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A B S T R A C T   

Deep-blue thermally activated delayed fluorescence (TADF) emitters with National Television System Committee 
(NTSC) standard (0.14, 0.08) and narrowband emission have been one of the challenging issues for organic light- 
emitting diodes (OLEDs). In this work, a novel molecular design strategy, periphery cladding, was used to design 
and synthesize three deep-blue multi-resonance TADF emitters, N,N, 5,9-tetraphenyl-5,9-dihydro-5,9-diaza-13b- 
boranaphtho[3,2,1-de]anthracen-7-amine (PAB), 2,12-di-tert-butyl-5,9-bis(4-(tert-butyl)phenyl)-N,N-diphenyl- 
5,9-dihydro-5,9-diaza-13b-boranaphtho[3,2,1-de]anthracen-7-amine (2tPAB) and 2,12-di-tert-butyl-N,N,5,9- 
tetrakis(4-(tert-butyl)phenyl)-5,9-dihydro-5,9-diaza-13b-boranaphtho[3,2,1-de]anthracen-7-amine (3tPAB). By 
cladding large steric hindrance tert-butyl unit at periphery of multi-resonance emitter, the intermolecular in-
teractions were suppressed, thus reducing aggregation-induced emission quenching and improving the PLQY of 
emitter. 3tPAB with full periphery cladding exhibited higher PLQY (74.7%). As a result, the device based on 
3tPAB acquired the best performance by using 1,3-di(9H-carbazol-9-yl)benzene (mCP) with low polarity as host. 
The maximum external quantum efficiency (EQEmax), CIE coordinates, and full-width at half-maximum (FWHM) 
of 3tPAB-based device were 19.3%, (0.141, 0.076), and 26 nm, respectively. To our knowledge, this is the first 
report about narrowband TADF OLEDs with single host that EQEmax approaches 20% while CIE coordinates meet 
the NTSC blue-light standard.   

1. Introduction 

Organic-light-emitting diodes (OLEDs) have been used in the field of 
intelligent display owing to the high contrast ratio and rapid response 
time [1–7]. The conventional organic luminescent material such as 
conventional fluorescent, phosphorescent, and thermally activated 
delayed fluorescence (TADF) emitters with the donor (D)-acceptor (A) 
structure exhibits strong vibronic coupling between the ground state 
(S0) and singlet excited state (S1) as well as structural relaxation at the S1 
state, leading to broad emission bands with full-width at half-maximum 
(FWHM) of >40 nm [8–14]. Therefore, to satisfy the requirement of high 
resolution and wide color gamut for new-generation display, the device 
usually employs color filters and/or optical microcavities technologies 
to enhance color purity. However, these technologies will increase the 
cost of the fabrication process, impeding the practical applications of 

OLEDs [15]. Recently, the novel TADF emitters based on multiple 
resonance effects have aroused the wide concern of researchers because 
of the high efficiency and narrowband emission [16,17]. These series of 
materials allow the lowest unoccupied molecular orbitals (LUMO) and 
the highest occupied molecular orbitals (HOMO) to be distributed on 
different atoms, thus minimizing their bonding/antibonding character, 
decreasing the vibronic coupling and vibrational relaxation of material. 
The FWHM can reach 14 nm, showing a great promising application 
[18]. 

At present, full-Color TADF emitters with narrowband emission have 
been achieved. The external quantum efficiency of blue-, green-, and 
red-light narrowband TADF-based OLEDs have realized 34.4% [18], 
31.8% [19], and 22.0% [19], respectively. However, the deep-blue 
narrowband TADF-based OLEDs that can match the National Televi-
sion System Committee (NTSC) standard (0.14, 0.08) have not been 
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reported [17,20–23]. To achieve this goal, molecular engineering and 
device engineering need a reasonable combination. From molecular 
design, multiple resonance core for narrowband TADF emission can be 
classified as a fused nitrogen/carbonyl (N/C––O) system and a fused 
boron/nitrogen (B/N) system [24–34]. Compared with the fused 
N/C––O system, the fused B/N system exhibits much more multiple 
structural modifiability, arousing more attention. According to the most 
recent findings of the fused B/N system, the para-disposed two boron 
atoms (B-π-B) and para-disposed two nitrogen atoms (N-π-N) in the 
central π-core will significantly increase the acceptor and donor 
strengths, resulting in large bathochromic shifts of emission. Neverthe-
less, para-disposed boron and nitrogen atoms (B-π-N) can reduce the 
acceptor and donor strengths, thus realizing a shorter-wavelength 
emission [19]. As a result, a fused B/N system with a B-π-N structure 
is possible for deep-blue emission. Simultaneously, the limited 
π-conjugation of fused B/N system is also needed [27,28]. Moreover, the 
TADF emitters suffer from aggregation-induced emission quenching and 
exciton annihilation processes. The substituents with large steric hin-
drance such as tert-butyl unit are necessary to suppress the negative 
effect, thus enhancing luminous efficiency [35–37]. From device engi-
neering, most narrowband TADF-based OLEDs employ bipolar material 
as host can improve device efficiency [27–30]. However, the strong 
polarity of host will give rise to the interactions between hosts and 
emitters, shifting electroluminescence spectra to long-wavelength. 
Therefore, it is anticipated that high efficiency and deep-blue emission 
can be obtained by cladding large steric hindrance tert-butyl unit at 
periphery of multi-resonance emitter with B-π-N structure and selecting 
the low polarity host. 

