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General information

All the reagents and solvents used for the synthesis or measurements were commercially available,
and used as received unless otherwise stated. The *H NMR and 3C NMR spectra were recorded
on a MERCURY-VX300 spectrometer with CDCl;3 as the solvent and tetramethylsilane (TMS) as
an internal reference. Elemental analysis of carbon, hydrogen, and nitrogen was performed on a
Vario EL 1l microanalyzer. Molecular masses were determined by Fourier Transform lon
Cyclotron Resonance Mass Spectrometer. Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) were performed on NETZSCH STA 449C instrument and NETZSCH
DSC 200 PC unit under a nitrogen atmosphere, respectively. The thermal stability of the samples
was determined by measuring their weight loss, heated at a rate of 10 °C min?' from room
temperature to 600 °C. The glass transition temperature (Tg) was determined from the second
heating scan at a heating rate of 10°C min! from -60 to 320 °C. UV—Vis absorption spectra were
recorded on a Shimadzu UV-2501 recording spectrophotometer with baseline correction.
Photoluminescence (PL) spectra were recorded on a Hitachi F-4600 fluorescence
spectrophotometer. Cyclic voltammetric (CV) studies of the compounds were carried out in
nitrogen-purged dichloromethane (CH:Cl;) at room temperature with a CHI voltammetric
analyzer. n-BusPFs (0.1 M) was used as the supporting electrolyte. The conventional
three-electrode configuration consists of a platinum working electrode, a platinum wire auxiliary
electrode, and an Ag wire pseudo-reference electrode with ferrocene (Fc/Fc*) as the internal
standard. The HOMO energy levels (eV) of the compounds were calculated according to the
formula: -[4.8+(E120oxred)-E1r2(rercty)]eV. The LUMO energy levels (eV) of the compounds were
calculated according to the formula: LUMO = HOMO — Eg4eV (Egs were calculated from the onset
of the absorbance spectra in neat film). The PL lifetimes and excitation intensity dependence PL
spectra were measured by a single photon counting spectrometer from Edinburgh Instruments
(FLS920) with a Picosecond Pulsed UV-LASTER (LASTER377) as the excitation source.
Absolute PLQYs were obtained using a Quantaurus-QY measurement system (C9920-02,

Hamamatsu Photonics) and all the samples were excited at 330 nm.

Device fabrication and measurement.

The electron-injection material of LiF was purchased from Sigma-Aldrich and used as received.



The hole-transporting materials of N,N-di(naphthalen-1-yl)-N,N -diphenyl-benzidine (NPB), host
material and buffer layer material of tris(4-(9H-carbazol-9-yl)phenyl)amine (TCTA), blue emitter
of N,N’-di-1-naphthalenyl-N,N-diphenyl-[1,1":4',1":4",1"-quaterphenyl]-4,4"diamine (4P-NPD)
and electron transport material of 1,3,5-tri(m-pyrid-3-yl-phenyl)benzene (TmPyPB) were
purchased from Luminescence Technology Corporation and used as received. Devices were
fabricated in a Kurt J. Lesker LUMINOS cluster tool with a base pressure of 107 Torr without
breaking vacuum. The ITO anode was commercially patterned and coated on glass substrates with
a thickness of 120 nm and sheet resistance of 15 Q per square. Prior to loading, the substrate was
degreased with standard solvents, blow-dried using a N2 gun, and treated in a UV—ozone chamber.
The active area for all devices was 2 mm?2. Before removing the devices from the vacuum for
characterization they were encapsulated by a 500 nm thick layer of SiO, deposited by thermal
evaporation. Luminance—voltage measurements were carried out using a Minolta LS-110
Luminance Meter. Current—voltage characteristics were measured using an HP4140B pA meter.
The electroluminescence spectra were measured using an Ocean Optics USB4000 spectrometer
calibrated with a standard halogen lamp. The radiant flux for calculating EQEs was measured
using an integrating sphere equipped with an Ocean Optics USB4000 spectrometer with NIST

traceable calibration using a halogen lamp.

