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TADF emitters based on a tri-spiral acridine donor
and a spiro-B-heterotriangulene acceptor with
high horizontal dipole orientation ratios and high
efficiencies in deep-blue OLEDs†

Young Hoon Lee, ‡ac Jeoungmin Ji, ‡b Thi Quyen Tran, a Taehwan Lee, a

Jaehoon Jung, a Youngil Lee, *ac Seunghyup Yoo *b and Min Hyung Lee *a

Developing thermally activated delayed fluorescence (TADF) emitters showing high horizontal transition dipole

orientation and molecular rigidity is crucial for enhancing the color purity and performance of deep-blue organic

light-emitting diodes (OLEDs). Here, we report two linearly expanded TADF emitters, O-tsAC-BAsBP (1) and

S-tsAC-BAsBP (2), based on a tri-spiral acridine donor and a spiro-fluorenyl B-heterotriangulene acceptor. These

emitters exhibit deep-blue emissions, with peaks centered at 458–467 nm for 1 and 462–469 nm for 2, respec-

tively, in the host films, with high photoluminescence quantum yields, small singlet–triplet energy splitting

(DEST o 0.05 eV), and short delayed fluorescence lifetimes (td o 2 ms). Theoretical studies demonstrate that

effective spin–orbit coupling between the charge transfer singlet (1CT) and acceptor-centered local triplet (3LE)

excited states accelerates the reverse intersystem crossing (RISC) process, resulting in a high RISC rate constant

of B106 s�1. Notably, both emitters exhibit very high horizontal dipole orientation ratios (Y8) of B93% in their

doped host films. Owing to the outstanding TADF characteristics and high Y8 values, TADF-OLEDs incorporating

emitters 1 and 2 achieve high maximum external quantum efficiencies of 27.4% and 31.5%, respectively, in the

deep-blue region.

Introduction

Organic thermally activated delayed fluorescence (TADF) mate-
rials have attracted ever-growing attention as promising emis-
sive materials in organic light-emitting diodes (OLEDs) because
they can effectively harvest triplet excitons through a reverse
intersystem crossing (RISC) process, thereby achieving 100%
internal quantum efficiency (IQE) in OLEDs.1–7 In general,
TADF emitters are composed of donor (D) and acceptor (A)
units with a largely twisted D–A structure. The D and A
segments possess the well-separated HOMO and LUMO,
respectively, leading to a small energy gap between the S1 and

T1 states (DEST). This enables TADF emitters to undergo a fast
RISC process. In addition to the IQE, the light-outcoupling
efficiency (Zout) of a device is another key parameter that
governs the external quantum efficiency (EQE) of the device.8

Accordingly, achieving a high Zout is necessary to boost the EQE
of OLED devices. Many studies reveal that Zout can be signifi-
cantly improved if the horizontal orientation ratio (Y8) of the
transition dipole moment (TDM) is above the value corres-
ponding to the completely random orientation case (Y8 = 67%).
Note that the majority of light is emitted in a direction
perpendicular to the TDM vector. Therefore, a significant
portion of light emitted from the horizontally oriented TDM
can be directly outcoupled to air instead of being coupled to
wave guided modes (Fig. S1 in the ESI† for the illustrative
description). Hence, a high Y8 in the emissive layer in OLEDs
can be highly beneficial for improving the EQE without the
need for a separate outcoupling structure.9–11 The factors
influencing Y8 include, but are not limited to, molecular
shapes or the presence of certain functional groups that
promote the anisotropic molecular arrangement during
deposition.12 For instance, TADF emitters in a linear or a planar
shape have shown high Y8 and, as a result, exhibited high
electroluminescence (EL) performances.13–15 However, the
elongated molecular conjugation and expanded molecular
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plane can often compromise the emission color and efficiency
of TADF emitters due to various internal D–A interaction
strengths or strong molecular interactions in the aggregated
state.16,17