In this work, N,N,5,9-tetraphenyl-5,9-dihydro-5,9-diaza-13b- 
boranaphtho[3,2,1-de]anthracen-7-amine (PAB) with B-π-N structure 
was designed as a parent molecule. By partial and full periphery clad-
ding with tert-butyl unit, 2,12-di-tert-butyl-5,9-bis(4-(tert-butyl)phenyl)- 
N,N-diphenyl-5,9-dihydro-5,9-diaza-13b-boranaphtho[3,2,1-de]anthra-
cen-7-amine (2tPAB) and 2,12-di-tert-butyl-N,N,5,9-tetrakis(4-(tert- 
butyl)phenyl)-5,9-dihydro-5,9-diaza-13b-boranaphtho[3,2,1-de] 
anthracen-7-amine (3tPAB) were further synthesized. The results 
showed all new emitters with B-π-N structure exhibited deep-blue 
narrowband TADF emission with peak at 449–456 nm and FHWM of 
23–26 nm in toluene solution. Under the periphery cladding of tert-butyl 
units, the intermolecular interactions were suppressed, and the PLQY of 
emitter was enhanced. However, the singlet-triplet splitting (ΔEST) was 
increased, which reduced reverse intersystem crossing rate constant 
(kRISC). By using 1,3-di(9H-carbazol-9-yl)benzene (mCP) with low po-
larity as host, 3tPAB-based device achieved the best performance with 
the maximum external quantum efficiency (EQEmax) of 19.3% and CIE 
coordinates of (0.141, 0.076), respectively. To our knowledge, this is the 
first report about narrowband TADF OLEDs with single host that EQEmax 
approached 20% while CIE coordinates met the NTSC blue-light 
standard. 

2. Experimental section 

2.1. Materials and reagents 

All the solvents and reagents used for target compounds were pur-
chased from commercial suppliers without further purification. 

2.2. Synthesis 

N1,N1,N3,N3,N5,N5-hexaphenylbenzene-1,3,5-triamine (PA): The 
mixture of 1,3,5-tribromobenzene (4.00 g, 12.7 mmol), diphenylamine 
(6.70 g, 39.40 mmol), Pd2(dba)3 (0.17 g, 0.19 mmol), P(t-Bu)3⋅HBF4 
(0.13 g, 0.44 mmol) and NaOt-Bu (3.66 g, 38.1 mmol) was suspended in 
toluene (60 mL) and refluxed for 18 h under N2 atmosphere at 120 ◦C. 
The reaction mixture was cooled to room temperature, toluene was 
removed by vacuum distillation. Then the crude product was extracted 

by dichloromethane and water. The organic layer was dried by MgSO4, 
then filtered and concentrated in vacuo. Finally, the residue was purified 
by column chromatography (elution solvent: petroleum ether) to afford 
a white solid (6.42g). Yield, 86%. 1H NMR (400 MHz, CDCl3) δ [ppm]: δ 
7.16 (t, J = 7.8 Hz, 12H), 7.07–6.98 (m, 12H), 6.91 (t, J = 7.3 Hz, 6H), 
6.42 (s, 3H). 

3,5-dichloro-N,N-diphenylaniline (PA-2Cl): The synthetic procedure 
was similar to that of PA. White solid was obtained. Yield, 83%. 1H NMR 
(400 MHz, CDCl3) δ [ppm]: δ 7.31 (t, J = 7.8 Hz, 4H), 7.11 (t, J = 8.8 Hz, 
6H), 6.87 (dd, J = 11.7, 1.5 Hz, 3H). 

