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ABSTRACT

Three novel tripodal bipolar compounds (CNTPA-CZ, CNTPA-PXZ and CNTPA-PTZ) were designed and synthesized, where three functional groups were attached to
1,3,5-positions of the central benzene ring, respectively. In these three compounds, carbazole/phenoxazine/phenothiazine (CZ/PXZ/PTZ) and benzonitrile were
applied as electron-donating and electron-withdrawing groups, respectively, to achieve bipolar transport functionality, which was confirmed by the hole-only and
electron-only device results. Due to the efficient energy transfer from these compounds to the dopant (Ir(MDQ),(acac)), the red phosphorescent OLEDs demonstrated
high device performance with maximum external quantum efficiency (EQE) over 20%. Particularly, the red OLED hosted by CNTPA-PTZ achieved a maximum
efficiency of 42.5 cd/A, 44.3 Im/w and 23.4% with the EQE roll-off ratio of 3.4% from the peak value to that at a brightness of 500 cd/m>.

1. Introduction

Since organic light-emitting diode (OLED) was reported by C. W.
Tang and S. A. VanSlyke in 1987 [1], tremendous progress has been
made in OLED, which has demonstrated practical application in display
and lighting device [2-14]. OLED has caught both academic and in-
dustrial attention due to its superior inherent properties such as slim
structure, low weight, wide viewing angle and fast response time.
Generally the emission layer (EML) is a blend of host and dopant ma-
terial, and the dopant molecules are finely dispersed in the host matrix.
The use of the host-guest strategy is necessary for suppressing the
detrimental triplet—triplet annihilation process [15-17]. So host mate-
rials play an important role in the development of highly efficient and
stable OLED. To ensure the efficient energy transfer from host to do-
pant, the host materials should possess triplet energy higher than that of
dopant, suitable frontier molecular orbital (FMO) energy level and good
charge transport ability [18-21].

Within a traditional OLED device, the holes and electrons are in-
jected from the electrodes, transported via the interfacial layers and
eventually combined in the emission layer (EML) to emit light. The
bipolar host materials can transport both holes and electrons and in-
crease the opportunity for hole and electron recombination in the EML,
which usually results in high quantum efficiency and low efficiency
roll-off in phosphorescent organic light-emitting diodes (PHOLEDs)
[22-25]. During last decade much efforts have been devoted to the
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development of bipolar hosts [26-34]. The bipolar functionality of host
materials can be realized with either single-component organic com-
pound or two-component system. For example, Kim et al. reported a
novel exciplex forming cohost composed of a representative hole-
transporting material NPB (N,N’-diphenyl-N,N’-bis(1,1‘-biphenyl)-4,4*-
diamine) and a typical electron-transporting material PO-T2T (5-tria-
zine-2,4,6-triyl)tris(benzene-3,1-diyl))tris(diphenylphosphine  oxide).
The red-emitting PhOLEDs based on this exciplex host achieved a
maximum EQE of 34.1% and power efficiency of 62.2 Im/W [35]. In
case of single-component system, the host materials are generally de-
corated with electron-donating and electron-withdrawing groups to
facilitate the hole and electron transport, respectively [36].

So far many popular host materials have been developed [37-41].
For instance, the carbazole derivative 1,3-bis(N-carbazolyl)benzene
(mCP) has been widely used as host material. However, it has a low
glass transition temperature (55 °C) [42], leading to the morphological
instability [43]. In addition, due to the lack of electron-withdrawing
group in mCP, it's difficult to achieve the balanced ratio of holes and
electrons in the mCP-hosted OLED. Recently, lots of mCP derivatives
have been developed as host materials, and usually they were func-
tionalized with electron-poor group to optimize the recombination
properties in the EML [44-47]. For example, Lee et al. modified mCP
core with diphenylphosphine oxide functional group to obtain bipolar
charge-transport properties [48]. Kippelen and coworkers applied sul-
fone-mCP host material for highly efficient OLED and achieved current
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efficiency more than 81 cd/A and EQE of 26.5% with the thermally
activated delayed fluorescence (TADF) material as the emitter [49]. In
this work, the electron-deficient group benzonitrile was introduced into
mCP derivatives to produce the tripodal host materials and at the same
time to tune the charge-transport properties in the emissive region.
Furthermore, we also study the effect of variation of electron-donating
group on the electronic structures of the host materials and the device
performance via changing the carbazole group to phenoxazine and
phenothiazine. Thus three host materials (CNTPA-CZ, CNTPA-PXZ and
CNTPA-PTZ) were designed and synthesized, and they demonstrated
high thermal stability with glass transition temperature in the range of
99-121 °C. The red OLEDs hosted by these compounds showed high
quantum efficiency over 20%. Remarkably, the CNTPA-PTZ-hosted red
OLEDs respectively yielded the maximum EQEs of 23.4%, and 22.6% at
500 cd/m? due to the good hole and electron transport capability.