Synthesis of materials

All reagents were used as received from commercial sources and used as received unless
otherwise stated. 9,9-dimethyl-N-phenyl-9H-fluoren-2-amine (FPN) and
N-phenyldibenzo[b,d]thiophen-4-amine (TPN) were synthesized according to the literature

method?2.
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Scheme S1. Synthesis of the blue emitters.



Synthesis of
N4,N4"-bis(9,9-dimethyl-9H-fluoren-2-yl)-N4,N*"-diphenyl-[1,1':4',1"":4",1"""-quaterp

henyl]-4,4"'-diamine (4PF). A mixture of Pd(OAc). (11 mg, 0.05 mmol), '‘BuONa (288
mg, 3.00 mmol), (‘Bu)sPHBF:s (44 mg, 0.15 mmol), toluene (20 mL),
4,4™-dibromo-1,1:4',1":4",1""-quaterphenyl (4PBr, 507 mg, 1.10 mmol), FPN (683 mg,
2.40 mmol) was refluxed under argon for 24 h. After cooling, the reaction mixture was
extracted with brine and chloroform, and dried over anhydrous Na>SO4. After removal of
the solvent, the residue was purified by column chromatography on silica gel using
DCM/petroleum (1:3 v/v) as the eluent to give a white powder (733 mg, 0.84 mmol).
Yield: 76%. 'H NMR (400 MHz, CDCls) & (ppm): 7.72-7.64 (m, 10H), 7.60 (d, J = 8.4 Hz,
2H), 7.54 (d, J = 8.8Hz, 4H), 7.40 (d, J = 6.8 Hz, 2H), 7.33-7.24 (m, 10H), 7.21-7.19 (m,
8H), 7.10-7.03 (m, 4H), 1.43 (s, 12H). *C NMR (100 MHz, CDCls) & (ppm): 155.1, 153.6,
147.8, 147.4, 147.1, 139.5, 139.1, 139.0, 134.4, 134.4, 129.4, 127.7, 127.3, 127.0, 126.6,
124.4,123.8, 123.6, 123.0, 122.5, 120.7, 119.5, 118.9, 46.9, 27.1. MS (ESI): m/z 873.0 [M]
*. Anal. calcd for CesHs2N2 (%): C 90.79, H 6.00, N 3.21; found: C 90.60, H 6.03, N 3.33.

Synthesis of
N4 N*"-bis(dibenzo[b,d]thiophen-4-yl)-N* N*"-diphenyl-[1,1':4",1"":4",1"""-quaterphenyl]-4,4'
"-diamine (4PS). A procedure similar to that used for 4PF was followed but with TPN (465 mg,
2.75 mmol) instead of FPN. The crude product was purified by column chromatography on silica
gel using DCM/petroleum (v/v 1:2) as the eluent to give a red powder, which was recrystallized
from DCM and hexane to afford the pure product as white powder (676 mg, 0.79 mmol). Yield:
72%. *H NMR (400 MHz, CDCl3) & (ppm): 8.13 (d, J = 7.6 Hz, 2H), 7.99 (d, J = 7.6 Hz , 2H),
7.70-7.61 (m, 10H), 7.51 (d, J = 8.4, 4H), 7.46-7.36 (m, 6H), 7.32 (d, J = 8.0 Hz , 2H), 7.26 (t, J1
= 8.0 Hz, J, = 7.6 Hz, 4H), 7.14-7.10 (m, 8H), 7.03 (t, J1 = 7.2 Hz, J, = 7.6 Hz, 2H). 13C NMR
(100 MHz, CDCls) 6 (ppm): 146.4, 146.0, 141.6, 140.0, 139.5, 139.0, 137.9, 136.9, 135.6, 134.5,
129.3, 127.7, 127.3, 127.0, 127.0, 125.9, 125.6, 124.4, 123.4, 123.0, 122.9, 122.9, 121.8, 118.3,
77.4,77.1, 76.8. MS (ESI): m/z 852.6 [M] *. Anal. calcd for CeoHaoN2S (%): C 82.25, H 4.60, N

4.00, S 9.15; found: C 82.06, H 4.40, N 3.95, S 8.82.