N1,N1,N3,N3-tetrakis(4-(tert-butyl)phenyl)-N5,N5-diphenylbenzene- 
1,3,5-triamine (2tPA): The mixture of 1,3,5-tribromobenzene (4.50 g, 
14.3 mmol), bis(4-(tert-butyl)phenyl)amine (8.46 g, 30.06 mmol), 
Pd2(dba)3 (0.065 g, 0.072 mmol), P(t-Bu)3 (10 wt% in toluene, 0.35 mL, 
0.143 mmol) and NaOt-Bu (5.49 g, 57.2 mmol) was suspended in 
toluene (70 mL) and refluxed for 18 h under N2 atmosphere at 120 ◦C. 
The reaction mixture was cooled to room temperature, toluene was 
removed by vacuum distillation. Then the crude product was extracted 
by dichloromethane and water. The organic layer was dried by MgSO4, 
then filtered and concentrated in vacuo. Finally, the residue was purified 
by column chromatography (elution solvent: petroleum ether then pe-
troleum ether/dichloromethane = 9:1) to afford a white solid (6.62g). 
Yield, 57%. 1H NMR (400 MHz, CDCl3) δ [ppm]: δ 7.14 (dd, J = 14.4, 
8.0 Hz, 12H), 7.02 (d, J = 7.7 Hz, 4H), 6.96 (d, J = 8.6 Hz, 8H), 6.88 (t, J 
= 7.3 Hz, 2H), 6.55 (s, 1H), 6.29 (d, J = 1.8 Hz, 2H), 1.37–1.19 (m, 
36H). 

N1,N1,N3,N3,N5,N5-hexakis(4-(tert-butyl)phenyl)benzene-1,3,5-tri-
amine (3tPA): The synthetic procedure was similar to that of PA. White 
solid was obtained. Yield, 91%. 1H NMR (400 MHz, CDCl3) δ [ppm]: δ 
7.17 (t, J = 10.4 Hz, 12H), 6.95 (d, J = 8.5 Hz, 12H), 6.44 (s, 3H), 1.26 
(s, 54H). 

N,N,5,9-tetraphenyl-5,9-dihydro-5,9-diaza-13b-boranaphtho[3,2,1-de] 
anthracen-7-amine (PAB): Boron tribromide (3.19 mL, 33.1 mmol) was 
added to a solution of PA (3.21 g, 3.5 mmol) in o-dichlorobenzene (100 
mL) at room temperature under a nitrogen atmosphere. After stirring at 
180 ◦C for 20 h, the reaction mixture was allowed to cool to 0 ◦C. After 
addition of N, N-diisopropylethylamine (20.5 mL, 124.2 mmol), the 
solvent was removed in vacuo. The crude product was washed with 
acetonitrile and recrystallized by toluene and acetonitrile to afford a 
yellow solid (3.55g). Yield, 73%. 1H NMR (400 MHz, CDCl3) δ [ppm]: δ 
8.90 (dd, J = 7.7, 1.4 Hz, 2H), 7.48 (dd, J = 17.1, 9.7 Hz, 4H), 7.37 (ddd, 
J = 8.6, 5.0, 1.9 Hz, 4H), 7.27–7.17 (m, 6H), 7.08 (dd, J = 10.2, 5.5 Hz, 
4H), 6.97–6.86 (m, 6H), 6.71 (d, J = 8.4 Hz, 2H), 5.61 (s, 2H). 13C NMR 
(101 MHz, CDCl3) δ [ppm]: δ 146.65, 142.17, 134.84, 130.66, 130.35, 
130.13, 128.78, 128.09, 125.62, 123.49, 116.83. FTMS (APCI): calcu-
lated for C42H30BN3, 587.5330; found, 588.2595. 

2,12-di-tert-butyl-5,9-bis(4-(tert-butyl)phenyl)-N,N-diphenyl-5,9-dihy-
dro-5,9-diaza-13b-boranaphtho[3,2,1-de]anthracen-7-amine (2tPAB): 
The synthetic procedure was similar to that of PAB. Yellow solid was 
obtained. Yield, 61%. 1H NMR (400 MHz, CDCl3) δ [ppm]: δ 8.96 (d, J =
2.4 Hz, 2H), 7.46 (dd, J = 8.7, 3.4 Hz, 6H), 7.13 (d, J = 8.5 Hz, 4H), 
7.10–7.02 (m, 4H), 6.99–6.85 (m, 6H), 6.76 (d, J = 9.0 Hz, 2H), 5.47 (s, 
2H), 1.47 (s, 18H), 1.33 (s, 18H). 13C NMR (101 MHz, CDCl3) δ [ppm]: δ 
150.91, 147.97, 146.59, 145.88, 141.46, 139.45, 130.78, 129.50, 
128.66, 127.92, 127.37, 125.94, 123.49, 116.52, 34.65, 34.32, 31.76, 
31.42. FTMS (APCI): calculated for C58H62BN3, 811.9650; found, 
812.5106. 

