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High-Performance Red, Green, and Blue Electroluminescent
Devices Based on Blue Emitters with Small Singlet—Triplet
Splitting and Ambipolar Transport Property

Kai Wang, Fangchao Zhao, Chenguang Wang, Shanyong Chen, Dong Chen,

Hongyu Zhang, Yu Liu, Dongge Ma,* and Yue Wang*

Two coordination complex emitters as well as host materials Be(PPI), and
Zn(PPI), (PPI = 2-(1-phenyl-1H-phenanthro[9,10-d]imidazol-2-yl) phenol) are
designed, synthesized, and characterized. The incorporation of the metal
atom leads to a twisted conformation and rigid molecular structure, which
improve the thermal stability of Be(PPI), and Zn(PPI), with high Ty and T,
at around 475 and 217 °C, respectively. The introduction of the electron-
donating phenol group results in the emission color shifting to the deep-
blue region and the emission maximum appears at around 429 nm. This
molecular design strategy ensures that the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) HOMO
and LUMO of Be(PPI), and Zn(PPI), localize on the different moieties of the
molecules. Therefore, the two complexes have an ambipolar transport prop-
erty and a small singlet-triplet splitting of 0.35 eV for Be(PPI), and 0.21 eV
for Zn(PPI),. An undoped deep-blue fluorescent organic light-emitting device
(OLED) that uses Be(PPI), as emitter exhibits a maximum power efficiency
of 2.5 Im W~ with the CIE coordinates of (0.15, 0.09), which are very close
to the National Television Standards Committee (NTSC) blue standard (CIE:
0.14, 0.08). Green and red phosphorescent OLEDs (PhOLEDs) that use
Be(PPI); and Zn(PPI), as host materials show high performance. Highest
power efficiencies of 67.5 Im W~ for green PhOLEDs and 21.7 Im W' for red
PhOLEDs are achieved. In addition, the Be(PPI),-based devices show low-
efficiency roll-off behavior, which is attributed to the more balanced carrier-
transport property of Be(PPI),.

1. Introduction

Organic light-emitting devices (OLEDs)
are of current interest from both scien-
tific and practical points of view due to
their applications in the next generation
of full-color flat-panel displays and solid-
state lighting sources.ll During the last
two decades great progress has been made
in the exploitation of OLED materials and
optimization of device structure. Many
new emitters with red (R),?! green (G),?!
or blue (B)¥ emission color and hosts
with good carrier-transporting properties
have been developed for full-color and
white OLEDs.P! To realize high-perform-
ance full-color displays and solid-state
lighting, R, G, and B emission materials,
which possess strictly different molecular
structures, have to be used. On the other
hand, R, G, and B emitters often require
different hosts to achieve highly efficient
energy transfer from host to emitter.l’!
Therefore, the full-color and white OLEDs
were often established based on a complex
material system and high-cost organic
syntheses. In this sense, achieving high-
performance R, G, and B electrolumines-
cence through a simple material system
with the aim to reduce the production cost
of materials and simplify the manufac-

turing process is an important issue for OLED applications.
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In principle, a deep-blue-emitting material with balanced

carrier-transport characteristic and relatively high triplet energy
(Er) may be employed as host for green and red phosphores-
cent emitters. The high Er enables green and red phosphors
to harvest the triplet energy of the blue emitter. However, the
blue fluorescent materials are usually not suitable hosts for
phosphorescent OLEDs (PhOLEDs) due to their low Ey and
poor carrier-transport property. Recently, Schwartz, Leo, and
co-workers have proposed a concept of high-efficiency white
OLEDs based on a blue emitter with small singlet-triplet split-
ting.”l Based on detailed theoretical and experimental studies,
they demonstrated that the singlet-triplet splitting scales with
the spatial overlap of the highest occupied molecular orbital
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(HOMO) and lowest unoccupied molecular orbital (LUMO)
wave functions Wyomo and Wiumo.7¥ On the other hand, the
singlet-triplet splitting becomes smaller upon decreasing of
the exchange interaction integral of Wyomo and Wyymo. Conse-
quently, a conjugated molecule with small singlet—triplet split-
ting should have its HOMO and LUMO localized on different
moieties of the molecule. However, the design and synthesis
of blue-emitting hosts for green phosphors is still a challenge
because the fluorophore must have sufficiently small singlet—
triplet splitting, even though blue emitters with relatively small
singlet—triplet splitting have been employed as host for white,
orange, and red PhOLEDs.®l Generally, the blue or green phos-
phors” hosts with high Er exhibit emission in the near-ultravi-
olet region and are not suitable for use as blue emitters.”!