2. Experimental section
2.1. Materials and methods

All chemicals and reagents were used as received from commercial
sources without further purification. '"H NMR and '*C NMR spectra
were obtained on a Bruker 400 spectrometer and Agilent DD2-600 MHz
NMR spectrometer. Matrix-Assisted Laser Desorption/Ionization Time
of Flight Mass Spectrometry (MALDI-TOF-MS) was measured with a
BRUKER ultrafleXtreme MALDI-TOF spectrometer. Ultraviolet-visible
(UV-vis) absorption spectra were obtained on a Hitachi U-3900 UV-Vis
spectrophotometer. PL spectra and phosphorescent spectra were ob-
tained on a Hitachi F-4600 fluorescence spectrophotometer.
Thermogravimetric analysis (TGA) was performed on a TA SDT 2960
instrument at a heating rate of 10 °C/min under nitrogen. Differential
scanning calorimetry (DSC) was performed on a TA DSC 2010 unit at a
heating rate of 10 °C/min under nitrogen. Cyclic voltammetry (CV) was
carried out on a CHI600 voltammetric analyzer at room temperature
with ferrocenium-ferrocene (Fc*/Fc) as the internal standard. A con-
ventional three-electrode configuration consisting of a Pt-wire counter
electrode, an Ag/AgCl reference electrode, and a platinum working
electrode was used. The oxidative scans were performed at a scan rate
of 0.05 V/s. Degassed DCM was used as solvent for oxidation scan with
tetrabutylammonium hexafluorophosphate (TBAPF¢) (0.1 M) as the
supporting electrolyte.

2.2. Device fabrication and measurements

The OLED devices were fabricated through vacuum deposition on
commercial pre-patterned ITO-coated glass substrates (135nm,
31.9mm X 31.9mm X 0.7 mm) with the sheet resistance of 15Q per
square under high vacuum of 4 x 10~ ° Torr. The active area of each
device is 0.09 cm?. The ITO substrates were cleaned by sonication in
Decon, ethanol, and deionized water for 10 min subsequently, then
dried in an oven at 110 °C and treated by UV ozone for 15 min. The
deposition rate were controlled at 0.3-0.4 A/s for HAT-CN, 0.2-0.4 A/s
for Lig, 1-2 A/s for other organic layers and 6-8 A/s for Al anode. The
EL spectra, CIE coordinates, J-V-L curves, CE and PE of the devices
were measured with a programmable spectra scan photometer (PHOTO
RESEARCH, PR 655) and a constant current source meter (KEITHLEY
2400) at room temperature.

2.3. Synthesis of 4-(phenylamino)benzonitrile

A mixture of aniline (5.12 g, 55 mmol), 4-bromobenzonitrile (10 g,
55 mmol), tris(dibenzylideneacetone)dipalladium (504 mg 0.55 mmol),
2-dcyclohexylphosphino-2’,6’-dimethoxy-1,1’-biphenyl (452 mg,
1.1 mmol) and sodium tert-butoxide (10.6 g, 110 mmol) in 300 ml of
toluene were heated at 80 °C overnight under argon. After cooling down
to room temperature, the mixture was extracted with dichloromethane.
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The combined organic extracts were dried over Na,SO4 and evaporated
under reduced pressure. The crude product was purified by column
chromatography on silica gel using petroleum ether/dichloromethane
(PE/DCM, 8/1, v/v) as the eluent to afford the target compound (8 g,
75%). 'H NMR (400 MHz, CDCI3) § 7.48 (d, J = 8.6 Hz, 2H), 7.36 (t,
J = 7.8Hz, 2H), 7.17 (d, J = 7.8 Hz, 2H), 7.12 (t, J = 7.4 Hz, 1H), 6.97
(d, J = 8.7 Hz, 2H), 6.10 (s, 1H).

