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Novel Strategy for Constructing High Efficiency OLED
Emitters with Excited State Quinone-Conformation Induced

Planarization Process

Haozhong Wu, Yuyu Pan, Jiajie Zeng, Lili Du, Wenwen Luo, Han Zhang, Kaiqi Xue,
Ping Chen, David Lee Phillips, Zhiming Wang,* Anjun Qin, and Ben Zhong Tang*

In contrast to the common intramolecular charge transfer (ICT) emission,
planarized intramolecular charge transfer (PLICT) based materials usually
possess higher proportion radiative decay for their flat and rigid conformation
in excited states. Herein, a strategy for designing PLICT-based emitters by
the excited state quinone-conformation induced planarization is proposed. By
virtue of RIR mechanism on TPP (tetraphenylpyrazinyl) unit, the newcomers
named as TPP-PPI (1-phenyl-2-(4"-(3,5,6-triphenylpyrazin-2-yl)-[1,1’-biphenyl]-
4-yl)-1H-phenanthro[9,10-d] imidazole) and TPP-PI (1-phenyl-2-(4-(3,5,6-
triphenylpyrazin-2-yl)phenyl)-1H-phenanthro[9,10-d]imidazole) exhibit
aggregation-induced emission (AIE) characteristics. TPP-PPI and TPP-PI have
obvious PLICT properties via series of spectral measurements. Employing
theoretical calculation in ground and excited states in different solvents, their
PLICT process is confirmed further, and TPP’s contribution on PLICT forma-
tion becomes clear. In non-doped organic light-emitting diodes, these two
emitters with AIE and PLICT characteristic exhibit good performance with
external quantum efficiency (4.85% and 4.36%) as blue emitters.

1. Introduction

Materials of n-conjugated push—pull systems have been exten-
sively investigated in decades for excellent charge transporting
ability and environment sensitivity, so they have been applied
in organic light-emitting diodes (OLEDs), non-linear optical
data, photovoltaic devices and chemsensors.l'* The photophys-
ical properties of these materials often affect by intramolecular

charge transfer (ICT) states which depend
on the electronic nature and the con-
necting patterns of donors (D) and accep-
tors (A). In most cases, the large torsion
between D and A results in small overlap-
ping of frontier orbitals and is detrimental
to radiative decay process.”! Furthermore,
the structure would be strong polar-
ized and twisted by polar solvent, so the
elevation of highest occupied molecular
orbital (HOMO) level and narrowing the
bandgap, generates the redshift in its
photoluminescence spectrum.®

For achieving strong emission of D-A
molecules, some ICT materials are con-
structed by D-m-A mode instead of D-A
type for preventing serious distortion,
and their OLEDs performance would be
improved obviously.”! Klymchenko et al.
replaced naphthalene core by fluorene
to extend electronic conjugation and
FRO (7-diethylamino-9,9’-dimethyl-9H-
fluorene-2-carbaldehyde) still exhibits strong fluorescence and
large stokes shift in high polar solvents.®! Konishi et al. inhib-
ited the distortion of biphenyl unit through bonding meth-
ylene- and ethylene-bridge on dimethylaniline-benzaldehyde
derivatives.%]

Recently, Haberhauer et al. proposed the model of planarized
intramolecular charge transfer (PLICT) states that the confor-
mations are flatter in their excited states than these in ground
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states.”] They employed AD-D’ structure to realize their idea.
In ground states, the repulsion of p electrons on nitrogen
atoms lead to the distortion of the AD-D’. After excitation, the
D’ can compensate the electron deficiency of A"D* while they
are in the same plane. The planar structures can stimulate the
good conjugation between donors and acceptors so result in
efficient overlapping of frontier orbitals with large transition
moments. Zhang et al. discovered the PLICT characteristic in
1,3-dioxolane derivatives and the 1,3-dioxolane group may be
the key factor for PLICT formation.!'”) However, none of them
employed these type materials in OLED application.