2,12-di-tert-butyl-N,N,5,9-tetrakis(4-(tert-butyl)phenyl)-5,9-dihydro- 
5,9-diaza-13b-boranaphtho[3,2,1-de]anthracen-7-amine (3tPAB): The 
synthetic procedure was similar to that of PAB. After recrystallization, 
the crude product was purified by column chromatography (elution 
solvent: petroleum ether). Yellow solid was obtained. Yield, 30%. 1H 
NMR (400 MHz, CDCl3) δ [ppm]: δ 8.93 (d, J = 2.4 Hz, 2H), 7.49–7.42 
(m, 6H), 7.15 (d, J = 8.5 Hz, 4H), 7.07 (t, J = 5.7 Hz, 4H), 6.86–6.80 (m, 
4H), 6.63 (d, J = 9.0 Hz, 2H), 5.70 (s, 2H), 1.46 (s, 18H), 1.33 (s, 18H), 
1.27 (s, 18H). 13C NMR (101 MHz, CDCl3) δ [ppm]: δ 151.00, 147.78, 
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146.11, 145.36, 144.48, 141.49, 139.43, 130.81, 129.59, 127.97, 
127.33, 125.28, 123.99, 116.51, 99.99, 99.73, 34.68, 34.31, 34.17, 
31.75, 31.49, 31.44. FTMS (APCI): calculated for C66H78BN3, 924.1810; 
found, 924.6354. 

Fig. 1. The design diagram of emitters in previous [38] and this work.  

Fig. 2. Distributions of frontier molecular orbitals of PAB, 2tPAB, and 3tPAB.  
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3. Results and discussion 

3.1. Design and synthesis 

The parent molecule, PAB, was derived from compound DABNA-1 
which exhibited deep-blue emission (Fig. 1) [38]. In the previous 
report, the diphenylamine group was appended onto the asymmetrical 
position of DABNA-1, i.e. the para-position relative to boron atom 
(11-position), affording DABNA-2 [38]. However, the LUMO and HOMO 
distributions of DABNA-2 were extended to the diphenylamine unit, 
leading to a reduced energy gap (Eg) and the red-shift of emission. Given 
the impact that the introduction of substituents in asymmetric positions 
of DABNA-1 will result in the asymmetry of electron-induced effect, 
further giving rise to the extension of HOMO/LUMO distribution and the 
red-shift of emission. In this work, the diphenylamine group was 
attached to the symmetrical position of DABNA-1, i.e. the para-position 
of boron atom (7-position), to develop PAB. Compared with DABNA-1, 
the LUMO and HOMO distributions of PAB were still localized on 
DABNA-1(Fig. 2). Therefore, deep-blue emission and multiple resonance 
effects were expected to be maintained. Besides, the introduction of the 

diphenylamine group will also help to increase the charge-transporting 
ability of the luminous, improving the performance of the device. 
Furthermore, 2tPAB and 3tPAB were further designed by cladding large 
steric hindrance tert-butyl unit at the periphery of PAB. Here, from 
aggregated states of multiple molecules, a large steric hindrance tert--
butyl unit can suppress aggregation-induced emission quenching, 
further enhancing PLQY and improving the luminescence performance. 

The synthetic routes of PAB, 2tPAB, and 3tPAB were shown in 
Scheme 1. The intermediate compounds (PA, 3tPA, PA-2Cl, and 2tPA) 
were synthesized by using aromatic nucleophilic substitution and 
palladium-catalyzed Buchwald-Hartwig reaction. The target compounds 
were obtained by a one-shot electrophilic arene borylation reaction at 
180 ◦C in nitrogen atmosphere. The details of the preparation and 
structural characterizations were provided in the experiment section. 
And all new compounds were unambiguously characterized by nuclear 
magnetic resonance (NMR) spectroscopy and mass spectroscopy 
analysis. 

Scheme 1. Synthetic Routes: (a) Pd2(dba)3, P(t-Bu)3⋅HBF4, NaOt-Bu, Toluene, 120 ◦C, 18h, N2; (b) Pd2(dba)3, P(t-Bu)3, NaOt-Bu, Toluene, 120 ◦C, 18h, N2; (c) BBr3, 
DIPEA, 180 ◦C, 20h, N2. 

