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Efficient and low roll-off solution-processed
sky-blue TADF emitters via hetero-donor
and space modification strategies†

Hao-Nan Shi,a Feng-Ming Xie, *a Hao-Ze Li,b Yan-Qing Li*b and
Jian-Xin Tang *ac

Solution-processed thermally activated delayed fluorescence (TADF) organic light-emitting diodes

(OLEDs) have traditionally underperformed compared to vacuum-deposited OLEDs, primarily due to low

external quantum efficiency (EQE) and severe efficiency roll-off at high brightness. Herein, a strategic

molecular design for solution-processable TADF emitters featuring multiple-donor shielded lowest

unoccupied molecular orbital (LUMO) structures is proposed by filling rigid bulky phenyl substituents

(monophenyl, diphenyl and m-triphenyl) into a hetero-donor TADF core. The introduced bulky units not

only effectively suppress the aggregation-caused quenching (ACQ) effect in the solid state, but also

accelerate the up-conversion process. The corresponding solution-processed TADF-OLEDs exhibit a

maximum external quantum efficiency (EQEmax) exceeding 20% and low efficiency roll-off. Among

them, the HCB-3-based device demonstrates the highest performance, with an EQE of 24.1% and

maintaining 23.7% at 100 cd m�2. These results highlight the significant potential for developing high-

efficiency and low roll-off solution-processed TADF materials, representing a promising advancement in

OLED technology.

1. Introduction

As the importance and advantages of thermally activated delayed
fluorescence organic light-emitting diodes (TADF-OLEDs) gain
recognition, their potential applications in solid-state lighting
and displays are being thoroughly explored. In recent years,
research has concentrated on developing high-performance
TADF emitters that can be processed in solution.1–6 These
emitters exhibit a small energy splitting (DEST) between the
excited singlet and triplet states, which promotes reverse inter-
system crossing (RISC). The process converts triplet excitons to
singlet states, allowing TADF materials to harvest both singlet
and triplet excitons, thereby achieving an internal quantum
efficiency (IQE) of up to 100%.7,8 Currently, most TADF devices

are produced using the traditional vacuum evaporation process,
which faces significant challenges, such as substantial material
loss and poor control of low doping concentrations.9–13 As an
alternative, solution-processed OLEDs offer several advantages,
including low-cost manufacturing, efficient material usage, pre-
cise doping concentration control, and scalability.14–20 However,
solution-processed OLEDs generally underperform compared to
vacuum-deposited devices in terms of external quantum effi-
ciency (EQE) and device stability. Consequently, the develop-
ment of economical solution-processed OLEDs based on TADF
materials is the primary focus of both academic and industrial
research.

Efficient blue TADF emitters typically require a combination
of weak intramolecular charge transfer effects, enhanced mole-
cular rigidity, and minimal spatial overlap between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO).21–24 However, during the film for-
mation process, solution processable blue TADF inks often
suffer from aggregation and phase separation, leading to
aggregation-caused quenching (ACQ) and a sharp drop in
performance.25–28 To address this crucial drawback, research-
ers are exploring the use of bulky molecules with large steric
hindrances, which can form stable amorphous films through
solution processing.29–31 These stereoscopic and bulky molecular
frameworks also increase intermolecular distances, reducing
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host–dopant/dopant–dopant interactions and mitigating exciton
quenching effects, ultimately improving device efficiency.30,32–35

Several molecular strategies have proved successful in achieving an
EQE of more than 20% for solution-processed TADF-OLEDs, such
as the incorporation of rigid spiro segments,36 the creation of
dendritic molecular structures,30,37 and the utilization of hyper-
fluorescent systems.38,39 Despite these advancements, most
solution-processed TADF-OLEDs cause a serious efficiency
roll-off due to the lower RISC rate, with EQE1000 (EQE at
1000 cd m�2) below 10%,40–46 which is considerably inferior
to that of the vacuum-deposited counterparts. Therefore, devel-
oping solution-processed TADF emitters that are resistant to
efficiency roll-off remains highly desirable.