000-— — 3
2
-2 Viz—
—~
_ . e
ol 00z | w
85— — IR
N
2047 -
50'41 L s & B
2041 e = 69p
1017 = =
0L 80 \.:. ~ +
0z ob'4yp .W L e @
102 Bl Lyl = N0
Lol A HN e A
60/ LT L [~ &)
o2 0 LT LT r M -
6l'L ﬂu 1T LA - N
BLL .Q . [Zs A I gor
L vl = |'§ o = DAY
\zt 5T'4 B ~ e o whn\
1Z'L 9z .\LW = E =
V2L Ay = i3
vZ' L Led = Lo W
2L 8z L = N < a
Gzl 8Z i = m. <t
s & 62 24 e - B'8LL
9L O ¥ 0g 2 T L w S} G6LL
Lo dr = |2 < -t L0z
&l I ~ = 5zl
a7/ L4 +
| 3 0'EZ1
A Ves F s & 9’5zl
6z 2 BE'L Mo oS |
0e L z o' ] 2 8 ge
o] 'O /Q 851y o ad ¥'HZL ]
R O 86 — w0 > WWWT
LE' L BG4 — | w = .
) €4Z1A
€821 9L - o
£¢ '] P9'i .MM Fa I Lz
68 L1 §9 4. J Le 4 v'BZL
o A wo
€521 L — o =y 0’62l
5L g == L8 o 2 el
65'L7 0L 2% - ~ re LW WWM\
1oL [ [ 1
b9/ TL o7 8irlal
59'L1 - r =
99° L1 T o [~ 95l
192 —_— v8'0k cgl—
89'L == ¥z |
0441 —_— W0F
-— —— .
(9 — W oLz
el zz'ol

70 60

80

1 (ppm)

Fig. S2 13C NMR spectra of 4PF (100 MHz, CDCls, 25 °C).
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Fig. S4 13C NMR spectra of 4PS (100 MHz, CDCl3, 25 °C).
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Fig. S5 Frontier orbital distributions and energy levels of 4P-NPD calculated at the
B3LYP/6-31G(d) level of theory.
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Fig. S6 Cyclic voltammograms of 4PF and 4PS.
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Fig. S7 UV-Vis absorption spectra of 4PF, 4PS and 4P-NPD in 10° M dichloromethane solution.
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Fig. S8 TGA traces of the samples recorded at a heating rate of 10 °C min‘’. Inset: DSC traces of
the samples recorded at a heating rate of 10 °C min.



Fig. S9 Optimized structures of a) 4PF and b) 4PS calculated at the B3LYP/6-31G(d) level of
theory.
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Fig. S10 Transient decay curves for prompt fluorescence of blue emitters in neat films under
aerated condition at room temperature.
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Fig. S11 Transient decay curves for prompt fluorescence of blue emitters in toluene (10° M)
under aerated condition at room temperature.
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Fig. S12 PL fluorescence spectra with different excitation pulse time of a) 4PF and c) 4PS in neat
films under argon atmosphere. Linear pot of emission peak intensity at b) 440 nm for 4PF and d)
428 nm for 4PS vs. excitation intensity (reciprocal of pulse time) and quadratic polynomial fitting
curves (red line). Inset: fitting data.
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Fig. S13 Normalized EL spectra of a) device A, b) device B, and c) device C at various voltages.
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Fig. S14 The luminance-current density curves at the low current density region of a) device A, b)
device B and c) device C.
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Fig. S15 a) Current-voltage-luminance (I-V-L) characteristics, b) EL spectra and c)the EQE versus
luminance curves for devices based on emitting layers with different doping concentrations of
4PF.
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Fig. S16 Normalized EL spectra at various voltages for devices based on emitting layers with
different doping concentrations of 4PF.



a) 1o c)8
e 1.5 Wi% 5"
140[ S s
Em_ Igﬁi =08 1.5 Wt% _ 6
‘5 O Wi 2 —o— 3 Wit% £
.g“m' - 2os —a- 6 Wt% "'4
a0l a O W% §
T 60| B 04 1.5 wit%
E ol & 2L o 3wt%
g Eoz| —a— B wit%
3% S —~—9wit%
0 ; , Ol . .
s ) 3 00 e 500 500 700 T 10' 0 1
Voltage(V) Wavelength (nm) Luminance (cd/in?)