Table 1 
Photophysical, electrochemical, and thermal analysis data of PAB, 2tPAB, and 3tPAB.  

Compound Tg/Td
a (◦C) λabs

b (nm) solution λem (nm) solutionb/filmc HOMOd/LUMOe (eV) ES/ET
f (eV) Φg (%) τPF

h (ns) τDF
h (μs) FWHMi (nm) 

PAB NA/372 432 449/453 − 5.21/-2.44 2.77/2.71 60.8 7.9 55.7 23 
2tPAB NA/392 436 456/457 − 5.08/-2.34 2.76/2.68 67.3 8.1 76.6 26 
3tPAB NA/374 438 456/458 − 5.09/-2.36 2.78/2.68 74.7 7.2 74.2 23  

a Td was measured by TGA (corresponding to 5% weight loss) and Tg was measured by DSC. 
b The peak wavelength of the lowest-energy absorption band and the peak wavelength of the PL spectrum in toluene. 
c The PL peak wavelength in mCP film. 
d HOMO was estimated from the CV. 
e LUMO = HOMO + Eopt

g. 
f Calculated from the onset of fluorescence (Fl, 77 K) and the phosphorescence (Phos, 77 K) spectra. 
g Absolute photoluminescence quantum yields. 
h Lifetime calculated from fluorescence decay and lifetime calculated from delayed fluorescence in the doped film of the emitter in mCP (3 wt%). 
i Full width at half maximum in toluene. 
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3.2. Theoretical calculations 

To understand the effect of peripheral cladding tert-butyl units on 
optoelectronic properties of emitters, quantum chemical calculations 
were performed by using density functional theory (DFT) at the B3LYP/ 
6-31G(d) levels. As shown in Fig. 2, the introduction of peripheral tert- 
butyl units did not affect the distributions of frontier molecular orbitals. 
The LUMO and HOMO distributions of PAB, 2tPAB, and 3tPAB were all 
focused on the DABNA-1 skeleton. Additionally, the LUMOs were 
localized on the boron atom as well as its ortho/para positions while the 
HOMOs were localized on the nitrogen atoms as well as its ortho/para 

positions [38]. The HOMOs and LUMOs were separated at the atomic 
scale by the multiple resonance effect of the boron and nitrogen atoms. 
The calculated Eg of PAB, 2tPAB, and 3tPAB were 3.68, 3.61, and 3.62 
eV, respectively. PAB without peripheral tert-butyl units presented a 
little higher Eg than 2tPAB, 3tPAB and DABNA-1 (Eg, 3.66 eV), which 
suggested PAB would present more blue emission than 2tPAB, 3tPAB, 
and DABNA-1 [38]. The calculated oscillator strengths f(S0–S1) of PAB, 
2tPAB, and 3tPAB were 0.1897, 0.2165, and 0.2086, respectively. It 
was found that 2tPAB, and 3tPAB showed higher f(S0–S1) than PAB. 
This might be attributed to that large steric hindrance tert-butyl sub-
stituent suppressed the non-radiative deactivation process, enhancing 
the f(S0–S1). 

3.3. Thermal and electrochemical properties 

The thermal stabilities of PAB, 2tPAB, and 3tPAB were measured by 
thermogravimetric analysis (TGA) and differential scanning calorimetry 
(DSC) under a nitrogen atmosphere. As shown in Fig. S1 and Table 1, 
these compounds presented excellent thermal stabilities (Fig. S1), the 
decomposition temperatures (Td, corresponding to 5% weight loss) of 
emitters were around 372–392 ◦C. However, glass-transition tempera-
tures (Tg) of the three compounds were not observed in the range of 
40–300 ◦C. Such good thermal stability was favorable for OLEDs sta-
bility. The electrochemical properties were investigated by cyclic vol-
tammetry (CV) measurement using a traditional three-electrode system 
(Fig. 3). From the onsets of oxidation potentials, the HOMO energy 
levels of PAB, 2tPAB, and 3tPAB were calculated to be − 5.21, − 5.08, 
and − 5.09 eV, respectively. From these HOMO values and the optical 
gap (Eopt

g ) obtained from the absorption spectra, the LUMO energy levels 
were estimated to be − 2.44, − 2.34, and − 2.36 eV, respectively 
(Table 1). 

Fig. 3. Cyclic voltammogram of PAB, 2tPAB and 3tPAB.  