To address this issue, spiro-shaped donors and acceptors
have been introduced into the D–A backbone to enhance the Y8

values without causing serious emission quenching, thanks to
large steric hindrance of the spiro-groups.18–21 Among the
donors, spiro-acridine (sAC) groups have been reported to
increase the molecular rigidity and Y8 values of the emit-
ters.22–25 These are also effective in lowering the HOMO energy
level due to the relatively weak electron-donating ability caused
by a weak hyper-conjugation effect.21 Particularly, when com-
bined with boron-based acceptors, TADF emitters containing
sAC donors have demonstrated outstanding performances in
blue OLEDs that demand the emitters with high molecular
stability.18,24,26 Furthermore, tri-spiral acridine (tsAC), which is
a more structurally reinforced sAC derivative, has been recently
employed in blue emitters. These emitters exhibited high
molecular rigidity, an improved PLQY, and a high Y8 value of
B90%.15,26 Meanwhile, TADF emitters incorporating spiro-type
acceptor units have rarely been reported.18,27–29 A representa-
tive example of such acceptors is spiro-fluorenyl-B-hetero-
triangulene, which exhibits high structural stability due to the
presence of fully tethered aryl groups around the boron
center.30,31 The resulting D–A-type TADF emitters with the
spiro-fluorenyl-B-heterotriangulene unit exhibited blue emis-
sions with near-unity PLQYs and high Y8 values of B90%,
irrespective of the presence of a spiro-donor unit.30

Taking these into account, we herein report two linearly
expanded TADF emitters, O-tsAC-BAsBP (1) and S-tsAC-BAsBP
(2), composed of a tri-spiral acridine (tsAC) donor and a spiro-
fluorenyl-B-heterotriangulene (BAsBP) acceptor to enhance the
light-outcoupling efficiency in blue OLEDs. The presence of

bulky spiral D and A moieties in 1 and 2 is also expected to
increase both the molecular rigidity and steric hindrance,
thereby effectively reducing intermolecular interactions. We
found that both emitters showed deep-blue emissions with
excellent TADF characteristics in the doped host films. These
emitters exhibited near-unity PLQYs, small singlet–triplet
energy splitting (DEST o 0.05 eV), short delayed fluorescence
lifetimes (td o 2 ms), and fast RISC (kRISC B106 s�1). Remark-
ably, both emitters exhibited very high Y8 values of B93%,
which is the highest among the emitters containing spiro-
acridine donors. Thanks to their outstanding TADF character-
istics and high Y8 values, the corresponding TADF-OLEDs
displayed high maximum EQEs of 27%–31% in the deep-blue
region.

Results and discussion
Synthesis and characterization

Two D–A compounds, O-tsAC-BAsBP (1) and S-tsAC-BAsBP (2),
were synthesized following the procedures depicted in
Scheme 1. The oxygen-bridged acridine donor (O-tsACH, 1e)
was newly prepared using a modified reaction pathway based
on the synthesis of the sulfur-bridged, tri-spiral acridine donor
(S-tsACH, 2e).15 The final products (1 and 2) were obtained in
high yields through Buchwald-Hartwig amination reactions
between the X-tsACH (X = O, S) donors and a bromo-subs-
tituted spiro-fluorenyl B-heterotriangulene acceptor (Br-BAs
BP).30 Both compounds were analyzed by 1H NMR spectroscopy
and elemental analyses, while 11B and 13C NMR spectra of the
compounds could not be obtained due to the poor solubility in
organic solvents (Fig. S2–S7, ESI†). These compounds were
chemically stable in solution and solid states under ambient
conditions and also displayed high thermal stability evidenced
by their elevated decomposition temperatures (Td5 = 466 1C for

Scheme 1 Conditions: (i) n-BuLi, THF, �78 1C, then 1.0 M HCl, MeOH, and RT. (ii) c-HCl, AcOH, and reflux. (iii) n-BuLi, THF, �78 1C, then 1.0 M HCl,
MeOH, and RT. (iv) c-HCl, AcOH, and reflux. (v) Pd(t-Bu3P)2, Br-BAsBP, t-BuONa, toluene, and reflux.
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1 and 464 1C for 2 at 5% weight loss). Notably, the Td5 values
were superior to that of the reference compound, sAC-BAsBP
(3, Td5 = 420 1C), which consisted of mono spiro-donor and
spiro-acceptor units (Fig. S8, ESI†).30 This result indicates that
the tri-spiral skeleton can greatly improve the thermal stability
of boron-based D–A compounds.