Aggregation-induced emission (AIE) compounds are often
constructed with highly twisted structures and several rotors
densely combining around the luminogens causes the struc-
ture distortion in ground states.'!] Upon excitation, some of
these AIE molecules tend to be flatten, which is familiar to
the PLICT model. Recently, we have discovered the AIE block
named tetraphenylpyrazinyl (IPP) has large torsion among the
pyrazinyl center and peripheral phenyl groups in ground state,
while it prefers forming the quinone conformation upon excita-
tion, enlarges its excited conjugation for planarization, namely
excited state quinone-conformation induced planarization
(ESQIP).?I Based on these, we attempted to rely on this pecu-
liarity of TPP to construct PLICT-based materials and applied
their derivatives in OLEDs.

Here, we choose 1-phenyl-1H-phenanthro[9,10-d]imida-
zole (PI) as donor because PI is a rigid 7 donor and does not
cause significant conformational variation upon excitation.
Two blue D-A typed TPP derivatives, 1-phenyl-2-(4’-(3,5,6-trip-
henylpyrazin-2-yl)-[1,1-biphenyl]-4-yl)-1H-phenanthro[9,10-d]
imidazole (TPP-PPI) and 1-phenyl-2-(4-(3,5,6-triphenylpyrazin-
2-yl)phenyl)-1H-phenanthro[9,10-d]imidazole ~ (TPP-PI)  are
prepared (Scheme 1). Expectably, they exhibit obvious AIE
feature and strong fluorescence in polar solvents. Combining
theoretical calculation in ground and excited states, the change
in conformation and their tuning trend on fluorescence peak
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shift and oscillator strength (f) are confirmed in further. In non-
doped blue OLEDs, TPP-PPI and TPP-PI display good perfor-
mance with high external quantum efficiency (EQE) and low
roll-off. All data prove that we might develop a novel strategy
for high-efficiency OLED emitters by using TPP block.

2. Results and Discussion

2.1. Synthesis and Characterization

All solvents and reagents were purchased from commercial
suppliers and used without further purification. The synthetic
route of the two products is outlined in Scheme S1 and some
synthesis details are shown in Supporting Information. The
intermediate 1 is synthesized according to the previous litera-
tures.'2l TPP-PPI is obtained through Suzuki coupling reaction
from the intermediate 1 and imidazole ring formation reaction
successively.3] TPP-PI is obtained from 3 via Sonogashira cou-
pling reaction, oxidation, and reacting with 1,2-diphenylethane
1,2-diamine.™ TPP-PPI and TPP-PI are soluble in common
organic solvents, such as tetrahydrofuran (THF), dichlo-
romethane (DCM), and so on, but not in water. Both target
products are further purified through temperature-gradient
vacuum sublimation in vacuum deposition before their charac-
terization and OLED device fabrication. The thermal properties
of TPP-PPI and TPP-PI are measured by thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC).
Both of them exhibit good thermal stability with 5% weight loss
temperature (Ty) of 432 and 453 °C, respectively (Figure S17,
Supporting Information). Adequate glass-transition tempera-
tures (Ty) of 164 and 148 °C determined for TPP-PPI and
TPP-PI reveal the good morphological stability. The energy
levels of HOMOs and lowest unoccupied molecular orbitals
(LUMOs) are obtained by cyclic voltammetry (Figure S16, Sup-
porting Information). The HOMOs of TPP-PPI and TPP-PI
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Scheme 1. The PLICT model and molecular structure of TPP-PPI and TPP-PI.
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Figure 1. A) Absorption spectra in THF solutions (10 X 107 m) and B) PL spectra in THF solutions (10 x 107® m) and solid films of TPP-PPI and TPP-PI.

are estimated at —5.54 and —5.45 eV, while their LUMOs are at
—2.90 and -2.85 eV, respectively. The data mentioned above for
TPP-PPI and TPP-PI are summarized at Table S1 in the Sup-
porting Information.

2.2. Photophysical Properties

The photophysical properties of the two compounds were ana-
lyzed based on the absorption spectrum and photolumines-
cence (PL) spectrum. As shown in Figure 1, they all exhibit two
strong absorption band 330-400 nm in THF solution, which
can be assigned to the m—7* transition of phenanthro[9,10-d]
imidazole-based derivatives. TPP-PPI and TPP-PI both exhibit
blue emission with the peak at 452 and 463 nm in the dilute
THF solution, accompanying with fluorescence quantum yields
(Ps) of 10.0% and 13.8%, respectively. In contrast to the emis-
sion in THF solution, they generate stronger emission with the
peaks at 470 and 481 nm in the neat film, and their ®s improve
to 28.1% and 20.2%, respectively, indicative of the AIE nature.
Similar to most of AlEgens, their enhancing PL intensities from
solution to solid still are from the synergy effect of increase of
radiative decay rate (K;) and decrease of non-radiative decay rate
(Kp;) which are calculated from their ®s and lifetime (7) fol-
lowing the Equations (1) and (2):1""]

K== M
Ko =727 o)

Table 1. The photo-physical data of TPP-PPI and TPP-PI.