Fig. 4. UV–vis absorption (Abs, room temperature) and fluorescence (Fl, room temperature) spectra of (a) PAB, (b) 2tPAB and (c) 3tPAB in toluene (1.0 × 10− 5 M) 
and fluorescence spectra of 3 wt % emitter in mCP. (d) Transient PL decay spectra of PAB/2tPAB/3tPAB doped into mCP films (3 wt%) at room temperature. 
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3.4. Photophysical properties 

The photophysical properties of PAB, 2tPAB, and 3tPAB in solution 
and film were investigated (Fig. 4 and Table 1). The ultraviolet–visible 
(UV) absorption spectrum in toluene (1.0 × 10− 5 M) revealed a strong 
absorption band at ~435 nm (maximum absorption wavelength), cor-
responding to the HOMO-LUMO transition [39]. Based on the onsets of 
absorption spectra, the optical gap (Eopt

g ) of PAB, 2tPAB, and 3tPAB was 
calculated to be 2.77, 2.74, and 2.73 eV, respectively. PAB displayed a 
higher Eopt

g value than 2tPAB and 3tPAB, which was consistent with the 
results of theoretical calculations. The emission peaks of PAB, 2tPAB, 
and 3tPAB in cyclohexane/toluene/CH2Cl2 solutions were located at 
438/449/458, 447/456/462, and 449/456/463 nm, respectively 
(Table 1 and Table S1). As analyzed in theoretical calculations, PAB 
exhibited more blue emission than 2tPAB, 3tPAB and DABNA-1 (462 
nm in CH2Cl2 solutions) [38]. The introduction of tert-butyl unit into 
2tPAB and 3tPAB increases donor strengths (electron donating nitrogen 
atom), further enhancing intensity of short-range intramolecular charge 
transfer and resulting in bathochromic shifts of emission. And from 
non-polar cyclohexane to strongly polar CH2Cl2, the shift of emission 
peak was 20 nm for PAB, 15 nm for 2tPAB, and 14 nm for 3tPAB, 
respectively. This indicated that peripheral tert-butyl units relieved the 
effect of solvent polarity on emission effectively. The FWHMs of PAB, 
2tPAB, and 3tPAB in cyclohexane/toluene were 16/23, 18/26, and 
18/23 nm, respectively. Even in the strongly polar solvents dichloro-
methane and N,N-dimethylformamide (Fig. S2), the FWHMs of the three 
compounds were still less than 28 nm. Such small FWHMs were among 
the best results in the TADF emitter with narrowband emission. 

The fluorescence spectra of these three emitters doped in host mCP 
showed a slight redshift compared with that of in toluene (Fig. 4), which 
might be caused by interactions between the emitters and host. With the 
increase of doping concentration, PAB showed more obvious emission 
around 490 nm (Fig. 5). However, 2tPAB and 3tPAB exhibited little 
difference. The results demonstrated peripheral tert-butyl units sup-
pressed intermolecular interactions and stacking. This can also be 
confirmed by their fluorescence spectrum in powder. As shown in 
Fig. 5d, PAB presented wider FWHM and a red-shift emission relative to 
2tPAB and 3tPAB. The suppressed intermolecular interactions in 2tPAB 
and 3tPAB will help to suppress aggregation-induced emission 
quenching, thus reducing the energy loss through the non-radiative 
rotational relaxation channel and enhancing the luminescence perfor-
mance. The absolute photoluminescence quantum yields (PLQY) in the 
doped film (3 wt% in mCP) of PAB, 2tPAB, and 3tPAB were measured to 
be 60.8%, 67.3%, and 74.7%, respectively, further demonstrating that 
the introduction of peripheral tert-butyl units of the PAB was beneficial 
to improve luminescent performance. 

From the onsets of the low-temperature (77K) fluorescence and 
phosphorescence spectra (Fig. S3), the ΔEST value was calculated to be 
0.06 eV for PAB, 0.08 eV for 2tPAB, and 0.10 eV for 3tPAB, respec-
tively, indicating that the cladding of tert-butyl unit slightly increases 
the ΔEST of the emitter. To evaluate the TADF nature of PAB, 2tPAB, and 
3tPAB, transient photoluminescence spectra of the doped film of 3 wt% 
emitters: mCP were measured (Fig. 4d). The prompt fluorescence life-
times (τPF) were 7.9, 8.1, and 7.2 ns, and the delayed lifetimes (τDF) were 
55.7, 76.6, and 74.2 μs for PAB, 2tPAB, and 3tPAB, respectively. Ac-
cording to the proportion of the integrated area of prompt and delayed 