Photophysical properties

The UV/Vis absorption and photoluminescence (PL) spectra of
1 and 2 were first obtained in toluene at room temperature
(Fig. 1 and Table 1). In addition, the absorption spectra of the
donor (X-tsACH; X = O or S) and acceptor (HBAsBP) molecules
were recorded to understand the electronic transition of 1 and 2
(Fig. S9, ESI†). The intense absorption in the high-energy region
of 270–350 nm was attributable to the local p–p* states of the D
and A units.32,33 The broad and weak absorption in the low-
energy region of 350–450 nm is assigned to the intramolecular
charge transfer (ICT) transition from the D to A units (Fig. 1b
and Table 1). The similar absorption onset of both compounds
resulted in a comparable HOMO–LUMO energy gap (Eg) of
2.93 eV, slightly higher in energy than that of sAC-BAsBP
(3, 2.91 eV).30 This finding supports the blue-shifted emission
of 1 and 2 compared to that of 3 (see below). Compounds 1 and
2 underwent X-tsAC (X = O, S)-centered irreversible oxidations
with onset oxidation potentials of 0.54 V for 1 and 0.52 V for 2,
respectively (Fig. S10, ESI†). Accordingly, the comparable
HOMO energy levels were determined to be �5.34 eV for 1
and �5.32 eV for 2, respectively. In combination with the Eg

values and HOMO levels, the LUMO energy levels of �2.41 eV

for 1 and �2.39 eV for 2, respectively were deduced. These
results indicate that the O- and S-containing tsAC donors have
similar electronic effects on the HOMO and LUMO presumably
due to substitution of the O and S atoms at a distal position.
Both compounds displayed deep-blue emissions with a peak
centered at 457 nm in their PL spectra, and their broad and
structureless emissions originated from an ICT transition
(Fig. 1b). These compounds exhibited decent photolumines-
cence quantum yields (PLQYs) of 70–74% in deoxygenated
toluene, whereas the PLQYs were dramatically dropped to
31% with a decrease in the PL intensity in oxygen-saturated
toluene, as a result of the triplet state quenching by oxygen
(Fig. S11, ESI†). The transient PL decay traces at room tem-
perature displayed characteristic prompt (tp) and delayed (td)
components, with a tp value of 20 ns and a td value of
5.83–7.50 ms, respectively (Fig. 1c). Next, the photophysical
properties of 20 wt%-doped films of 1 and 2 in a DPEPO host
matrix were investigated (Fig. 1d). The PL spectra featured
deep-blue emissions centered at 467 nm (1) and 469 nm (2),
respectively, which were red-shifted compared to those
obtained in toluene. The redshifts can be primarily attributed
to the increased polarity of the host matrix, which stabilizes the
CT excited state.34,35 The PLQYs and full width at half max-
imums (FWHMs) for the films were 100% and 63 nm for 1, and
84% and 66 nm for 2, respectively. The increased PLQY and
narrower FWHM of the films compared with the results in
toluene (PLQY = 70–74%, FWHM = 69 nm) can be attributed to
the suppressed intramolecular vibrations and rotations in the
rigid state.36 The fluorescence and phosphorescence spectra

Fig. 1 (a) Chemical structures of 1 and 2. (b) Absorption and PL spectra of 1 and 2 in toluene (c = 2.0 � 10�5 M, lex = 310 nm). (c) Transient PL decay of 1
and 2 in toluene at 298 K. (d) PL spectra of 20 wt% doped films of 1 and 2 in a bis[2-(diphenylphosphino)phenyl]ether oxide (DPEPO) host. (e)
Fluorescence and phosphorescence spectra of 1 and 2 at 77 K. (f) Transient PL decay of 1 and 2 at 298 K. (g) Temperature-dependent PL decay of 1. (h)
Arrhenius plots of kRISC for 1 and 2.