All the photophysical details of TPP-PPI and TPP-PI are
summarized in Table 1.

To further verify their AIE activity, the emission behaviors of
two compounds in nanoaggregates were investigated. Taking
TPP-PPI as an example (Figure 2.), its PL intensity remains
low when the water fraction (f,, vol %) is less than 60% in
the THF/water mixture, but it increases rapidly when the f;, is
more than 80%. The higher the water fraction is, the stronger
the PL intensity is, which demonstrates its AIE activity. In fact,
the nanoaggregate formation restricts intramolecular rotations
and obstructs the non-radiative decay channel, and surely con-
tributes to the enhanced emission.') Moreover, the PL spectra
redshifts from 452 to 467 nm with the increment of f,, under
fo = 60% (no aggregate formation), inferring that TPP-PPI
exists ICT effect (Figure 2A, inset). As f,, is added to 99%, the
PL intensity decreases because of the precipitate formation.
Similar PL enhancements and redshift are also observed for
TPP-PI (Figure S18, Supporting Information).

The solvatochromism of these compounds in different sol-
vents (n-hexane, triethylamine, ethyl acetate, THF, DCM, and ace-
tonitrile) was attempted. For TPP-PPI, the absorption spectrum
display that its absorption profiles change little and are nearly
independent on the influence of solvent polarity (Figure S19A,
Supporting Information). Nevertheless, the apparent redshift
of maximum emissive wavelength from 431 nm in n-hexane to
484 nm in acetonitrile are displayed (Figure 3A and Table S2,
Supporting Information), and should be attributed to the ICT
effect, which suggests that the dipole moment of TPP-PPI in
excited state is more sensitive to solvent than that in ground
state. Against to the common ICT process, TPP-PPI exhibits

Aabs?) [nm] Aer® [nmM] @9 [%]  [ns] Ko [10%] Ko [108]
Soln Film Soln Film Soln Film Soln Film Soln Film
TPP-PPI 365 452 470 10.0 28.1 0.51 0.82 1.96 3.43 17.65 8.77
TPP-PI 366 463 481 13.8 20.2 0.73 0.93 1.89 2.17 11.81 8.58

AMaximum absorption wavelength, concentration: 10 x 1078 m; ®Maximum emission wavelength, soln: THF solution, film: neat film; 9Absolute fluorescence quantum

efficiency; UFluorescence lifetime; 9K, = ®/7; K, = (1 — ®)/t.
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Figure 2. A) The PL spectra of TPP-PPI in THF/water mixture with different water fractions (10 x 107® wm); Inset: changes of the maximum emissive
wavelength of TPP-PPI in THF/water mixture with different water fractions. B) The changes of relative PL intensity of TPP-PPI and TPP-PI in THF/

water mixture with different water fractions.

gradual increase in ®s with increasing solvent polarity, such
as 2.7% in n-hexane, 10.3% in THF, and 19.7% in acetonitrile,
which accords with PLICT feature. The results preliminarily
verify the feasibility of strategy about utilizing TPP block to con-
struct PLICT molecules, and the same results are also appeared
in TPP-PI (Figure S20 and Table S3, Supporting Information).
Besides, their absorption spectrum, PL spectrum, ®s, and life-
time were measured in n-hexane/THF/acetonitrile (CH;CN)
mixtures with different fractions. As shown in Figure 3B, and
Figure S21 and Tables S4 and S5, Supporting Information, both
TPP-PPI and TPP-PI exhibit gradual redshift emission and
enhanced ®s along with the increasing of the THF fraction in
n-hexane/THF mixture (H:T) or the CH;CN fraction in THF/
CH;CN mixture (T:C), respectively. Similar to the experiment
in different fraction mixture solvents, there is little change in

*\ . — n-Hexane
v " - - -Triethylamine
AR . - - -Ethyl Acetate
" - - Tetrahydrofuran
Dichloromethane
- - Acetonitrile

PL Normalized Intensity

their absorption spectra and distinct redshift in emission peaks,
which indicates that the excited states dipole moment of TPP-
PPI or TPP-PI is surly more sensitive to solvent polarity than
theirs in ground states again.