2.4. Synthesis of 9,9"-(5-chloro-1,3-phenylene)bis(9H-carbazole)

A mixture of 1,3-dibromo-5-chlorobenzene (2g, 7.41 mmol), 9H-
carbazole (2.60 g, 15.56 mmol), tris(dibenzylideneacetone)dipalladium
(339mg, 0.37mmol), 2-dicyclohexylphosphino-2’,6’-dimethoxy-1,1’-
biphenyl (457 mg, 1.11 mmol) and sodium tert-butoxide (2.85g,
29.64 mmol) in 100 ml of toluene were heated at 80 °C for 4 h under
argon. After cooling down to room temperature, the mixture was ex-
tracted with dichloromethane. The combined organic extracts were
dried over Na,SO, and evaporated under reduced pressure. The crude
product was purified by column chromatography on silica gel using
petroleum ether/dichloromethane (PE/DCM, 8/1, v/v) as the eluent to
afford the target compound (2.46 g, 75%). 'H NMR (400 MHz, CDCl5) §
8.15(d, J = 7.7 Hz, 4H), 7.76 (s, 1H), 7.72 (d, J = 1.6 Hz, 2H), 7.55 (d,
J = 8.2Hz, 4H), 7.46 (t, J = 7.6 Hz, 4H), 7.33 (t, J = 7.4 Hz, 4H).

10,10'-(5-chloro-1,3-phenylene)bis(10H-phenoxazine) and 10,10-
(5-chloro-1,3-phenylene)bis(10H-phenothiazine) were synthesized ac-
cording to the same procedure as for 9,9'-(5-chloro-1,3-phenylene)bis
(9H-carbazole).

10,10 -(5-chloro-1,3-phenylene)bis(10H-phenoxazine): 'H NMR
(600 MHz, CDCl3) 8 7.51 (s, 2H), 7.34 (s, 1H), 6.70 (dt, J = 7.1 Hz,
12H), 6.04 (d, J = 7.6 Hz, 4H).

10,10-(5-chloro-1,3-phenylene)bis(10H-phenothiazine): 'H NMR
(400 MHz, CDCl3) 6 7.19 (d, J = 7.4Hz, 4H), 7.14 (s, 2H), 7.07 (t,
J = 7.4Hz, 4H), 6.99 (q, J = 7.4 Hz, 5H), 6.72 (d, J = 8.0 Hz, 4H).

2.5. Synthesis of 4-((3,5-di(9H-carbazol-9-yDphenyl) (phenyl)amino)
bengonitrile (CNTPA-CZ)

A mixture of 9,9'-(5-chloro-1,3-phenylene)bis(9H-carbazole)
(1.05g, 2.37 mmol), 4-(phenylamino)benzonitrile (551 mg,
2.84 mmol), tris(dibenzylideneacetone)dipalladium (109 mg,
0.12mmol), tri-t-butylphosphonium tetrafluoroborate (104 mg,

0.36 mmol) and sodium tert-butoxide (910 mg, 9.48 mmol) in 100 ml of
toluene were heated at 110 °C overnight under nitrogen. After cooling
down to room temperature, the mixture was extracted with di-
chloromethane. The combined organic extracts were dried over Na;SO4
and evaporated under reduced pressure. The crude product was pur-
ified by column chromatography on silica gel using petroleum ether/
dichloromethane (PE/DCM, 1/1, v/v) as the eluent to afford a white
solid (1.05 g, 74%). 'H NMR (600 MHz, CDCl;) & 8.13 (d, J = 7.7 Hz,
4H), 7.60 (s, 1H), 7.57 (d, J = 8.5Hz, 2H), 7.51 (d, J = 8.2 Hz, 4H),
7.44 (dt, J = 7.9 Hz, 6H), 7.40 (s, 2H), 7.31 (tt, J = 7.8 Hz, 9H). '3C
NMR (151 MHz, CDCl3) 8 150.72, 149.09, 145.54, 140.31, 140.10,
133.52, 130.25, 126.53, 126.15, 123.69, 121.72, 120.79, 120.54,
120.52, 119.71, 119.14, 109.57, 104.79. MALDI-TOF-MS: m/z: calcd
for C43HogN4: 600.73, found: 600.02. Anal. caled for C43HogNy4 (%): C
85.97, H 4.70, N 9.33; found: C 85.83, H 5.07, N 9.73.
4-((3,5-di(10H-phenoxazin-10-yl)phenyl)(phenyl)amino)benzoni-

trile (CNTPA-PXZ) and 4-((3,5-di(10H-phenothiazin-10-yl)phenyl)
(phenyl)amino)benzonitrile (CNTPA-PTZ) were prepared with the same
procedure as for CNTPA-CZ.

