confirm the CT characteristics of the singlet and triplet states.
Significant positive solvatochromism effects were observed as
the embodiment of the strong CT characteristics for all the
materials (Fig. S6, ESI†).

The solid-state photophysical properties of all the compounds
were investigated by doping them into a typical host material
bis[2-(diphenylphosphino)phenyl] ether oxide (DPEPO)43 in a
concentration of 30 wt%. All these doped films exhibit the typical
emissions from o-Cz-TRZ, o-DCz-TRZ and o-TCz-TRZ with emis-
sion peaks of 475, 495 and 498 nm, respectively (Fig. S8, ESI†).
The energy levels of the S1/T1 states in the 30 wt% doped films
were estimated to be 2.92/2.85, 2.87/2.83 and 2.85/2.82 eV from
the onset of the low-temperature fluorescence and phosphores-
cence spectra (Fig. S7, ESI†), resulting in tiny DESTs of 70, 40 and
30 meV for o-Cz-TRZ, o-DCz-TRZ and o-TCz-TRZ, respectively,
which are conducive to the RISC process and TADF emission.

To verify the TADF characteristics, transient PL decay curves
were measured in the doped films and are provided in Fig. 2b
and Fig. S7 (ESI†). All these materials exhibit double-exponential
decays with prompt lifetime (tPF) of 26–59 ns and delayed
lifetime (tDF) of 3.8–8.2 ms, demonstrating their TADF character-
istics, which is in agreement with the tiny experimental DESTs.
Furthermore, from the temperature-dependent transient PL
decay curves, the enhancement of the delayed fluorescence ratio
with increased temperature from 100 K to 300 K further confirms
the TADF characteristics (Fig. S7, ESI†).1,3 The PLQYs of the o-Cz-
TRZ, o-DCz-TRZ and o-TCz-TRZ doped films were measured to be
65.7%, 82.5% and 80.6%, respectively. Based on the transient PL
decay spectra in the microsecond scale and PLQYs, high kF of
2.0–9.8 � 106 s�1 and kRISC of 2.5–7.3 � 105 s�1 were simulta-
neously achieved for these molecules (Table 1). As expected, kF

and kRISC could be modulated by simply changing the number of
carbazole units, which confirms the effectiveness of the molecular

Fig. 3 (a) Device architecture and its energy level diagram. (b) Chemical structures of the corresponding materials. (c) Current density–Voltage–
Luminance (J–V–L) curves, (d) EQE-luminance curves and EL spectra (inset) of the devices based on o-Cz-TRZ, o-DCz-TRZ and o-TCz-TRZ as the
emitter.

Table 1 Photophysical properties of the investigated molecules doped into DPEPO films at the concentration of 30 wt% at room temperature

Compound
lem

(nm)
PLQY
(%)

fPF

(%)
fDF

(%)
fISC

(%) tPF (ns)
tDF

a

(ms)
kF

(106 s�1)
kIC

(106 s�1)
kISC

(107 s�1)
kRISC

(105 s�1) kF/kIC

kRISC/kISC

(10�2)

o-Cz-TRZ 475 65.7 26.3 39.4 73.7 26.7 8.2 9.8 5.1 2.8 2.5 1.9 0.9
o-DCz-TRZ 495 82.5 24.3 51.5 75.7 58.9 3.8 4.1 1.3 1.3 7.3 3.2 5.6
o-TCz-TRZ 498 80.6 15.9 36.4 84.1 52.3 3.9 3.0 2.8 1.6 7.0 1.1 4.4

a Average lifetime calculated by tav ¼
PA

i ti2
.PA

i ti, where Ai is the pre-exponential for lifetime ti.
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design strategy, i.e., modulating the PL properties and the exciton
dynamic processes through adjusting the balance between intra-
molecular TBCT and TSCT. With increasing number of carbazole
units, the kF diminishes gradually mainly due to the gradually
reduced overlap of the HOMOs and LUMOs. It follows that both
intramolecular TBCT and TSCT contribute to promoting kF but
TBCT through the benzene linker (overlap of HOMOs and LUMOs
locate at the linker) plays a more significant role than TSCT.
Combining kF and kIC and comparing their ratios, that is, kF/kIC

are 1.9, 3.2 and 1.1 for o-Cz-TRZ, o-DCz-TRZ and o-TCz-TRZ,
respectively, the variation of PLQY (65.7%, 77.9% and 52.3% for
o-Cz-TRZ, o-DCz-TRZ and o-TCz-TRZ, respectively) could be
explained, which demonstrates the effectiveness of modulating
kF and PLQY by simply manipulating the proportion between
intramolecular TBCT and TSCT. The kRISCs of o-DCz-TRZ (7.3 �
105 s�1) and o-TCz-TRZ (7.0 � 105 s�1) are higher than that of
o-Cz-TRZ (2.5 � 105 s�1), which can mainly be attributed to the
stronger non-covalent interactions contributing to the strength-
ened SOC and the lower DEST. As shown in Table 1, the kRISC/kISC

values are 0.9, 5.6 and 4.4 (� 10�2) for o-Cz-TRZ, o-DCz-TRZ and
o-TCz-TRZ, respectively, demonstrating that the RISC processes
are effectively promoted by greater intramolecular TSCT charac-
ters, which contributes to a higher triplet exciton utilization.
Furthermore, the higher triplet exciton utilization and the higher
kRISC are conducive to high EQE and reduced efficiency roll-off
especially at a high current density for a device.