Based on these results, the change in wavelength and ®s
should may originate from the formation of large conjuga-
tion and rigid structure when they are excited, and the polar
solvent could amplify this effect, which is in accordance with
PLICT characteristic.l”) If our speculation is correct, the K, of
TPP-PPI or TPP-PI would become larger and their K, should
decrease with increasing solvent polarity, because non-radi-
ative relaxation usually would be restricted along with their
rigidity increase. The expected change trends of K, and K, are
appeared as descripted in Table S4 in the Supporting Informa-
tion, which may demonstrates the excited states of TPP-PPI
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Figure 3. A) Normalized PL spectra of TPP-PPI in solvents with various polar parameters; and B) normalized PL spectra of TPP-PI in n-Hexane/THF/

CH3CN mixture with different fraction (10 x 1076 m).
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Figure 4. Frontier orbital amplitude plot of TPP-PPI in A) ground state and B) excited state.

really undergo PLICT process. The same results are confirmed
in TPP-PI (Table S5, Supporting Information).

2.3. Theoretical Calculations

To interpret PLICT process of TPP-based materials, quantum-
chemical calculations were performed using density functional
theory (DFT) and time dependent density functional theory (ID-
DFT) calculations with the M062X/6-31G(d,p) level in Polarized
Continuum Model for their ground and excited states, respec-
tively. The optimized geometries of two comounds in n-Hexane,
THF and CH;CN are depicted in Figure S22, Supporting Infor-
mation. As expected (Figure 4 and Figure S23, Supporting Infor-
mation), the HOMOs of TPP-PPI and TPP-PI mainly locate
at the phenanthro[9,10-dJimidazole units, while the LUMOs
are localized mostly over the tetraphenylpyrazine core in their
ground states. However, the HOMO-1s and HOMOs are almost
dispersed on entire molecules in their excited states. The results
of the calculated photophysical data of both compounds are
shown in Table 2, while the other data about the change of bond
length and dihedral angle are summarized in Table 3 for TPP-
PPI (Table S7, Supporting Information for TPP-PI).

As shown in Table 2, calculated emission peaks in TPP-
PPI and TPP-PI exhibit bathochromic shift from n-hexane to
CH;CN, and the tendency is consistent with the experimental
results. It demonstrates this calculation method is valid and rea-
sonable. Emission of TPP-PPI and TPP-PI originates from tran-
sition between the HOMO and LUMO mostly and a fraction of
the transition among the HOMO-1 and LUMO. As shown in
Figure 4B, the transition of HOMO-1 — LUMO has more CT
proportion than that of HOMO — LUMO. Generally, the incre-
ment of localized excited state (LE) proportion and oscillator
strength (f) would be benefit to the ® improvement. Whether
TPP-PPI or TPP-PI, the fraction of transition from HOMO to

Adv. Optical Mater. 2019, 7, 1900283
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LUMO and fbecome large from the n-hexane to CH3CN, which
is matched to the experimental observation.

From the view of structure properties, the variety of dihedral
angle () and bond length (L) are the most convincing evidence
for PLICT process. As shown in Figure 5C and Table 3,
O47.16:5455 O56.57-18:240 021.22-30-31, aNd 0l33.33.37.44 of TPP-PPT in
excited states all become smaller than their ground states in
three selected solvent, e.g. in n-hexane, the 047.16.54.55, Os56.57.18.24»
0123031, and 035.33.37.44 decrease from 27.70°, 35.91°, 35.71°,
and 35.58° in ground state to 19.32°, 22.30°, 12.78°, and 18.17°
in excited state. It speculates that the conformation of TPP-PPI
become planar in excited states. Although the pyrazine ring
(031.3234.35) 1s a little twisted in excited states (7.29° in n-hexane,
6.72° in THF, and 6.49° in CH;CN) comparing to its ground
states (6.55° in n-hexane, 6.16° in THF, and 6.08° in CH3CN),
the pyrazine gives a planarization tendency along with the
increment of surrounding polarity. The similar process appears
in 041.02.3031 and 035.33.37.44 of TPP-PPI, whose excited states
change from 12.78° and 18.17° to 11.41° and 16.46° when
n-hexane is replaced by CH;CN, respectively. Additionally, the

Table 2. Theoretically calculated data in the optimized structures of
TPP-PPI and TPP-PI in the n-hexane/THF/CH;CN. (E: the energy of S; to
So, f- the oscillator strength of S; to Sy, and P: the ratio of main electron
configurations).