CNTPA-PXZ: 'H NMR (600 MHz, CDCl,) 8 7.49 (d, J = 8.7 Hz, 2H),
7.38 (t, J = 7.8 Hz, 2H), 7.19 (d, J = 8.5 Hz, 5H), 7.14-7.08 (m, 3H),
6.69 (s, 12H), 6.08 (dd, J = 3.2 Hz, 4H). '*C NMR (151 MHz, CDCl;) &
151.13, 150.40, 145.25, 143.96, 142.63, 133.54, 130.28, 127.86,
126.38, 126.20, 125.89, 123.29, 121.94, 121.76, 119.02, 115.85,
112.84, 104.98. MALDI-TOF-MS: m/z: calcd for C43H2gN405: 632.72,
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Scheme 1. The synthetic route of CNTPA-CZ, CNTPA-PXZ and CNTPA-PTZ.

found: 632.18. Anal. caled for C43H5gN4O5 (%): C 81.63, H 4.46, N
8.86; found: C 81.72, H 4.35, N 8.79.

CNTPA-PTZ: *H NMR (400 MHz, CDCl3) 8 7.45 (d, J = 8.6 Hz, 2H),
7.35 (t, J = 7.7 Hz, 2H), 7.18 (t, J = 8.5Hz, 3H), 7.10 (t, J = 9.7 Hz,
6H), 7.00 (t, J=7.4Hz, 4H), 6.93 (dd, J = 7.6 Hz, 7H), 6.59 (d,
J = 8.0 Hz, 4H). 1*C NMR (151 MHz, CDCl5) 8 150.66, 149.57, 145.46,
145.19, 143.05, 133.31, 130.04, 127.47, 126.98, 126.43, 125.86,
124.21, 123.71, 121.26, 119.90, 119.71, 119.27, 118.68, 104.12.
MALDI-TOF-MS: m/z: calcd for C43H2gN4S,.: 664.85, found: 664.14.
Anal. caled for C43H2gN4S, (%): C 77.68, H 4.25, N 8.43; found: C
77.44, H 4.44, N 8.25.

3. Results and discussion
3.1. Preparation and characterization

The synthetic routes of CNTPA-CZ, CNTPA-PXZ and CNTPA-PTZ
were described in Scheme 1. These compounds were prepared via
Buchwald-Hartwig cross-coupling reaction between the corresponding
chloride and 4-(phenylamino)benzonitrile with Pd,(dba); as the cata-
lyst in decent yields. The complexes were fully characterized by 'H and
13C NMR (Figure S1-Figure S10), MALDI-TOF mass spectrometry and
elemental analysis. CNTPA-CZ, CNTPA-PXZ and CNTPA-PTZ demon-
strated good thermal stabilities with the decomposition temperatures
(corresponding to 5% weight loss) of 427 °C, 408°C and 428 °C, re-
spectively (Fig. 1). As shown in Fig. 2, CNTPA-CZ (121 °C) showed
higher glass transition temperature than those of CNTPA-PXZ (104 °C)
and CNTPA-PTZ (99 °C), probably due to the rigidity of CNTPA-CZ.

1.0 —=— CNTPA-CZ
—e— CNTPA-PXZ
0.8 —a— CNTPA-PTZ
06}
E
=
204}
=
0.2}
0.0}

200 300 400 500

Temperature (°C)

600 700

Fig. 1. The TGA curves of CNTPA-CZ, CNTPA-PXZ and CNTPA-PTZ at a heating
rate of 10 °C/min under No.
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Fig. 2. The DSC thermograms of CNTPA-CZ, CNTPA-PXZ and CNTPA-PTZ at a
heating rate of 10 °C/min under N.