Fig. S17 a) Current-voltage-luminance (I-V-L) characteristics, b) EL spectra and c)the EQE versus
luminance curves for devices based on emitting layers with different doping concentrations of
4PS.
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Fig. S18 Normalized EL spectra at various voltages for devices based on emitting layers with
different doping concentrations of 4PS.
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Fig. S19 Normalized PL spectra for TCTA neat film.



Table S1. The summary of non-doped OLED characteristics from this work and reported emitters (EQE > 4%, CIEy < 0.09). Device data are taken

from Ref.3-15,

Emitter o Ver EQE[%]  PE[Im/W]  CE [cd/A] CIE (x, y) Ref
[nm] [v]

4PF 441 2.9 5.94 3.33 3.37 (0.152,0.085) This work

4PS 431 3.1 4.39 1.66 1.98 (0.157,0.076) This work
PPI-2TPA 440 3.0 7.2 4.6 4.4 (0.150,0.063) Ref3
TAT 444 - 7.18 1.87 3.64 (0.156,0.088) Ref.*
T3 - 6.9 6.8 - 5.4 (0.16,0.07) Ref.5
T2 - 7.8 6.7 - 53 (0.16,0.08) Ref5
G0 - - 6.6 3 5.3 (0.155,0.086) Ref.5
NAXPT 436 27 6.6 ; 3.9 (0.145,0.068) Ref.?
PCZTZ 408 3.2 6.57 - - (0.17,0.07) Ref.8
PPI-2NPA 448 3 6.33 3.88 3.89 (0.151,0.066) Ref.3
BiPI-1 440 2.8 6.18 4.55 4.62 (0.15,0.08) Ref.?
MAT 438 . 6.14 152 2.97 (0.156,0.085) Ref.*
T1 - 8.7 6.1 - 4.9 (0.17,0.08) Ref.3
2 431 4.18 4.71 0.53 1.49 (0.157,0.079) Ref.10
POANn 445 3 4.7 3.2 3.3 (0.15,0.07) Ref.11
T2B 452 - 4.67 - - (0.15,0.08) Ref.12
TPAXAN 428 3.4 4.62 - - (0.155,0.049) Ref.13
Ph-BPA-BPI 448 2.52 4.56 3.66 3.6 (0.15,0.08) Ref.14
BiPI-2 444 2.9 4.52 3.44 3.38 (0.15,0.08) Ref.?

T3 - 34 4.19 3.16 3.83 (0.16,0.09) Ref.t®




Table S2. The summary of doped OLED characteristics from this work and reported emitters (EQE > 5%, CIEy < 0.09). Device data are taken from

Ref.16-26,
ELpeak Von
Emitter EQE [%] PE [Im/W] CE [cd/A] CIE (x,y) Ref
[nm] V]

4PF 432 3.1 6.18 2.78 3.14 (0.156,0.085) This work

4PS 423 3.2 6.55 2.06 2.09 (0.156,0.055) This work
BD3 432 3.7 12 5.6 6.1 (0.15,0.06) Ref.1®
DCzBN3 428 4 10.3 3.5 5.1 (0.156,0.063) Ref.??
BD2 430 3.5 9.5 4.8 4.9 (0.15,0.06) Ref.1®
PCzSP 444 3.3 9.1 7.2 8.1 (0.15,0.09) Ref.18
3 423 9 (0.15,0.07) Ref 19
BD1 424 3.4 8.9 3.8 3.9 (0.16,0.05) Ref.1®
D3 439 4 8.2 (0.151,0.088) Ref.20
DCzBN2 436 4 7.7 2.7 3.9 (0.153,0.069) Ref.Y?
3a 443 3.1 7.1 4.89 5.04 (0.15,0.08) Ref.2
PIANCN 444 3.6 6.77 5.95 (0.15,0.07) Ref.22
4 6.5 (0.16,0.06) Ref.23
C2FLA-2 416 5.8 6.5 1.2 2.2 (0.156,0.048) Ref.24
MDP3FL 431 6 5.1 1.9 (0.14,0.08) Ref.?
Ban-(3,5)-CF3 435 3.7 5.02 2.62 3.05 (0.156,0.083) Ref.26
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