E(eV) Alnm] f S1 =Sy
P(H15L) P (HoL)

TPP-PPI  n-hexane 2.80 443 1.4087 0.119 0.824
THF 2.68 463 1.4837 0.096 0.850

CH;CN 2.63 472 1.4991 0.089 0.860

TPP-PI n-hexane 2.78 446 1.4055 0.050 0.898
THF 2.66 465 1.5989 0.043 0.904

CH,;CN 2.62 473 1.6568 0.042 0.906

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Selected dihedral [0 (unit: degree) and selected bond length [L] (unit: A) in the optimized structures of TPP-PPI in the n-hexane/THF/

CH3CN (A = Xeycited = Xgrounds X = @ 0r L).

Oh76.5455  Ofsgsris24 001223031 031323435 03233.37.44 Ligsa Ligs; L3230 L33 L3a3s L3337

Hexane Ground 27.70 35.91 35.71 6.55 35.58 1.474 1.482 1.485 1.333 1.332 1.486
Excited 19.32 22.30 12.78 7.29 18.17 1.463 1.454 1.417 1.320 1.308 1.455

A -8.38 -13.61 —22.93 0.74 -17.41 —-0.011 —-0.028 —-0.068 -0.013 —-0.024 —-0.031

THF Ground 28.81 34.73 36.58 6.16 37.56 1.474 1.483 1.485 1.334 1.332 1.486
Excited 21.39 21.48 11.85 6.72 17.00 1.465 1.454 1.413 1.318 1.307 1.452

A —7.42 -13.25 —24.73 0.56 -20.56 —-0.009 -0.029 -0.072 -0.016 —-0.025 —-0.034

CH;CN Ground 29.21 34.13 36.69 6.08 38.16 1.474 1.483 1.485 1.334 1.333 1.486
Excited 22.37 21.00 11.41 6.49 16.46 1.465 1.454 1.411 1.317 1.307 1.451

A —6.84 -13.13 —25.28 0.41 -21.70 —-0.009 -0.029 —-0.074 -0.017 -0.026 —-0.035

difference between ground states and excited states of 041.57.30.31
and 043,.33.37.44 are larger than that of 07.16.54.55 and Os6.57.18.24
in all selected solvents for TPP-PPI, and the situation can be
amplified by increasing solvent polarity. It proves that the con-
formation adjustment of acceptor (TPP) in excited states plays
important roles on inducing PLICT character.

The assortive evidence appears in bond length. The bond
length of L);30, L3337, L31.35, and L3435 in ground state of TPP-
PPI in n-hexane are 1.485, 1.486, 1.333, and 1.332 A, respec-
tively, which match the common bond length of C,-C,,
(1487 A) and Cyy, = N (1.336 A) respectively.') However,
the Lyy30, L3337, L31.35, and L3435 are shorten to 1.417, 1.455,
1.320, and 1.308 A in excited state, respectively. This variation
indicates the conformation on acceptor unit of TPP-PPI pre-
fers to form quinoid structure owing to its stability in excited
state. Combining with the contribution of L4, and Lyg57, the
large conjugative plane is formed after excitation as Figure 5B
shown. Furthermore, the difference of these selected bond
length between ground states and excited states in Table 3,

2]

o .Q
Nf W, OO
W,
<]

\)\‘.
46

47

tesifies that the process of TPP unit converting to its quinoid
structure furnishes much contribution to the formation of
PLICT and the amplifying effect from the non-polar solvent
to high polar solvent is confirmed again, similar to the change
of dihedral angles. The structures of TPP-PI in excited states
are also flatter than that in ground states whatever the solvent
surrounds just as the TPP-PPI (Figure S24 and Table S7, Sup-
porting Information).

Based on the analysis from the calculated and experimental
results, the improvement of ®s and redshift fluorescence of
TPP-based materials do originate from PLICT process in their
excited states, and the ESQIP process in excited states might
give larger contribution to enforce the PLICT process.