Fig. 5. The fluorescence spectra of (a) PAB, (b) 2tPAB and (c) 3tPAB in pure film and in mCP with different doping concentration. (d) The fluorescence spectra PAB, 
2tPAB and 3tPAB in powder. 
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fluorescence in the transient spectra to the total integrated area [40], the 
prompt and delayed fluorescence quantum yields, ΦPF and ΦDF, can be 
obtained (see Table S2). Furthermore, the rate constants for fluorescence 
(kF), internal conversion (kIC), intersystem crossing (kISC), and kRISC 
were calculated using the reported method [10,41,42]. The results were 
presented in Table S2. The kRISC of PAB, 2tPAB, and 3tPAB were 6.95 ×
104 s− 1, 6.34 × 104 s− 1, and 5.74 × 104 s− 1, respectively. PAB exhibited 
a slightly higher kRISC with 6.95 × 104 s− 1 in the three compounds owing 
to the relatively small ΔEST. 

3.5. Device performances 

Given the narrow FWHM, high PLQY, and satisfactory TADF prop-
erties of PAB, 2tPAB, and 3tPAB, electroluminescence (EL) perfor-
mance was evaluated. To suppress the effect of interactions between 
hosts and emitters on electroluminescence spectra, mCP with low po-
larity was selected as the host material. The optimized device configu-
ration was ITO/MoO3 (10 nm)/TAPC (60 nm)/mCP (5 nm)/mCP: 3 wt% 
emitter (20 nm)/DPEPO (15 nm)/TmPyPB (30 nm)/LiF (1 nm)/Al (100 

Fig. 6. The energy level diagram and molecular structures of the used materials in devices.  

Fig. 7. (a) Current density-voltage-brightness (J-V-B) characteristics; (b) EQE-brightness curves; (c) current efficiency-brightness-power efficiency curves; (d) 
normalized EL spectra at 6 V. 
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nm). The doping concentration, 3 wt%, was the optimized concentra-
tion. The energy level diagram and molecular structures of the used 
materials were shown in Fig. 6. MoO3 and LiF were employed as hole 
and electron injection layer, respectively. 1,1-bis[(di-4-tolylamino) 
phenyl]cyclohexane (TAPC) and 3,30-(50-(3-(pyridin-3-yl)phenyl)- 
[1,10:30,100-terphenyl]-3300-diyl)dipyridine (TmPyPB) were used as 
hole and electron transporting layer, respectively. mCP and bis[2- 
(diphenylphosphino)phenyl] ether oxide (DPEPO) acted as exciton 
blocking layer. 

The EL characteristics were shown in Fig. 7 and the key performance 
data were summarized in Table 2. The turn-on voltages of PAB-, 2tPAB-, 
and 3tPAB-based devices were 4.7, 4.5, and 4.1 V, respectively. The 
maximum luminance was 782, 1241, and 1100 cd m− 2 for PAB-, 2tPAB- 
, and 3tPAB-based devices, respectively. PAB-, 2tPAB-, and 3tPAB- 
based devices exhibited deep-blue emission with peaks at 456, 456 and 
460 nm and CIE coordinates of (0.145, 0.076), (0.145, 0.076) and 
(0.141, 0.076), respectively. The CIE coordinates of these devices met 
the NTSC blue-light standard of (0.14, 0.08). What’s more, the FWHMs 
of PAB-, 2tPAB-, and 3tPAB-based devices were 31, 27, and 26 nm, 
respectively. The FWHMs of devices were decreased with the intro-
duction of tert-butyl unit into emitter. This indicated that the introduc-
tion of tert-butyl unit into 2tPAB and 3tPAB decreased the 
intermolecular interactions, like hosts and emitters or emitter and 
emitter. However, the FWHMs of PAB, 2tPAB, and 3tPAB in toluene 
were 23, 26, and 23 nm, respectively. The FWHMs in toluene did not 
exhibit a decrease variation tendency, which might be due to the solvent 
polarity. As shown in Table S2, PAB, 2tPAB, and 3tPAB presented 
different variation tendency of FWHMs in different solvents. PAB-based 
device still exhibited more blue emission than that of DABNA-1-based 
device (Table 2) [34], demonstrating the availability of molecular 
design and device design strategy. The current efficiency (CEmax)/power 
efficiency (PEmax)/EQEmax of PAB-, 2tPAB-, and 3tPAB-based devices 
were 10.4 cd A− 1/7.1 lm W− 1/14.7%, 11.8 cd A− 1/8.0 lm W− 1/16.8%, 
and 13.4 cd A− 1/10.2 lm W− 1/19.3%, respectively. It was found that the 
device efficiency was improved gradually from no periphery cladding to 
a full periphery cladding of emitter. The 3tPAB-based device exhibited 
the highest efficiency among these devices. The better device perfor-
mance of the 3tPAB-based device was because of its higher PLQY. 
Specifically, to our knowledge, the external quantum efficiency with 
EQEmax of 19.3% was the highest value that can satisfy the NTSC 
blue-light standard and narrowband emission in narrowband TADF 
OLEDs with single host to date (Table 2). These results demonstrated 
that a full periphery cladding with tert-butyl units in narrowband TADF 