From the above results and analysis, it is not difficult to find
that TBCT plays a more significant role in promoting kF via the
overlap of the HOMOs and LUMOs at the benzene linker while
intramolecular TSCT tends to contribute more to modulating
kRISC through the non-covalent weak interactions. Besides, it is
worth noting that kRISC can be improved with a relatively higher
proportion of intramolecular TSCT characteristic but excessive
intramolecular TSCT components have no significant effects on
further promotion of kRISC mainly on account of the reduced
TBCT components, which also contribute to the promoted
kRISC. Therefore, the balance between intramolecular TSCT
and TBCT for achieving relatively balanced kRISC, kF and PLQY
should be clarified and emphasized. An optimum balance
could be found for o-DCz-TRZ, which possesses the highest
PLQY and kRISC and a relatively high kF, making it a potential
candidate to achieve high EQE and low efficiency roll-off in the
corresponding device.

To evaluate the performances of those materials as assistant
hosts, a green MR-TADF emitter BN-DMAc with an emission
peak at 484 nm, a small FWHM of 29 nm and a high PLQY of
88% was used as the terminal emitter.29,30 Significant absorp-
tion–emission spectral overlap was found between BN-DMAc
and the assistant hosts (Fig. S10, ESI†), indicating the efficient
energy transfer from the assistant hosts to BN-DMAc. The
emission spectra of the ternary doped films DPEPO: 30 wt%
sensitizers: 1 wt% BN-DMAc were measured and illustrated in
Fig. S11 (ESI†). In all cases, the emission from the assistant
hosts is almost eliminated with a peak at 494 nm and slightly
broadened FWHMs of 40–43 nm, indicating the efficient energy
transfer from the assistant hosts to BN-DMAc. The slightly

broadened FWHMs of these films can be attributed to the high
polarity of DPEPO and these assistant hosts. In addition, tDFs of
19.8–21.9 ms were detected while using these molecules as the
assistant host. Compared with BN-DMAc doped in the conven-
tional DPEPO host, increased proportions of the delayed com-
ponents were realized (Fig. S11 and Table S2, ESI†), indicating
that the device performance of BN-DMAc can be improved by
the assistant hosts under these conditions.

OLED performance

To verify the application potential of these compounds and
understand the relationship between the electroluminescence
(EL) performances and the molecular structures, OLED devices
were fabricated with a device architecture of ITO/TAPC (30 nm)/
TCTA (10 nm)/mCP (10 nm)/DPEPO: 30 wt% emitters (30 nm)/
DPEPO (10 nm)/TmPyPB (40 nm)/LiF (1 nm)/Al (150 nm), where
(1,1-bis(4-(N,N-di(p-tolyl)-amino)-phenyl)cyclohexane) (TAPC),
4,40,400tris(N-carbazolyl)triphenylamine (TCTA), 1,3-bis(N-carba-
zolyl)benzene (mCP), DPEPO, 1,3,5-tri(m-pyrid-3-ylphenyl)benzene
(TmPyPB) and LiF layers play the roles of hole injection and hole-
transport, electron-blocking, hole-blocking, electron transport and
electron injection layers, respectively, as illustrated in Fig. 3. The
device characteristics are depicted in Fig. 3 and Fig. S12 (ESI†) and
the EL parameters are summarized in Table S4 (ESI†).

The devices based on o-Cz-TRZs, o-DCz-TRZ and o-TCz-TRZ
as the emitter exhibit sky-blue to green emissions with peaks of
477, 500 and 505 nm, and the corresponding Commission
Internationale de l’Eclairage (CIE) color coordinates are (0.16,
0.27), (0.23, 0.46) and (0.24, 0.49), respectively (Fig. 3d and
Table S3, ESI†). Noticeably, o-DCz-TRZ and o-TCz-TRZ exhibit
higher efficiencies with maximum EQEs of 20.3% and 20.1%,
maximum power efficiencies (PEs) of 64.9 and 64.8 lm W�1, and
maximum current efficiencies (CEs) of 57.8 and 57.8 cd A�1,
respectively, owing to their higher PLQYs. Furthermore, benefitting
from the high kRISC, low efficiency roll-offs of 11.8% and 9.9% were
also observed for the devices based on o-DCz-TRZ and o-TCz-TRZ
(Fig. 3 and Table S3, ESI†) at the practical luminance of
1000 cd m�2, respectively. The simulated exciton annihilation
processes of all the devices based on triplet–triplet annihilation
(TTA) and singlet-polaron annihilation (SPA) models agree well
with the experimental results, as shown in Fig. S13 (ESI†),44–46

which demonstrates that TTA is the dominant mechanism
for exciton annihilation at low current density and SPA can
account for the efficiency roll-off at high current density in
these devices.