2.4. Electroluminescence

Employing these two compounds with PLICT properties
in OLED devices, the non-doped OLEDs devices with the

Figure 5. A) The common structure and B) quinoid structure of TPP-PPI; and C) the label atoms on the TPP-PPI.
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Table 4. The electroluminescence performance of Devices | and 1.
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Device V., [V] Maximum values Values at 1000 cd m~2

nPed AT ) ImWT) EQEM %] (M[edmF  nP[cd AT mp) ImW] EQEP (%] CIE (xy)?  Ag¥ [nm]  Roll-off 9 [%]
| 2.9 8.34 8.18 4.85 16 460 7.76 6.10 4.51 (0.156, 0.232) 474 5.13
1l 2.9 8.50 8.23 4.36 16 890 8.04 6.32 4.12 (0.163, 0.285) 484 5.41

Abbreviations: 2V, = turn-on voltage at 1 cd m™% PInc = current efficiency; np = power efficiency; EQE = external quantum efficiency; and L = luminescence; 9CIE = Com-
mission International de I’Eclairage coordinates; 9A;, = maxima of electroluminescent spectra; ®EQE roll-off of the max one and the one at 1000 cd m=2.

configuration of ITO/HATCN (5 nm)/NPB (40 nm)/TcTa
(5 nm)/EML (20 nm)/TPBi (40 nm)/LiF (1 nm)/Al were fab-
ricated, where the EML of Device I and Device II are TPP-PPI
and TPP-PI, respectively. In the devices, hexaazatriphenylene-
hexacabonitrile (HATCN) and N,N’-Bis(naphthalen-1-yl)-
N,N’-bis(phenyl)benzidine (NPB) serve as hole-injecting layer
and hole-transporting layer, respectively. 4,4’,4”-tri(9-car-
bazoyl)triphenylamine (IcTa) acts as the hole-transporting
and electron-blocking layers, and 2,22”-(1,3,5-benzinetriyl)
tris(1-phenyl-1-H-benzimidazole) (TPBi) functions as both
electron-transporting and hole-blocking layers. The key data
and characteristic curves of two devices are given in Table 4 and
Figure 6. The two devices are turned on at low voltages of 2.9 V
and exhibit stable sky-blue emission with the peaks at 474 and
484 nm, respectively, close to their PL emission in the neat film.
These devices both exhibit good EQE with the maximum values
of 4.85% and 4.36%, respectively. Under the 1000 cd cm™2, the
EQEs remain to 4.51% and 4.12%, with only about 5% roll-off.

As discussed above, there is a possible reason playing key
roles. TPP-PPI and TPP-PI are the PLICT-based materials,
whose emission intensity relied on their polar surrounding
environment following our mentioned above. The electric
field of the devices could construct high polar surrounding
for the emitters,['”! and the ®s of the luminescent film would
increase with some redshift in electric field, similar to raising
the polarity of solvent, so the ®@s in electroluminescence devices
are no longer 28.1% and 20.2%. These expected results suggest
that the PLICT process may improve the device performance.
Certainly, the detail of every mode contributing to the higher
EQE is our important discussion in further work.
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3. Conclusion

Following our comprehending of ICT emission, we designed
two novel PLICT-typed compounds named as TPP-PPI and
TPP-PI. Thanks to the TPP block, whose features are AIE char-
acteristic and stable quinone-conformation in excited state,
the new comers exhibit evident AIE and PLICT properties via
series of spectral measurements. Combining the analysis from
the theoretical calculation in different solvents, their PLICT
process and tuning tendency in emission become clear, and
the large contribution of the ESQIP is also figured out at the
same time. In non-doped OLEDs, these two emitters based on
AIE + PLICT process exhibit good performance with high EQE
and low roll-off. It implies this novel materials’ design strategy
that PLICT-based materials with TPP block may achieve high
efficiency OLED emitters is feasible and effective. These
processes will be confirmed in the further research.