Materials Chemistry Frontiers Research Article

Pu
bl

is
he

d 
on

 0
5 

 2
02

3.
 D

ow
nl

oa
de

d 
on

 0
9/

12
/2

5 
06

:2
1:

10
. 

View Article Online

https://doi.org/10.1039/d3qm00653k


5416 |  Mater. Chem. Front., 2023, 7, 5413–5421 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

obtained at 77 K demonstrated an involvement of CT excited
states in the emission, along with small DEST values of 0.035 eV
for 1 and 0.050 eV for 2, respectively (Fig. 1e and Fig. S12, ESI†).

Notably, the transient PL decays showed short-lived delayed
fluorescence lifetimes (td = 1.55–1.98 ms), which is in accor-
dance with the very small DEST values (Fig. 1f). The delayed
fluorescence intensities were gradually increased with an
increase of temperature from 120 K to 290 K, confirming the
TADF nature (Fig. 1g and Fig. S13, ESI†). The excited state
dynamics of 1 and 2 were further understood by calculating the
rate constants of intersystem crossing (kISC) and RISC (kRISC)
(Table 1).37 The kISC and kRISC values were estimated to be in the
orders of B107 and B106 s�1, respectively, for both com-
pounds, indicating fast spin–flip processes.38,39 The higher
kRISC of 1 than that of 2 was aligned with the shorter delayed
fluorescence lifetime of 1. The Arrhenius plots of kRISC resulted
in the very small activation energies of RISC (Ea

RISC), equal to
15 meV for 1 and 13 meV for 2 (Fig. 1h and Table 1). The similar
tiny Ea

RISC values also supported the fast RISC process in 1 and
2. Moreover, the values were smaller than the corresponding
DEST values, indicating the involvement of the higher-lying T2

state in the RISC process, accompanied by vibronic coupling
between the T1 and T2 states.40–42

Theoretical studies

Density functional theory (DFT) and time-dependent DFT (TD-
DFT) calculations were conducted using the PBE0 hybrid
functional43 and the 6-31+G(d,p) basis set to elucidate the
molecular geometries and electronic structures of 1 and 2 in
the ground and excited states. The energy differences between
S1 and T1 states were computed using the Tamm–Dancoff
approximation (TDA).44,45 In the optimized molecular struc-
tures, the acridine donor and B-heterotriangulene acceptor
fragments are connected in a highly twisted conformation with
a large dihedral angle of B901 owing to the steric hindrance
caused by the acridine rings (Fig. S14, ESI†). The HOMO and
LUMO are mainly distributed on the acridine donor and the B-
heterotriangulene acceptor, respectively. The well-separated
HOMO and LUMO resulted in very small DEST values of 11–
12 meV, which aligns with the experimental results. Overall, the
numerical values for the optimized structures of 1 and 2, such
as the dihedral angle, MO energy, HOMO–LUMO gap, DEST,
and overlap integral (IH/L) between the HOMO and the LUMO,
were comparable for both compounds, accounting for their
similar photophysical properties. This result can be attributed
to the negligible contributions from the O- and S-containing
ring fragments of the tsAC donor to the HOMO. Natural

Table 1 Photophysical data and rate constants of 1 and 2

Compound labs (nm) lPL (nm) FPL
c (%) tp

d (ns) td
d (ms) ES/ET

e (eV) DEST
f (meV) kr

g (107 s�1) kISC
g (107 s�1) kRISC

g (105 s�1) Ea
h (meV)

O-tsAC-BAsBP (1) sola 394 457 70 20 5.83
Filmb 467 100 16 1.55 2.89/2.86 35 4.06 2.23 9.99 15