In this study, we designed three solution processable blue
TADF emitters with hetero-carbazole donors and benzonitrile
acceptors, namely HCB-1, HCB-2, and HCB-3. Carbazole units
were chosen for their excellent hole conductivity, amorphous
properties, and robust thermal and morphological stability.12,47,48

Additionally, we used 3,6-di-tert-butylcarbazole as a secondary
donor unit to achieve a small DEST and high photoluminescent
quantum yield (PLQY).49 The tert-butyl groups enhanced molecular
solubility and reduce aggregation-caused quenching (ACQ) by
inhibiting intermolecular p–p stacking.50 Benzonitrile as the accep-
tor unit could reduce the triple energy level and enhance the
chemical stability of materials. The combination of cyano groups
with carbazole units results in promising TADF emitters for high-
efficiency devices.51,52 To further prevent molecular aggregation in
the film,39 rigid bulky phenyl derivatives (monophenyl, diphenyl,
and m-triphenyl) were introduced as para-substituents for the
cyano group (Fig. 1). The three target molecules exhibit small
DEST, high PLQY and fast kRISC. Using solution-processed OLEDs
based on these dopants sky-blue emission in the range of 486 to
496 nm was achieved, with an EQE exceeding 20% and low
efficiency roll-off at high brightness. Among them, HCB-3
demonstrates the highest EQE of 24.1% and minimal effi-
ciency roll-off at high brightness (EQE100 = 23.7% and EQE1000 =
15.2%) compared to HCB-1 and HCB-2. These results open new
avenues for the development of highly efficient and low roll-off
solution-processable TADF-OLEDs.

2. Results and discussion
2.1 Synthesis and characterization

The synthesis and characterization of HCB-1, HCB-2, and HCB-3
are detailed in Schemes S1–S3 and Fig. S1–S9, ESI.† The benzo-
nitrile moiety was chosen as the acceptor, while carbazole and
tert-butyl carbazole acted as donors. The addition of para-
substituted phenyl derivatives of the cyano group enhanced
the donor–acceptor (D–A) distortion, resulting in a three-
dimensional stereochemical configuration. All three emitters
exhibited desirable solubility in common solvents such as
CH2Cl2, dimethylformamide (DMF) and toluene. Furthermore,
thermogravimetric analysis (TGA), as shown in Fig. S10, ESI,†
indicated that the emitters possess good thermal stability.
The decomposition temperatures (Td, at 5% weight loss) were
determined to be 415 1C, 454 1C, and 480 1C for HCB-1, HCB-2,
and HCB-3, respectively (Table 1).

2.2 Single crystals

Single crystals of HCB-1 and HCB-2 were grown by slow
volatilization of a mixed CH2Cl2/CH3CH2OH solution at room
temperature, and single crystals of HCB-3 were obtained using
a temperature-gradient vacuum sublimation technique (Fig. S11
and Tables S1–S3, ESI†). X-ray crystallography analysis revealed a
highly twisted donor shielding acceptor structure, with significant
torsion angles between carbazole/tert-butyl carbazole and benzo-
nitrile (Fig. 2a). In HCB-1, the dihedral angles of the four carbon–
nitrogen single bonds (donor–acceptor bonds) range from 621 to
721. When the tert-butylbenzene ring is substituted by biphenyl or
m-terphenyl, the dihedral angles increase. Sequentially, HCB-2
exhibits dihedral angles of 651 to 751, and HCB-3 shows
dihedral angles of 751 to 871. These results indicate that sub-
stituents with large steric hindrance positively impact the stereo-
specificity of non-rigid conjugated systems. The HCB derivatives
are anticipated to have a small DEST value owing to their pre-
twisted D–A skeleton. As shown in Fig. 2b, the inter-plane distance
between two adjacent carbazole moieties increases from 3.219 Å
in HCB-1 to 3.566 Å in HCB-2 and 3.579 Å in HCB-3. Moreover, the
planar spacing between two neighboring benzonitrile molecules is
9.873 Å in HCB-2 and 10.839 Å in HCB-3. The multiple donor
shielding of the LUMO structure suggests that LUMO–LUMO
overlap is effectively restricted. These findings indicate that the
bulky phenyl substituents effectively prevent intermolecular p–p
stacking interactions, thereby reducing ACQ effects in the
aggregated state.Fig. 1 Molecular design strategies for three materials.