4. Experimental Section

4% (3,5, 6-triphenylpyrazin-2-yl)-[1,1"-biphenyl]-4-carbaldehyde ~ (2): A
mixture of intermediate 1 (7 mmol, 3.25 g), 4-formylphenylboronic
acid (14 mmol, 2.10 g), Pd(PPhs), (0.35 mmol, 0.40 g), and K,CO;
(28 mmol, 3.90 g) was added in 100 mL two-neck bottle under nitrogen.
After then, a mixed solvent system of THF and water (v/v = 7:3) 30 mL
was injected into the bottle and the mixture was refluxed overnight
under nitrogen atmosphere. After cooling to room temperature, the
mixture was poured into water and extracted with DCM three times
and the combined organic layers were washed with brine, and then dried
over MgSO, The solvent was removed under reduced pressure and
the crude product was purified by column chromatography, yield was
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Figure 6. A) Current density—voltage—luminescence and B) current efficiency—luminescence—power efficiency characteristics of Devices | and II.
Device configuration: for Device I, ITO/HATCN (5 nm)/NPB (40 nm)/TcTa (5 nm)/TPP-PPI (20 nm)/TPBi (40 nm)/LiF (1 nm)/Al; and for Device I,
ITO/HATCN (5 nm)/NPB (40 nm)/TcTa (5 nm)/TPP-PI(20 nm)/TPBi (40 nm)/LiF (1 nm)/Al.
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75%. TH NMR (500 MHz, CD,Cl,) & 10.05 (s, TH), 7.95 (d, J = 8.1 Hz,
2H), 7.81 (d, J = 8.2 Hz, 2H), 7.78-7.72 (m, 2H), 7.70-7.57 (m, 8H),
7.41-7.29 (m, 9H). 13C NMR (126 MHz, CD,Cl,) & 193.01, 150.07,
150.00, 149.97, 149.08, 147.48, 141.02, 140.05, 139.84, 136.85, 131.81,
131.45, 131.17, 131.16, 131.15, 130.06, 129.98, 129.65, 129.53, 128.86,
128.43. HRMS (MALDI-TOF): m/z [M+] calculated for CysHysN,O;
488.1889. found, [M-+1] 489.1967.
1-phenyl-2-(4"-(3,5,6-triphenylpyrazin-2-yl)-[1,1"-biphenyl]-4-yl)-1H-
phenanthro[9,10-d]imidazole (TPP-PPI): A mixture of 2 (1.5 mmol,
0.73 g), phenanthrenequinone (2,25 mmol, 0.47 g), aniline (7.5 mmol,
0.70 g), ammonium acetate (6 mmol, 0.46 g), and glacial acetic acid
(20 mL) were added in 100 mL two-neck bottle and then refluxed under
nitrogen for 3 h. After cooling down, the solid product was filtrated
and washed with methanol. The crude product was purified by column
chromatography, yield is 81%. 'TH NMR (500 MHz, d%-DMSO) & 8.89
(dd, J = 24.3, 8.0 Hz, 1H), 8.73 (d, J = 7.6 Hz, 1H), 7.84-7.47 (m, 1TH),
7.37 (s, 5H), 7.07 (d, J = 8.1 Hz, TH). °C NMR (126 MHz, CD,Cl,) &
149.96, 149.28, 141.33, 139.94, 139.34, 139.30, 131.82, 131.71, 131.51,
131.49, 131.48, 131.26, 131.16, 130.66, 130.60, 130.41, 130.00, 129.94,
129.63, 129.52, 129.32, 128.81, 127.99, 127.97, 127.81, 127.62, 125.43,
125.11, 124.54, 124.26, 124.19, 122.95, 122.31. HRMS (MALDI-TOF):
m/z [M+] calculated for CssH36Ny4; 752.2940. found, [M+1] 753.3013.
1-phenyl-2-(4- (phenylethynyl) phenyl)-1H-phenanthro[9, 10-d]imidazole
(4): A mixture of intermediate 3 (4 mmol, 1.80 g), Cul (0.08 mmol,
15.2 mg), Pd(PPh;), (0.04 mmol, 46.2 mg), and was added in
100 mL two-neck bottle under nitrogen. After then, the liquid reactant
phenylacetylene, trimethylamine and THF was injected into the bottle
and the mixture was refluxed overnight under nitrogen atmosphere.