S-tsAC-BAsBP (2) sola 395 457 74 20 7.50
Filmb 469 84 14 1.98 2.95/2.90 50 4.68 1.57 6.86 13

a In N2-filled toluene at 298 K (c = 2.0 � 10�5 M, lex = 310 nm). b In 20 wt% doped films in a DPEPO host. c Absolute PLQYs. d Prompt (tp) and
delayed (td) PL decay lifetimes. e Singlet (ES) and triplet (ET) energy deduced from the onset of fluorescence and phosphorescence spectra at 77 K.
f DEST = ES � ET. g kr, kISC, and kRISC are the fluorescence radiative decay, intersystem crossing, and RISC rate constants, respectively. h Activation
energies of RISC.

Table 2 Natural transition orbitals (NTOs) for the excited states of 1 and 2 obtained using the TDDFT calculations at the PBE0/6-31+G(d,p) level of
theory. The numerical values for spin–orbit coupling matrix elements and transition rates for the RISC processes are obtained using the PBE0/6-
311G(d,p)//6-31+G(d,p) level of theory

1 Hole Electron 2 Hole Electron

T2 (3LEA) (3.111 eV) T2 (3LEA) (3.107 eV)

T1 (3CT) (2.726 eV) T1 (3CT) (2.731 eV)

S1 (1CT) (2.737 eV) S1 (1CT) (2.743 eV)

hS1|ĤSOC|T1i 0.104 cm�1 hS1|ĤSOC|T1i 0.112 cm�1

hS1|ĤSOC|T2i 0.380 cm�1 hS1|ĤSOC|T2i 0.369 cm�1

kT1-S1
5.86 � 105 s�1 kT1-S1

6.00 � 105 s�1

kT2-S1
1.85 � 107 s�1 kT2-S1

2.27 � 107 s�1
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transition orbitals (NTOs) of 1 and 2 were examined to analyze
the nature of the excited states (Table 2). The hole and electron
NTOs of the S1 and T1 states are predominantly localized in the
D and A units, respectively, which is indicative of the CT excited
states (1CT and 3CT). This result is in good accordance with the
fluorescence and phosphorescence spectra of 1 and 2 at 77 K
(Fig. S12, ESI†). Due to the same CT nature of the S1 and T1

states, spin–orbit coupling (SOC) between the two states could
be weak according to the El-Sayed rule.41,46 Thus, we examined
the NTOs of the next higher-lying triplet (T2) state of 1 and 2
and found that both the hole and electron NTOs of the T2 states
are localized on the spiro-fluorenyl moiety in the BAsBP accep-
tor units, indicating an LE character (3LEA) of the T2 states. To
support the finding, we first analyzed the NTOs of the pristine
D and A molecules (Fig. S15, ESI†). The T1 states of X-tsACH
(X = O, S) and HBAsBP are localized on the acridine ring and the
spiro-fluorenyl moiety, respectively, with the lower computed
T1 energy level of HBAsBP (ET(A) = 2.930 eV) compared to that of
X-tsACH (ET(D) = 3.131 eV). Next, we recorded the phosphores-
cence spectra of the pristine donor molecules at 77 K (Fig. S16,
ESI†).

Both the X-tsACH donors showed the identical T1 energy levels
of 3.061 eV, higher than that of the HBAsBP acceptor molecule
(3LEA = 2.877 eV).30 These theoretical and experimental results
confirm the 3LEA character of the T2 states of 1 and 2. Accordingly,
the significant SOC matrix elements (SOCMEs) between the S1

(1CT) and T2 (3LE) states (hS1|ĤSOC|T2i = 0.369–0.380 cm�1) were
comparably obtained for 1 and 2 as anticipated by the El-Sayed

rule (Table 2). The values were also over three times greater than
those between the S1 (1CT) and T1 (3CT) states (hS1|ĤSOC|T1i =
0.104–0.112 cm�1). Furthermore, the calculated RISC rate con-
stants between the T2 and S1 states (kT2-S1