Table 1 Summary of key physical parameters of HCB-1, HCB-2, and HCB-3

Compound labs
a (nm) PLb (nm) S1

c (eV) T1
c (eV) DEST

d (eV) tp/td
e (ns/ms) FPL

f (%) HOMOg (eV) LUMOg (eV) Td
h (1C)

HCB-1 413 465 2.74 2.73 0.01 35.24/15.23 81/73 �5.65 �2.65 415
HCB-2 418 472 2.81 2.75 0.06 29.43/57.83 85/76 �5.66 �2.70 464
HCB-3 411 472 2.74 2.71 0.03 41.43/8.71 92/83 �5.67 �2.66 448

a Measured in dilute toluene at room temperature. b Measured in dilute toluene at room temperature. c Calculated from the onset wavelength of
the fluorescence and phosphorescence spectra, respectively. d DEST = S1 � T1. e Prompt and delayed lifetimes of doped films. f Absolute FPL of
doped films and in toluene (10�5 M) measured using an integrating sphere under a nitrogen atmosphere. g Determined by cyclic voltammetry
curves and Eg. h 5% weight loss determined from TGA curves.
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2.3 Theoretical calculations

To examine the influence of integrating multiple units on the
optimized molecular structure and the distribution of frontier
molecular orbitals (FMOs), the electron cloud distributions of
HCB-1, HCB-2, and HCB-3 were calculated using density func-
tional theory (DFT) and time-dependent DFT (TD-DFT) using
the B3LYP/6-31G(d) method. As shown in Fig. 3, the optimized
geometries of these molecules reveal that their distorted D–A
structures effectively suppress the spatial overlap between the
HOMO and the LUMO. Apparently, the HOMO is mainly
located on the donor unit, while the LUMO is distributed not
only on the benzonitrile acceptor but also extends toward the
cyano-para-phenyl substituent, mainly to the first benzene ring.
The distribution, shielded by multiple donors and bulky sub-
stituents, mitigates the short-range Dexter energy transfer
(DET) process.53 Due to identical donor and acceptor segments
as well as similar FMOs, the three emitters exhibit similar
HOMO and LUMO energy levels. The calculated HOMO and
LUMO energy levels are 5.29 and 1.96 eV for HCB-1, 5.32 and
2.01 eV for HCB-2, and 5.32 and 1.67 eV for HCB-3, respectively.
Consequently, the band gaps are calculated to be 3.33 eV for
HCB-1, 3.31 eV for HCB-2, and 3.35 eV for HCB-3, which are
favorable for achieving a blue emission. Furthermore, the
analysis of natural transition orbitals (NTOs) indicates that T2

for HCB-1, T1 for HCB-2, and T2 for HCB-3 possess hybridized
local and charge-transfer (HLCT) properties due to some

overlap of holes and electrons (Fig. S12–S14, ESI†). To obtain
additional insights into the spin–flip RISC process, the spin–
orbit coupling (SOC) for the S1 and Tn (r3) states of HCB-1,
HCB-2, and HCB-3 were calculated (Fig. S15, ESI†). For HCB-1,
the significant difference in the excitation characteristics
between the S1 and T1 states results in a high SOC value of
0.542 cm�1. As the size of the phenyl ring substituents
increases sequentially, the electronic configurations of the T2

state in HCB-2 and HCB-3 become markedly different from that
of the S1 state, leading to high SOC values of 0.621 cm�1 and
0.826 cm�1, respectively. The larger SOC value for the T2–S1 transi-
tion in HCB-3 indicates its potential for a rapid RISC process. The
calculated S1/T1 excitation energies are 2.114/2.016 eV for HCB-1,
2.216/2.200 eV for HCB-2, and 2.070/2.014 eV for HCB-3. The
corresponding DEST values are 0.053, 0.016, and 0.056 eV for
HCB-1, HCB-2, and HCB-3, respectively. These small DEST values
facilitate the RISC process, essential for highly efficient and low
roll-off TADF emitters.