After cooling to room temperature, the solvent was removed under
reduced pressure and solid was dissolved into DCM and washed with
brine and water, successively. And then, the organic solution was dried
over MgSO,. The solvent was removed under reduced pressure and the
crude product was purified by column chromatography, yield is 85%.
TH NMR (500 MHz, CD,Cl,) & 8.87-8.70 (m, 3H), 7.79-7.42 (m, 14H),
7.40-7.32 (m, 3H), 7.28 (t, J = 7.5 Hz, TH), 7.24-7.15 (m, TH). 13C NMR
(126 MHz, CD,Cl,) & 150.18, 138.85, 131.86, 131.65, 131.56, 130.63,
130.36, 129.64, 129.52, 129.49, 129.35, 129.30, 128.84, 128.74, 128.67,
128.57, 127.68, 126.70, 126.03, 125.40, 124.37, 123.50, 123.26, 123.24,
122.89, 121.28, 121.21, 91.17, 89.10. HRMS (MALDI-TOF): m/z [M+]
calculated for C35H,,N,; 470.1783. found, [M+1] 471.1856.
1-phenyl-2-(4-(1-phenyl-1H-phenanthro[9, 10-d]imidazol-2-yl) phenyl) ethane-
1,2-dione (5): An aqueous solution of KMnOy4 (3 mmol, 1.41 g), NaHCO;
(3.6 mmol, 0.31 g), and tetraethylammonium bromide (1.5 mmol, 0.21 g)
was added into a solution of 4 in DCM. The mixture was rapidly stirred
at room temperature for 24 h. The Na,S,0; saturated aqueous solution
and 1 m HCl were added into the mixture successively until the solution
became clear. The organic layer was separated and washed with brine and
water, and dried over MgSO,. Evaporation of the solvent afforded nearly
pure compound, yield is 93%. 'TH NMR (500 MHz, CD,Cl,) & 8.84-8.80
(m, TH), 8.78 (d, = 8.3 Hz, TH), 8.72 (d, J = 8.3 Hz, TH), 8.01-7.93 (m, 2H),
7.90-7.85 (m, 2H), 7.79-7.75 (m, 3H), 7.74 (d, = 1.1 Hz, TH), 7.73-7.61
(m, 5H), 7.61-7.51 (m, 5H), 7.28 (ddd, J = 8.2, 7.0, 1.1 Hz, TH), 7.20 (dd,
J=8.3,0.9 Hz, TH). *C NMR (126 MHz, CD,Cl,) §195.61, 195.15, 149.95,
139.54, 136.34, 134.18, 133.84, 131.87, 131.72, 131.16, 130.89, 130.85,
130.83, 130.37, 130.22, 130.15, 129.76, 128.85, 127.86, 127.38, 126.84,
125.45, 124.56, 124.10, 124.01, 122.44. HRMS (MALDI-TOF): m/z [M+]
calculated for C35H,,N,0,; 502.1681. found, [M+1] 503.1759.
T-phenyl-2-(4-(3,5,6-triphenylpyrazin-2-yl)phenyl)-1H-
phenanthro[9,10-d]imidazole (TPP-PI): A mixture of 5 (2 mmol, 1.05 g),
1,2-diphenylethane 1,2-diamine (3 mmol, 0.64 g), and glacial acetic
acid (20 mL) were added in 100 mL two-neck bottle and then refluxed
under air for 3 h. After cooling down, the solid product was filtrated
and washed with methanol. The crude product was purified by column
chromatography, yield is 65%. "H NMR (500 MHz, CD,Cl,) & 8.80 (dd,
J=14.6,7.6 Hz, 1H), 8.73 (d, = 8.3 Hz, 1H), 7.81-7.73 (m, 1H), 7.70—
7.58 (m, 5H), 7.57-7.50 (m, 3H), 7.40-7.31 (m, 4H), 7.30-7.25 (m, 1H),
7.21 (dd, J = 8.3, 1.0 Hz, 1H). 3C NMR (126 MHz, CD,Cl,) & 150.17,
150.07, 150.03, 149.00, 139.84, 139.82, 139.68, 131.60, 131.36, 131.15,
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131.10, 130.95, 130.47, 130.37, 130.05, 129.97, 129.95, 129.62, 129.53,
129.50, 128.73, 127.74, 127.06, 127.03, 126.43, 125.39, 124.94, 124.52,
123.98, 123.31, 122.29. HRMS (MALDI-TOF): m/z [M+] calculated for
CugH3oNy; 676.2627. found, [M+1] 677.2700.
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