= 1.85–2.27 � 107 s�1)
were significantly higher than those between the T1 and S1 states
(kT1-S1

= 5.86–6.00 � 105 s�1). Therefore, these results highlight
that the SOC between the T2 and S1 states can boost the rate of
RISC in 1 and 2, thereby supporting the observed high RISC
rates.38,47,48

Electroluminescence properties

The electroluminescence (EL) performances of 1 and 2 as the
TADF emitters were finally evaluated by fabricating blue OLEDs
with the following device structures (Fig. 2a): glass/indium-tin-
oxide (ITO, 70 nm)/molybdenum trioxide (MoO3, 5 nm)/1,1-
bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC, 40 nm)/tris(4-
carbazoyl-9-ylphenyl)amine (TCTA, 10 nm)/1,3-bis(N-carbazolyl)
benzene (mCP, 10 nm)/DPEPO:emitter (10, 20 wt%, 25 nm)/
DPEPO (5 nm)/2,2 0,200-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-
benzimidazole) (TPBi, 35 nm)/lithium fluoride (LiF, 1 nm)/
aluminum (Al, 100 nm). DPEPO was selected as the host
material due to its high T1 level (B3.0 eV) suitable for efficient
energy transfer to the emitters.5,49 We employed two different
emitter concentrations (10 and 20 wt%) in the emissive layer to
optimize the performances of TADF-OLEDs. The EL character-
istics of the devices are summarized in Table 3 and Fig. 2b–d
and Fig. S18 and S19, ESI.†

Fig. 2 (a) Device structure and energy level diagram (eV) of the TADF-OLEDs. (b) EL spectra of D1 an D4 and the photograph of the working D4 device.
(c) Current density–voltage–luminance (J–V–L) characteristics of D1 and D4. (d) External quantum efficiency–luminance (ZEQE–L) characteristics of D1
and D4. (e) Angle-dependent PL intensity of the emitting layer with emitter 2. (f) The contour plot of the theoretical maximum EQEs for device D4 as a
function of the TPBi and TAPC thicknesses. The star symbol indicates the maximum EQE value for D4.
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At 20 wt% doping concentration, devices D1 and D2 with
emitters 1 and 2, respectively, exhibited blue EL emissions
centered at 469 and 467 nm, comparable to the PL spectra of
the emitters doped in the host films. The CIEy values for the EL
emissions of the two devices fell within 0.15. Notably, D1 and
D2 exhibited high maximum EQEs (EQEmax) of 27.4% for D1
and 24.7% for D2, respectively, which are in accordance with
the PLQYs of the emitters doped in the host films (Table 1).
Meanwhile, for the 10 wt%-doped devices (D3 and D4), the EL
spectra underwent slight blue-shifts, showing the EL peaks at
465 and 466 nm, respectively. Along with the narrow FWHMs of
55–57 nm, the EL spectra led to the CIEy values of B0.11,
corresponding to the deep-blue emission of the devices. It is
noticeable that the observed FWHMs are slightly narrower than
those obtained with previous emitter 3 (FWHM = 57–58 nm),
presumably due to the increased molecular rigidity offered by
the tri-spiral donor structure.26 Remarkably, device D4 with
emitter 2 exhibited a very high EQEmax of 31.5%, although the
EQE of D3 based on 1 was somewhat reduced to 22.5% at the
10 wt% emitter concentration. To partly explain this result, we
prepared 10 wt%-doped host films of 1 and 2 in a DPEPO host
and measured their photophysical properties (Table S1, ESI†).
Interestingly, the PLQY of the host film doped with 2 reached
near-unity, while that with 1 exhibited 82%. Thus, the high EQE
of D4 could be understood with the increased PLQY of 2 at
10 wt% doping. Although the EQEmax values for the devices
with 1 and 2 showed an opposite trend depending on the
doping concentration of the emitters, the observed efficiencies
could be ranked among the highest value for the deep-blue
devices with D–A-type emitters (CIEy o 0.12).26,50–52 In addi-
tion, since the Zout is one of the important factors governing the
EQE of a device, we estimated the Y8 of the doped host films of
1 and 2 utilizing angle-dependent PL measurements. As shown
in Fig. 2e and Fig. S20 (ESI†), both films exhibited very high Y8