2.4 Electrochemical properties

Cyclic voltammetry (CV) measurements were carried out to
understand the electrochemical properties of the three synthe-
sized materials (Fig. S16, ESI†). The HOMO energy levels were
obtained from the oxidation potential. The reduction reaction
process of organic molecules is complicated. And because the
band gap value measured by cyclic voltammetry exhibits a large
difference with the optical measurement value, we adopt the

Fig. 2 (a) Side and top views of the single-crystal structure and (b) packing analysis of HCB-1, HCB-2, and HCB-3 (unit: Å).
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method of combining cyclic voltammetry and optical bandgap
(Eg) to indirectly deduce the LUMO energy level of organic
molecules. The HOMO/LUMO energy levels are 5.65/2.65 eV
for HCB-1, 5.66/2.70 eV for HCB-2, and 5.67/2.66 eV for HCB-3,
respectively.

2.5 Photophysical properties

To investigate the photophysical properties of HCB-1, HCB-2,
and HCB-3, the ultraviolet-visible (UV-vis) absorption and photo-
luminescence (PL) spectra were measured in dilute toluene

solution (Fig. 4a–c). The UV-vis absorption spectra revealed
that all three compounds exhibit similar absorption properties.
The strong absorption bands at 280–370 nm are attributed
to the p–p* and n–p* transitions in the donor unit of carbazole
derivatives, while the lower absorption peak near 410 nm
originates from intramolecular charge transfer (ICT) from
multiple donors to the acceptor core. The fluorescence spectra
(FL) of HCB-1, HCB-2 and HCB-3 in toluene solutions at room-
temperature showed blue emission peaks at 465, 472 and
472 nm and in 100 wt% films at room temperature showed

Fig. 3 The molecular structure, geometry structure, and HOMO, LUMO and energy levels of three compounds.

Fig. 4 Normalized absorption, phosphorescence and PL spectra of (a) HCB-1, (b) HCB-2, and (c) HCB-3 measured in toluene (10�5 M) at 77 K. Transient
PL decay curves of (d) HCB-1, (e) HCB-2, and (f) HCB-3 measured in doped films (20 wt% spin-coated film doped in mCP host) under vacuum conditions
at RT.

Paper Journal of Materials Chemistry C

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Su

ng
ut

i 2
02

5.
 D

ow
nl

oa
de

d 
on

 2
02

5-
12

-0
4 

18
:5

2:
20

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tc05347h


5586 |  J. Mater. Chem. C, 2025, 13, 5582–5590 This journal is © The Royal Society of Chemistry 2025

sky blue emission peaks at 485, 492 and 492 nm, respectively
(Fig. S17 and S18, ESI†). The PL spectra in 100 wt% films show
a slight redshift compared with that in solutions due to the
effect of the intermolecular forces and the aggregation state.
The S1 and T1 energy levels were determined from the onset
emission wavelengths of the low-temperature FL and low-
temperature phosphorescence (Phos) spectra under liquid
nitrogen. The corresponding DEST values were estimated to
be 0.01, 0.06, and 0.03 eV for HCB-1, HCB-2 and HCB-3,
respectively. These small DEST values facilitate the RISC process
to utilize the dark triplet state excitons, indicating efficient
TADF properties. The key photophysical parameters are sum-
marized in Table 1.

Additionally, the PL spectra of these emitters in solvents
with different solvent polarities were measured. As shown in
Fig. S20, ESI,† all three emitters exhibit significant solvatochro-
mic effects with the PL spectra red-shifting and broadening
as solvent polarity increases. The emission peaks of HCB-1,
HCB-2, and HCB-3 red-shifted by 59, 53, and 52 nm from
nonpolar n-hexane to polar dichloromethane, respectively, sug-
gesting ICT properties in the excited state. Moreover, the PL
spectra of HCB-1, HCB-2, and HCB-3 in THF/H2O mixtures with
varying water fractions were also observed to study excited state
radiation dynamics in the aggregated state, illustrating the
obvious aggregation-induced emission-enhanced (AIEE) prop-
erties (Fig. S21, ESI†). HCB-1, HCB-2, and HCB-3 exhibited
maximum emission intensities at weight fractions ( fw) of
50%, 50%, and 60%, respectively (Fig. S21, ESI†). This indicates
that the ACQ of these materials under highly aggregated con-
ditions is effectively suppressed, thus enabling them to exhibit
excellent luminescent properties.