The devices using these materials as the assistant host and
BN-DMAc as the terminal emitter were fabricated in a structure
of ITO/TAPC (30 nm)/TCTA (10 nm)/mCP (10 nm)/DPEPO:
30 wt% sensitizers: 1 wt% BN-DMAc (30 nm)/DPEPO (10 nm)/
TmPyPB (40 nm)/LiF (1 nm)/Al (150 nm). In the ternary doped
emission layer, the concentration of the terminal emitter BN-
DMAc was optimized to 1 wt% to reduce the Dexter energy
transfer process from the hosts. For comparison, the device
without an assistant host was also fabricated. The devices with
assistant hosts exhibit significantly suppressed efficiency roll-
off and improved device performance owing to the high kr of
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BN-DMAc and high kRISC of the sensitizers. The Förster energy
transfer (FRET) from the assistant host to the dopant can be
quantified by utilizing the rate of FRET (kET), the efficiency of
FRET (+ET) and the FRET radius (R0). The results show that
o-Cz-TRZ exhibits small R0 and lower kET and +ET than those
of o-DCz-TRZ and o-TCz-TRZ (Table S4, ESI†), evidencing the
more efficient energy transfer from o-DCz-TRZ and o-TCz-TRZ
to BN-DMAc. Fig. 4b depicts the EL spectra of the o-Cz-TRZ,
o-DCz-TRZ and o-TCz-TRZ sensitized devices, exhibiting
FWHMs of 44, 46 and 46 nm with identical emission peaks of
492, 496 and 496 nm and corresponding CIE coordinates of
(0.12, 0.40), (0.13, 0.49) and (0.14, 0.49), respectively. The Vons
of these devices are 2.9–3.0 V (Fig. 4a), indicating efficient
carrier injection and transport characteristics. Similarly, the
devices using o-DCz-TRZ and o-TCz-TRZ as assistant hosts
achieve better performance, with maximum EQEs of 24.2%
and 23.9%, CEs of 59.1 and 61.7 cd A�1 and PEs of 61.9 and
66.0 lm W�1 (Fig. 4 and Table S5, ESI†), respectively, which are
higher than those of the devices with the same terminal emitter
BN-DMAc using mCBP or DPEPO hosts (Fig. S14 and Table S5,
ESI†) and comparable to the device using mCBP and PO-T2T
exciplex hosts (Table S6, ESI†). What’s more, compared with the
DPEPO hosted device (Fig. S14 and Table S5, ESI†), these
devices achieve higher efficiency and luminance and reduced
efficiency roll-off. For example, the o-TCz-TRZ sensitized device
exhibits EQEs of 21.5% and 17.9% at the practical luminance of

100 and 1000 cd m�2, respectively, corresponding to efficiency
reduction of 10.0% and 16.9% relative to the maximum
EQE, which are also better than the devices using typical mCBP
and exciplex hosts (mCBP:PO-T2T).29,30 After the introduction
of assistant hosts, the predominant energy transfer pathway is
changed to the long-range FRET from the assistant host to BN-
DNAc, the population of triplet excitons on BN-DMAc can be
greatly reduced to improve the exciton utilization and reduce
the corresponding quenching effect (Fig. 4d), resulting in high
efficiency and reduced efficiency roll-off.

Conclusion

In summary, three TADF molecules are successfully designed
and synthesized through the ortho-linkage of the diphenyltria-
zine acceptor and the oligo carbazole donor to the benzene
linker. Combining the computational simulation and experi-
mental analysis, the concurrent intramolecular TBCT and TSCT
are confirmed and the ratios are successfully modulated by
simply controlling the number of carbazole units. Through
delicately balanced intramolecular TSCT and TBCT, relatively
high kF and kRISC are achieved simultaneously. Benefitting from
the high PLQY and kRISC, the device using o-DCz-TRZ as an
emitter gives maximum efficiencies of 20.3% and 64.9 lm W�1,
characterized by slow efficiency roll-off with EQE of 17.9% at

Fig. 4 J–V–L curves (a), efficiency curves (b and c) and energy transfer mechanism (d) of the devices using o-Cz-TRZ, o-DCz-TRZ and o-TCz-TRZ as
assistant hosts.
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the luminance of 1000 cd m�2. Furthermore, by using these
materials as assistant hosts and sensitizers and DMAc-BN as a
terminal emitter, high efficiencies of 23.9% and 66.0 lm W�1

are achieved with FWHM of 46 nm, featuring slow efficiency
roll-off with EQE of 17.9% at the luminance of 1000 cd m�2.
This reveals the importance of modulating the balance of
intramolecular TBCT and TSCT in TADF materials towards
high kF and kRISC rates and thus high efficiency and low
efficiency roll-off OLEDs.
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