3.2. Photophysical properties

The absorption spectra, fluorescence spectra of CNTPA-CZ, CNTPA-
PXZ and CNTPA-PTZ were recorded in toluene at room temperature
(RT), and phosphorescence spectra in toluene at 77 K (Fig. 3). CNTPA-
CZ showed structured absorption band around 330 nm, which could be
assigned to carbazole-based absorption [48]. The broad and structure-
less absorption band over 300 nm observed in absorption spectra of
CNTPA-PXZ and CNTPA-PTZ could be assigned to phenoxazine and
phenothiazine-based absorption, respectively [50]. Due to the strong
electron-donating ability of phenoxazine and phenothiazine, CNTPA-
PXZ and CNTPA-PTZ showed a red-shift (around 10 nm) in their ab-
sorption spectra relative to that of CNTPA-CZ. Thus both CNTPA-PXZ
and CNTPA-PTZ had smaller bandgaps than CNTPA-CZ. No obvious
intramolecular charge transfer (ICT) absorption was observed for all the
three compounds. As shown in Fig. S11, these compounds essentially
showed solvent polarity-independent absorption properties, indicating
that there was no strong ICT in the ground state. However, strong
solvent polarity-dependent emission behavior was observed for these
compounds (Fig. S12), suggesting that there was a certain degree of ICT
in their excited state [51]. The photoluminescence quantum yield
(PLQY) of Ir(MDQ)2(acac) doped in CNTPA-CZ, CNTPA-PXZ and
CNTPA-PTZ host materials were measured with an integrating sphere to
be 0.615, 0.718 and 0.845, respectively (Table S1). The singlet/triplet
energy values of CNTPA-CZ (3.11/2.76 eV), CNTPA-PXZ (2.86/2.73 eV)
and CNTPA-PTZ (2.74/2.45eV) were estimated from the emission
peaks in their fluorescence spectra and phosphorescence spectra, re-
spectively. Since the triplet energy of Ir(MDQ),(acac) is around 2.0 eV



Q. Ran et al.

1.0} a 1.0} b
08l 0.8} —PL
= = 3 —— Phos
3 06| Fixae S 06| CNTPA-PXZ
= CNTPA-CZ %
204} 2oar
£ .
— 02t ~ 0.2}
0.0 0.0 }
300 350 400 450 500 550 600 650 700 300 350 400 450 500 550 600 650
Wavelength (nm) Wavelength (nm)
1.0} c 1.0 d
3
o8} —_ :; os S o8
= 2 —— CNTPA-CZ
sosl CNTPA-PTZ 246 —— CNTPA-PXZ
= 2 — CNTPA-PTZ
®0.4] = b4
8 8
(= E—
= o2} £ 0.2
£
o
=
0.0} 0.0
300 350 400 450 500 550 600 650 700 750 300 350 400 450 500 550 600

Wavelength (nm)

Fig. 3. The fluorescence spectra in toluene at room temperature (RT) and phosphorescence spectra in toluene at 77 K of (a) CNTPA-CZ, (b) CNTPA-PXZ, (c) CNTPA-

PTZ and the absorption spectra of these compounds in toluene at RT (d).

[52], these compounds could be used as host materials for this red
emitter in PHOLEDs, and the relatively large triplet-triplet energy dif-
ference between host and dopant would prohibit the reverse energy
transfer from dopant to host, which could lead to the low efficiency roll-
off at high luminance.
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Wavelength (nm)

The electrochemical behavior of these compounds were studied by
the cyclic voltammetry (CV) measurement in degassed DCM (Fig. 4).
HOMOs of these compounds were estimated from their onset oxidiza-
tion potential vs Fc* /Fc with the equation Eyomo = —4.8 — Eoy [53].
Due to the absence of reduction peak in the cyclic voltammetry curves,

— CNTPA-CZ — CNTPA-PXZ
0 0

— CNTPA-PTZ — Ferrocene
0 0

Voltage (V) !