values of 93.0% and 93.5%, respectively. The values are higher
than that of previous emitter 3 containing sAC and BAsBP units
(B90%).30 Therefore, the increased molecular length and
rigidity, endowed by the tri-spiral donor and spiro-acceptor
units, can be regarded beneficial for attaining high Y8 values,
leading to the improved Zout of device and thereby enhancing
the EQE of the device over 30%. To the best of our knowledge,
the Y8 value of B93% is the highest among the spiro,16,18,21,24

bi-spiral,24,50 or tri-spiral acridine donor-based emitters
(Y8 = 88–90%).15,26 The high device efficiency of D4 was further
elucidated by the optical simulations. Using the PLQY and Y8

of the emitter 2 and the OLED structure, the contour map of the
theoretically achievable EQEmax values was obtained as illu-
strated in Fig. 2f. The resultant theoretical EQEmax was found to
be 35.9% for the D4 device, accounting for the observed high
efficiency of D4.

Conclusions

We have demonstrated that linear-shaped D–A-type compounds,
O-tsAC-BAsBP (1) and S-tsAC-BAsBP (2), which consisted of rigid
tri-spiral acridine donor and spiro-fluorenyl-B-heterotriangulene
acceptor units, can act as highly efficient deep-blue TADF emitters
in OLEDs. Both the emitters doped into host films exhibited deep-
blue emissions with outstanding TADF characteristics, such as a
high PLQY of B100%, a small DEST of less than 50 meV, and a
short td of B2 ms. The RISC process was found to be accelerated
by effective SOC between the 1CT (S1) and 3LE (T2) excited states,
resulting in a rate constant of B106 s�1. Above all, the emitters
displayed a remarkably high horizontal dipole orientation ratio
(Y8) of B93%. Thanks to their high PLQYs, Y8, and molecular
rigidity, the optimized TADF-OLEDs incorporating emitters 1 and
2 achieved narrow deep-blue EL emissions with peak wavelengths
of 465–469 nm, with EQEmax values as high as 27.4% (1) and
31.5% (2), respectively. The findings of this study are promising
for the development of TADF emitters with a high horizontal
dipole orientation, which can ultimately enhance the efficiency
of OLEDs.
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Table 3 Device characteristics of TADF-OLEDs

Devicea Emitter (wt%) lEL (nm) lFWHM
b (nm) CIE (x, y)c Von

d (V) EQEe (%) PEf (lm W�1) CEg (cd A�1)

D1 1 (20) 469 58 (0.137, 0.147) 3.7 27.4/18.4 32.3/11.8 43.2/29.0
D2 2 (20) 467 58 (0.133, 0.140) 3.8 24.7/16.6 25.0/9.6 32.7/22.0
D3 1 (10) 465 57 (0.134, 0.108) 3.8 22.5/15.4 23.5/9.1 22.8/15.6
D4 2 (10) 466 55 (0.132, 0.117) 4.0 31.5/17.6 30.2/8.4 44.0/24.6

a ITO (70 nm)/MoO3 (5 nm)/TAPC (40 nm)/TCTA (10 nm)/mCP (10 nm)/DPEPO:emitter(10, 20 wt%, 25 nm)/DPEPO (5 nm)/TPBi (35 nm)/LiF (1 nm)/
Al (100 nm). b Full width at half maximum (FWHM). c Color coordinates (CIE 1931) at a maximum luminance. d Applied voltage at a luminance of
1 cd m�2. e External quantum efficiency: maximum, then the value at 1000 cd m�2. f Maximum power efficiency: maximum, then the value at
1000 cd m�2. g Maximum current efficiency: maximum, then the value at 1000 cd m�2.
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