To study the TADF properties of HCB-1, HCB-2, and HCB-3,
transient PL (TRPL) spectra of the emitters doped in the mCP
host were measured at 300 K (Fig. 4d–f). The TRPL signals
of HCB-1, HCB-2, and HCB-3 all exhibited nanosecond-scale
prompt fluorescence (tp) and microsecond-scale delayed
fluorescence (td) components, indicating excellent TADF prop-
erties for these emitters. The tp/td values of HCB-1, HCB-2,
and HCB-3 were determined to be 35.24 ns/15.23 ms, 29.43 ns/
57.83 ms, and 41.43 ns/8.71 ms, respectively. These three materials
exhibit very small S1–T1 energy differences. However, the mea-
sured delayed fluorescence lifetimes span a relatively wide range
(8.71–57.83 ms). The RISC rates of HCB-1 and HCB-2 are relatively
smaller compared to HCB-3, leading to a certain amount of time
required for the conversion of triplet excitons to singlet excitons.54

This slow RISC process may contribute to the prolonged delayed
fluorescence lifetimes. Furthermore, the radiative transition pro-
cess from the S1 state to the ground state (S0) is a crucial step in
the production of delayed fluorescence. In this process, singlet
excitons return to the ground state by emitting photons. The
speed of the radiative transition rate directly affects the lifetime of
delayed fluorescence. The longer delayed fluorescence lifetimes of
HCB-1 and HCB-2 result in slower RISC rates.55 The doped/
nondoped films of HCB-1, HCB-2 and HCB-3 were fabricated to
assess the PLQY. As depicted in Fig S22, ESI,† within a certain
range, PLQY increases with increasing concentration, indicating

that the steric hindrance effect of the multiple-donor shielding
structure effectively hinders molecular aggregation, thereby
reducing ACQ.56 The PLQY values of HCB-1, HCB-2, and
HCB-3 doped films and in toluene were found to be 81%,
85%, and 92% and 73%, 76%, and 83%, respectively. Due to
the weakened ACQ effect, the arrangement of materials in thin
films is tighter compared to that in solutions. This compact
molecular arrangement facilitates exciton transfer and radiative
transitions, thus enhancing PLQY. Kinetic parameters such as
the radiative decay rate constant from the singlet excited state
(kr), the non-radiative decay rate constant from the singlet
excited state (knr), the intersystem crossing (ISC) rate constant
(kISC), and RISC rate constant (kRISC) were calculated from the
lifetimes and PLQY using the reported method (Table S4,
ESI†).26,57 Short delayed lifetimes give rise to fast RISC processes,
which are important for efficient triple state exciton utilization
and reduction of non-radiative processes. As shown in Table S4,
kr, knr, and kRISC have been calculated, and all three materials
exhibit fast kr values on the order of 107. Moreover, HCB-3 has
the largest kRISC and the smallest knr, indicating its excellent
exciton utilization efficiency and predictable low-efficiency roll-
off. Furthermore, temperature-dependent TRPL curves were
measured in doped films from 100 K to 300 K. The relative
intensity of the delay component increased with temperature as
shown in Fig. S24, ESI.† As the temperature increases, the kRISC

of HCB-3 increases the fastest and remains the highest, suggest-
ing that HCB-3 has more excitons transitioning from the triplet
state to the singlet state (Fig. S25, ESI†). Furthermore, its shorter
delayed lifetime indicates that HCB-3 can minimize triplet–
triplet annihilation (TTA).58 These features are consistent with
the nature of the TADF emission, suggesting that exciton transi-
tion occurs from T1 to S1 via the RISC process and then to the S0.