Fig. 4. Cyclic voltammograms of CNTPA-CZ, CNTPA-PXZ and CNTPA-PTZ in DCM for oxidation.
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Table 1

Physical properties of CNTPA-CZ, CNTPA-PXZ and CNTPA-PTZ.
Compounds T, [°C] T4 [°C] S, [eV] T, [eV] AFEgr [eV] HOMO [eV] LUMO [eV] Eg [eV]
CNTPA-CZ 121 427 3.11 2.76 0.35 -5.29 —-1.82 3.47
CNTPA-PXZ 104 408 2.86 2.73 0.13 —5.06 —-1.67 3.39
CNPXZ-PTZ 99 428 2.74 2.45 0.29 -4.99 -1.62 3.37

E,; = energy gap calculated from the onset absorption wavelength; HOMO estimated by cyclic voltammetry, LUMO deduced from E; and HOMO; Tq = temperature

for 5% weight loss; T, = glass-transition temperature.

their LUMOs were calculated with the difference between HOMO and
the corresponding optical bandgap. The HOMO and LUMO energy le-
vels of these compounds were summarized in Table 1. The HOMO en-
ergy levels of CNTPA-PXZ and CNTPA-PTZ were much higher than that
of CNTPA-CZ since the phenoxazine and phenothiazine were stronger
electron-donating groups than carbazole unit, which was consistent
with the reported results [54]. Considering that all these three com-
pounds contained the same electron-withdrawing group, it's not sur-
prising that CNTPA-CZ had the largest bandgap among the three
compounds.

3.3. DFT calculations

In order to understand the photophysical properties and electronic
structure of these three hosts, density functional theory (DFT) calcu-
lations were carried out. Fig. 5 indicated that the HOMOs were mainly
located on the CZ, PXZ and PTZ units for CNTPA-CZ, CNTPA-PXZ and
CNTPA-PTZ, respectively. LOMOs of these compounds were mainly
distributed on the benzonitrile and the central benzene motif. Due to
the small steric hindrance between carbazole and the central benzene,
the HOMO in CNTPA-CZ was partially located on the central benzene
group. DFT calculation also confirmed that CNTPA-CZ had the lowest
HOMO energy levels among these compounds and all the compounds
had the similar LUMO energy levels. To better understand the natures
of the singlet excited state, it is useful to refer to the natural transition
orbitals (NTO) analysis (Fig. S13) [55]. For CNTPA-PXZ and CNTPA-
PTZ, their NTO hole and electron wavefunctions were mainly dis-
tributed on the PXZ/PTZ donor and benzonitrile acceptor moieties,
respectively. For CNTPA-CZ, the NTO hole wavefunction was mainly
confined on the central benzene and CZ group, and NTO electron was

LUMO
E~|416ev E332ev  E~[3.73ev
-4.84 eV P
_5.58 eV _5-18 ev
N ‘g‘. 2 ) @ :’\ 4“4‘/‘.
ﬁ;oz‘a "Xhz'.; A‘h.“"a
HOMO > > Gl N R
4 Y 2 Ak Y A ]
) B
» b
CNTPA-CZ CNTPA-PXZ CNTPA-PTZ

Fig. 5. Theoretically calculated spatial distributions of CNTPA-CZ, CNTPA-PXZ
and CNTPA-PTZ.
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on benzonitrile. So the singlet excited state of these compounds had
charge-transfer character, agreeing well with the observation of their
solvent-polarity dependent emission behaviors.

3.4. Electroluminescence properties

To investigate the potential of CNTPA-CZ, CNTPA-PXZ and CNTPA-
PTZ as host materials, red PHOLEDs were fabricated with typical device
structure as follows: ITO/HAT-CN (10nm)/TAPC (50 nm)/Host: Ir
(MDQ)»(acac) (20 nm)/TPBi (55nm)/Liq (2nm)/Al (120 nm). These
hosts were doped with Ir(MDQ)s(acac) to form the emitting layer
(EML). HAT-CN (dipyrazino[2,3-f:2’,3’-h]quinoxaline-2,3,6,7,10,11-
hexacarbonitrile) was used as hole injection layer (HIL), and Liq (8-
hydroxyquinolinolato lithium) as electron injection layer (EIL). TAPC
(1,1-bis[4-[N,N-di(p-tolyl)-amino]phenyl]cyclohexane) was used as
hole transport layer (HTL), and TPBi 1,3,5-tris(N-phenylbenzimidazol-
2-yDbenzene as electron transport layer (ETL). The performance of
these red PHOLEDs were summarized in Table 2.