Aimed at developing blue emitters that can be employed as
efficient hosts for green and red phosphors, we designed and
synthesized two 2-(1-phenyl-1H-phenanthro[9,10-d]imidazol-
2-yl)phenol (PPI)-based beryllium and zinc complexes,
Be(PPI), and Zn(PPI),. Our previous report demonstrated that
1,2-diphenyl-1 H-phenanthro[9,10-d]imidazole (DPI) exhibited
near-ultraviolet emission and a certain hole-transport ability.!"!
To shift the emission maximum to the visible region, the
electron-donating phenol group was introduced into the mol-
ecule. The PPI ligand chelation with beryllium or zinc led to
the formation of a twisted and rigid molecular structure, which
could enhance the stability and carrier-transport ability of the
produced metal complexes. Moreover, the introduction of the
phenol group may result in HOMO and LUMO localized on
different moieties of the molecules, since imidazole and phenol
groups have electron-withdrawing and -donating properties,
respectively. The Be(PPI), and Zn(PPI), complexes have not
only been used as emitters to fabricate deep-blue OLEDs, but
also as hosts to construct high-power-efficiency green and red
PhOLEDs.

2. Results and Discussion
2.1. Synthesis and Crystal Structure

Scheme 1 outlines the synthetic procedure and molecular
structures of Be(PPI), and Zn(PPI),. The ligand was prepared
according to the reported method.'% Simple refluxing of the
mixture of the ligand and metal salts in methanol with sodium
hydroxide and subsequent purification by vacuum sublimation
produced the target Be(PPI), and Zn(PPI), with moderate yields
(40-49%). Both complexes were fully characterized by '"H NMR
spectroscopy, mass spectrometry, and elemental analyses. All
materials used in the devices were purified by repeated temper-
ature-gradient vacuum sublimation. The molecular structure of
Be(PPI), was further determined by single-crystal X-ray crystal-
lographic analysis. As shown in Figure 1, the Be!! atom adopts
a typical tetrahedral coordination geometry and two PPI ligands
chelate with a Bel atom to form a molecule with spiral-type
configuration. The coordination bond lengths are 1.57 (Be—0)
and 1.78 A (Be—N), respectively, which are similar to that of the
previously reported molecule bis[2-(2-hydroxyphenyl)-pyridine]
beryllium (Bepp,).'? In Be(PPI), each ligand has a torsion
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Scheme 1. Synthetic procedure and structures of Be(PPl), and
Zn(PPl),.

angle of 23° between the phenanthroimidazole plane and phe-
nolate rings. The Be(PPI), molecule packing in the solid state
presents an intermolecular 7---7 interaction feature. Each
PPI ligand of a Be(PPI), molecule stacks together with a PPI
ligand in an adjacent Be(PPI), molecule by x- - -7 interaction
with a contact distance of 3.5 A between phenanthroimidazole
planes. The interaction continues on to the next molecule,
which results in the formation of a one-dimensional molecular
chain. Our earlier studies demonstrated that the intermolecular
aromatic stacking could offer a charge-transfer pathway and
enhance carrier-transport ability, which is essential for excellent
electroluminescence and host materials.['®)

2.2. Thermal Analysis

Thermal properties were investigated using thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC; see
Supporting Information Figure S1). Both complexes exhibited

Figure 1. Molecular structure with 50% thermal ellipsoids and packing
structure of Be(PPl),.
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(a) wavelength absorption bands in the range of 365 to 372 nm
1) Be(PPI), E =267 eV 10 can be assigned to the delocalized 7—7* transition from the
soliition | 2-substituted phenolate to the N-phenyl phenanthroimidazole
<= film ring. The two complexes exhibit intense deep-blue emissions
5 0.8 ——Phos 0.8 with PL maximum at around 420 nm in both solution and
B 3 vacuum-evaporated thin-film states. Their PL quantum yields
éo.s 0.6 g (@) in solution were determined to be 0.70 for Be(PPI), and
£ 2 0.67 for Zn(PPI),, and those in film were calculated to be 0.28
§ €  for Be(PPI);, and 0.32 for Zn(PPI),.
0.4 0.4  efficiencies of Be(PPI), and Zn(PPI), are comparable. It is
worth noting that the full width at half maximum (FWHM) of
0.2 02 the solid-state emission spectra are very narrow, being 48 nm
for Be(PPI); and 55 nm for Zn(PPI),. The FWHM value is very
important for the color purity of deep-blue emitters. Generally,
0.0+ - o = 5o -0.0 the blue emitters may have an emission maximum at around
Wavelength / nm 430 nm, which is short enough for blue light. However, their
(b) emission spectra display a broad FWHM feature and extend
1.0 Zn(PPI), E, =267 eV 10 to the longer-wavelength region, which can promote the
solution y value of the CIE resulting in a sky-blue emission. The good
- = «fim thermal stability and small FWHMs indicate that both com-
jo-e‘ Phos 0.8 pounds are promising candidates for deep-blue emitters in
© = OLEDs, although the @ values in the solid state are not very
50.6- -0.6% high. Their triplet energies (Ey) are estimated to be 2.67 eV
s ? by the highest-energy vibronic sub-band of the phosphores-
§ € cence spectra, which is sufficiently high to excite green and
<04+ 0.4 red phosphorescent emitters. According to the photophysical
principle, Ey is the energy-level difference between the lowest
0.2 o2 vibronic level of the first excited triplet state (T;,) and the
lowest vibronic level of the singlet ground state (S ), namely,
5 - So,0—T1,0, which corresponds to the highest-energy phospho-