To gain further insight into the photophysical properties of
HCB-1, HCB-2 and HCB-3 in the film state, solution-processed
doped films were prepared at 20 wt% doped concentrations
using mCP as the host matrix. The film-forming properties of
HCB-1, HCB-2 and HCB-3 were evaluated through atomic force
microscopy (AFM) analyses in a 20 wt% doped film. The results
showcased exceptional morphological stability, as evidenced
by a small root-mean-square (RMS) values of 0.373, 0.379 and
0.376 nm (Fig. S26, ESI†), indicating excellent film-forming
quality and superior solution processing properties.

2.6 Device performances

The electroluminescence (EL) performance of the three emit-
ters were further investigated by the fabrication of solution-
processed OLEDs using HCB-1, HCB-2, and HCB-3 as dopants.
The devices were prepared with the following configurations:
ITO/PEDOT:PSS (40 nm)/PVK (10 nm)/mCP:x wt% emitters
(30 nm, x = 10, 20, 30, and 100)/DPEPO (10 nm)/TmPyPB
(40 nm)/LiF (1 nm)/Al (100 nm). Here, PEDOT:PSS is used for
the hole injection and transport layer, while the TmPyPB and
DPEPO serve as electron transport layer and hole blocking
layer, respectively. The omission of PVK leads to reduced effi-
ciency and increased efficiency roll-off, which indicates signifi-
cant exciton loss and subsequently poorer device performance.
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Therefore, PVK serves as an electron and exciton-blocking layer.
(Fig. S27, ESI†). Due to the higher efficiency and smaller
efficiency roll-off, the TADF emitters doped in the mCP host
as an emitting layer (EML) (Fig. S28, ESI†) The device structure,
energy level diagram, and the molecular structure of the func-
tional layer materials are displayed in Fig. S29, ESI.† Optimal
device performances are shown in Fig. 5 and related EL para-
meters are summarized in Table 2. Other device performances
with different doping concentrations are presented in Fig. S30–
S32 and Tables S6–S8, ESI.† HCB-1-, HCB-2-, and HCB-3-based
devices exhibited sky-blue emission with maximum EL peaks at
486 nm, 496 nm and 492 nm, respectively (Fig. 5c). Moreover,
as the voltage increases, the emission peaks and CIE coordi-
nates of these three materials exhibit nearly no variation,
indicating their excellent spectral stability (Fig. S33 and S34,
ESI†). The PL of HCB-1, HCB-2, and HCB-3 in doped films
exhibited blue emission peaks at 481 nm, 481 nm, and 487 nm,
respectively, at room temperature (Fig. S19, ESI†). The red-
shift of EL emission compared to PL emission indicates the

influence of various functional layers, including the host mate-
rial. The type of material, thickness, and energy band structure
of these layers all have an impact on the luminescent properties
of the luminescent material. In particular, when the lumines-
cent material is subjected to an electric field, its energy level
structure and electron distribution may undergo changes,
leading to differences in the position of the EL peak compared
to the PL peak.59 The HCB-1- and HCB-2-based TADF-OLEDs
achieved EQEmax of 21.0% and 22.4%, respectively. The
solution-processed device employing HCB-3 demonstrated
an EQEmax value of up to 24.1%, remaining high at 23.7%
at 100 cd m�2 and 15.2% at 1000 cd m�2. This low efficiency
roll-off is attributed to shorter delayed lifetime and faster kRISC

rate, effectively reducing the TTA and triplet-polaron annihila-
tion (TPA) processes.60 To understand the fundamental physi-
cal principles governing the efficiency roll-off behavior, the
transient EL decay curves of devices HCB-1, HCB-2, and HCB-
3 under different voltages were examined, as shown in Fig. S35,
ESI.† As the voltage increased, the period during which carriers

Fig. 5 (a) Current density and luminance versus voltage (J–V–L) characteristics. (b) EL spectra at a luminance of 1000 cd m�2. (c) EQE as a function of
luminance. (d) PE and CE as a function of luminance.