The energy levels of the materials used in the red OLEDs were de-
picted in Fig. 6. CNTPA-PXZ and CNTPA-PTZ had shallower HOMO
levels than that of CNTPA-CZ, leading to the enhanced hole-injection
from hole transport layer, which could result in the low driving voltages
in their hosted device [56]. The current density-voltage-luminance (J-
V-L) characteristics, current efficiency (CE)-, power efficiency (PE)-,
and external quantum efficiency (EQE)-luminance curves, electro-
luminescence (EL) spectra of devices are included in Figs. 7-9. At the
relatively low doping levels (2.5%-4%) of Ir(MDQ)»(acac), these hosts
based red OLED showed high device performance with the maximum
EQE over 20%. For CNTPA-CZ hosted device, the maximum power ef-
ficiency was 25.9 Im/W; while for CNTPA-PXZ and CNTPA-PTZ based
devices, the maximum power efficiencies were 39.7 Im/W and 44.3 Im/
W, respectively. The high power efficiencies observed in CNTPA-PXZ
and CNTPA-PTZ based devices were probably due to their low driving
voltages. CNTPA-PTZ based device showed the maximum power effi-
ciency and EQE of 44.3 Im/W and 23.4%, respectively, maintaining an
EQE over 21% at 1000 cd/m?, compared to 19.1% at 1000 cd/m? for
the CNTPA-CZ based device. Notably, CNTPA-CZ-, CNTPA-PXZ-, and
CNTPA-PTZ-based devices exhibited relatively low EQE roll-off values
of 5.9, 12.4, and 8.5%, respectively, from the peak value to that at a
brightness of 1000 cd/m? Hole-only and electron-only devices of
CNTPA-CZ, CNTPA-PXZ and CNTPA-PTZ were fabricated to study their
hole/electron-injection and -transport properties [48]. The hole current
densities of CNTPA-PXZ and CNTPA-PTZ were much higher than that of
the CNTPA-CZ, indicating better hole-injection and -transport proper-
ties of CNTPA-PXZ and CNTPA-PTZ (Fig. S14); while the three com-
pounds showed similar electron-injection and -transport properties. So
these compounds showed good bipolar charge transport properties,
which is beneficial in broadening the recombination zone of the emit-
ting layer.

4. Conclusion

In conclusion, three tripodal bipolar host materials CNTPA-CZ,
CNTPA-PXZ and CNTPA-PTZ were prepared and applied in red
PHOLEDs. The electron-donating carbazole group in CNTPA-CZ was
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Table 2

Electroluminescence characteristics of the devices.
Device Von" (V) CE” [cd/A] PE” [Im/W] EQE" [%] CIEC (x, y)
CNTPA-CZ 4.27 34.5, 34.1, 32.9 25.9, 21.3, 18.7 20.3, 19.8, 19.1 (0.61, 0.39)
CNTPA-PXZ 3.24 40.5, 37.7, 35.8 39.7, 31.4, 27.2 21.8, 20.3, 19.1 (0.59, 0.40)
CNTPA-PTZ 3.04 42.5, 40.8, 38.9 44.3, 36.5, 31.6 23.4, 22.6, 21.4 (0.60, 0.40)

@ Turn-on voltage (Vo,) at 100 cd/m>.

b Current efficiency (CE), power efficiency (PE) or external quantum efficiency (EQE) in the order of maximum, at 500 cd/m? and at 1000 cd/m?.
¢ Commission International de I'Eclairage coordinates measured at 5 mA/cm?>.
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replaced by phenoxazine and phenothiazine to yield CNTPA-PXZ and
CNTPA-PTZ, respectively. The incorporation of heteroatoms (O and S)
to break the m-conjugation and to increase the electron-donating cap-
ability could change the optoelectronic properties of these materials. As
a result, CNTPA-PXZ and CNTPA-PTZ showed higher HOMO energy
levels, lower driving voltages, higher hole transport capability and
better device performance than CNTPA-CZ. The CNTPA-PTZ hosted
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Fig. 8. The current efficiency (CE)-, power efficiency (PE)-, and external
quantum efficiency (EQE)-luminance curves.
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devices showed superior performance compared to those based on
CNTPA-CZ and CNTPA-PXZ with a maximum EQE of 23.5% and 21.4%
at 1000 cd/m?. The results indicated the great potential of this type of
tripodal bipolar materials for the application in OLEDs.
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