emitter is important for the improvement of device performance. 

4. Conclusion 

In summary, we designed and synthesized three deep-blue narrow-
band TADF emitters with B-π-N structure (PAB, 2tPAB, and 3tPAB) by 
using the periphery cladding strategy. Although the introduction of 
peripheral tert-butyl group increased ΔEST of emitter and reduced 
reverse intersystem crossing rate, the intermolecular interactions and 
the aggregation-induced emission quenching were suppressed effec-
tively. And the PLQY of TADF emitters was boosted without altering 
narrowband characteristics. Accordingly, 3tPAB with a full periphery 
cladding exhibited a higher PLQY of 74.7%, which endowed it with 
superior device performance. By using mCP with low polarity as host, 
the 3tPAB-based device exhibited the EQEmax of 19.3%, CIE coordinates 
of (0.141, 0.076), and FWHMs of 26 nm, respectively. To our knowl-
edge, this is the first report about narrowband TADF OLEDs with single 
host that can satisfy the NTSC blue-light standard. We believe that this 
work will encourage more endeavor to deep-blue high-efficiency 
narrowband OLEDs and promote the development of high resolution 
and wide color gamut for new-generation display technology. 
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Table 2 
The EL performances of PAB, 2tPAB, 3tPAB and other narrowband blue TADF emitters in literature.  

Compound Von
a (V) Lmax

b (cd m− 2) CEmax
b (cd A− 1) PEmax

b(lm W− 1) EQEmax
b (%) λEL

c/FWHMc (nm) CIEd (x, y) Ref. 

PAB 4.7 782 10.4 7.1 14.7 456/31 (0.145, 0.076) This work 
2tPAB 4.5 1241 11.8 8.0 16.8 456/27 (0.145, 0.076) This work 
3tPAB 4.1 1100 13.4 10.2 19.3 460/26 (0.141, 0.076) This work 
DABNA-1 – <1000 10.6 8.3 13.5 459/28 (0.13, 0.09) [38] 
DABNA-2 – <1000 21.1 15.1 20.2 467/28 (0.12, 0.13) [38] 
B2 – <1000 16.7 13.8 18.3 460/37 (0.13, 0.11) [43] 
TBN-TPA 3.5 16593 40.2 30.0 32.1 474/27 (0.13, 0.19) [30] 
t-DABNA – – 32.6 33.6 31.4 466/31 (0.13, 0.15) [29] 
υ-DABNA – – 31.0 25.6 34.4 469/18 (0.12, 0.11) [18] 
TCz-BN 3.0 – – 24.0 18.9 474/34 (0.13, 0.20) [27] 
ADBNA-Me-Tip – <1000 34.7 28.7 21.4 480/33 (0.11, 0.29) [15] 
QAO – <1000 26.2 31.6 19.4 468/39 (0.13, 0.18) [24] 
7-Ph-QAD – 2944 28.8 28.2 18.7 472/34 (0.12, 0.14) [25] 
DiKTa 3.0 10385 – – 14.7 465/39 (0.14,0.18) [31] 
QA-PCN 3.4 2760 22.6 – 16.9 473/30 (0.12, 0.18) [26] 
1 – – – – 29.3 469/27 (0.12, 0.18) [19] 
DABNA-NP-TB 3.6 – 18.5 16.1 19.5 457/33 (0.14, 0.11) [33]  

a Voltage at 1 cd m− 1 (V). 
b Maximum luminance (cd m− 1); Maximum current efficiency (cd A− 1); Maximum power efficiency (lm W− 1); Maximum external quantum efficiency (%). 
c The peak of the EL spectrum; Full width at half maximum of EL spectrum. 
d Commission Internationale de l’Eclairage coordinates. 
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