Table 2 OLED performance based on HCB-1, HCB-2, and HCB-3

EML Von
a (V) EQEb (%) EQEroll-off

c (%) CEd (cd A�1) PEd (lm W�1) lEL
e (nm) FWHMe (nm) CIEe (x, y)

HCB-1 4.3 21.0/17.6/9.4 16.1/55.2 48.1 30.2 486 85 (0.18, 0.36)
HCB-2 4.4 22.4/12.4/5.0 44.6/77.6 44.2 28.3 496 92 (0.23, 0.39)
HCB-3 4.7 24.1/23.7/15.2 0.1/36.9 59.4 31.6 492 87 (0.19, 0.39)

a Turn-on voltage. b Maximum EQE, and values at 100 and 1000 cd m�2. c EQEroll-off = (EQEmax � EQE100/1000)/EQEmax. d Maximum CE and PE. e

EL peak, FWHM and CIE color coordinates.
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injected from the electrodes into the EML and the duration
from the initiation of the EL response to the saturation of
EL intensity gradually shortened. Furthermore, compared to
HCB-1 and HCB-2, HCB-3 exhibited shorter onset and rise
times, indicating its higher carrier mobility. Additionally, the
faster decay rate of HCB-3 suggests its smaller efficiency roll-
off.61 The impedance of devices HCB-1, HCB-2, and HCB-3 were
measured. (Fig. S36, ESI†). From the plots, as the impedance
of devices HCB-1, HCB-2, and HCB-3 decreases sequentially,
the HCB-3 possesses better charge injection and transport
properties, leading to faster device response speed.62 The
operational stabilities of these devices were measured at an
initial luminance of 100 cd m�2 (Fig. S37, ESI†). The HCB-1,
HCB-2, and HCB-3-based devices exhibited LT50 of 22.4 h, 4.0 h,
and 24.0 h. Under the influence of electric fields and optical
radiation, the chemical bonds in OLED materials may undergo
breakage, leading to the destruction of molecular structures.
This destruction can trigger a series of chain reactions, further
accelerating the degradation of the materials. Meanwhile,
the broken chemical bonds may also recombine to form new
molecular structures, but these new structures often impair the
luminescent properties. Additionally, in OLED devices, the
transport of holes and electrons needs to be balanced to ensure
the effective formation of excitons in the guest material. If the
charge transport properties of the host material are poor, it will
lead to the accumulation of charges at the interface, subse-
quently causing issues such as charge injection barriers and
exciton quenching. These problems all degrade the lumines-
cence efficiency and stability of the devices.63 Although its
performance is inferior to that of the reported optimal vacuum
evaporation equipment, this strategy effectively addresses
the efficiency roll-off issue of solution-processed devices at
high brightness (Table S10, ESI†). Among these blue-emitting
devices, the HCB-3-based device performs the best, surpassing
most reported solution-processed TADF OLEDs in terms of
efficiency roll-off (Table S9, ESI†).40,44,64–71 In addition, non-
doped solution-processed devices using these three TADF
materials as the EML exhibited favorable EQEmax values of
12–15% (Fig. S30–S32, ESI†). The biggest advantage of solution-
processed devices is that they are easier to prepare for large-area
applications and have lower costs. These advantages make
solution processing a promising candidate for wide application
and important research value in the field of optoelectronics as
well as other related fields.72–74

3. Conclusions

In summary, we proposed a strategic design for solution-process-
able TADF emitters using multiple hetero-donor shielded LUMO
and space-filling approaches. The hetero-donor system effec-
tively mixes charge transfer and locally excited triplet states.
The steric effect of rigid bulky phenyl derivatives and tert-butyl
groups significantly mitigates intermolecular p–p stacking inter-
actions and suppresses ACQ, resulting in an accelerated RISC
rate and high PLQY in the solid state. Solution-processed OLEDs

using these sky-blue emitters achieved an EQE value of over 20%
with low efficiency roll-off. Notably, the HCB-3-based device
demonstrated superior performance with a maximum EQE value
of as high as 24.1%, maintaining 23.7% at 100 cd m�2 and
15.2% at 1000 cd m�2, which is outstanding among reported
solution-processed TADF-OLEDs. This molecular design strategy
is useful for enhancing the performance of solution-processed
TADF emitters and reducing device efficiency roll-off.
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