300 400 500 600
Wavelength / nm

Figure 2. Room-temperature UV-vis absorption spectra, PL spectra of
Be(PPI), and Zn(PPIl), in CH,Cl, solution and in neat films, as well as
their phosphorescence spectra in 2-MeTHF solution (107 m) at 77 K.

good thermal stabilities as evidenced by their melting points
(409 °C for Be(PPI), and 387 °C for Zn(PPI),) and high decom-
position temperatures (corresponding to 5% weight loss) of
472 °C for Be(PPI), and 477 °C for Zn(PPI),. The glass transi-
tion temperature (Tg) of Zn(PPI), reaches 217 °C, which is high
enough for application in OLEDs and should be attributed to
the rigid coordination structure. As a consequence, the excel-
lent thermal properties of the two complexes are favorable for
the formation of uniform thin films upon thermal evaporation,
which are advantageous for application as lighting emitters and
host materials.

2.3. Photophysical Properties

As shown in Figure 2, Be(PPI), and Zn(PPI), display sim-
ilar UV-vis absorption and photoluminescence (PL) spectra.
According to the absorption spectra assignment of some
reported phenanthroimidazole derivatives,*12l which have
a similar conjugated 7m system to the molecules in this
study, the strong absorption band peaking at approximately
260 nm can be attributed to the benzene ring. The longer-

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

rescence peak. Therefore, the Er value should be calculated
from the highest-energy vibronic sub-band, which has been
widely employed in the reported papers.?>d%! Similarly, the
Es implies the transition S, ,—S;,, which corresponds to the
highest-energy fluorescence peak.’*°! For both Be(PPI), and
Zn(PPI), the singlet-triplet splitting AEgy values are as small
as 0.35 and 0.22 eV (Table 1), respectively, thus suggesting an
energy harvesting possibility by efficient energy transfer from
the triplet excited state of Be(PPI), and Zn(PPI), to green or
red phosphorescent emitters.

Table 1. Summary of the physical properties of Be(PPl), and Zn(PPI)s,.

Compound Be(PPI), Zn(PPI),

Te/ T/ T4 [°C] 01409472 217/387/477
Aabs [nm] (sol? /RIm®)) 256,365/260,372 258,365/262,369
Ap [nm] (sol? /flmP)) 410/429 431/429

@ (sol?) /film®)) 0.70/0.28 0.67/0.32
HOMO/LUMO [eV]9 5.8/2.7 5.8/2.7

Es [eV]9)/Er [eV]? 3.02/2.67 2.88/2.67
AEst [eV] 0.35 0.21

AMeasured in CH,Cl, solution (1075 m); PMeasured in film; 9LUMO was meas-
ured from the onset of reduction potentials, HOMO was deduced from LUMO
and E,;.9Singlet energy measured for the diluted solution at 298 K; 9 Triplet energy
measured in 2-MeTHF at 77 K (10~° m); )Not observed.

Ady. Funct. Mater. 2013, 23, 2672-2680
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LUMO of 2

Figure 3. Calculated spatial distributions of the HOMO and LUMO levels
of Be(PPI), (1) and Zn(PPl), (2).

HOMO of 2

2.4. Electrochemical Properties and Theoretical Calculations

The electrochemical behaviors were probed by cyclic voltam-
metry (CV). The LUMO energy levels were determined to be
2.7 eV from the onset of the reduction potentials with regard to
ferrocene (see Supporting Information Figure S2).'l Because
no clear oxidation waves were observed, the HOMO energy
levels were deduced to be 5.8 eV from LUMO energy levels and
energy gaps determined by the onset of absorption. All data
are summarized in Table 1. To gain insight into the structure—
property relationship of the complexes at the molecular level,
the geometrical and electronic structures of the complexes were
studied using density functional theory (DFT). According to the
DFT calculations of Be(PPI),, the two dihedral angles between
the N—Be—O planes are 76°, which is close to the experimental
values of 83° from the single-crystal X-ray diffraction (XRD)
analysis. Such a highly twisting conformation may effectively
suppress the more strong intermolecular interactions of their 7
systems and crystallinity, consequently leading to high PL effi-
ciency and a stable amorphous thin film. The molecular orbital
distribution of Be(PPI), and Zn(PPI), is shown in Figure 3. The
HOMOs are mainly localized at the phenol group and imida-
zole ring, whereas the LUMOs are situated on the N-phenyl
ring and phenanthroimidazole moiety, which explains the fact
that their HOMO and LUMO energy level values are nearly
the same. The adequate separation between the HOMO and
LUMO benefits the efficient hole- and electron-transport prop-
erties (bipolar), prevents reverse energy transfer, and reduces
the singlet—triplet splitting.

2.5. Single-Carrier Devices

To evaluate the carrier-transport character of the complexes,
single-carrier devices of the host and doping films with the
structures [ITO/MoO; (10 nm)/host (ITO = indium tin oxide)
or host:dopant (60 nm)/MoO; (10 nm)/Al (100 nm)] for the
hole-only device and [ITO/TPBI (10 nm)/host (IPBI = 1,3,5-tris

Adv. Funct. Mater. 2013, 23, 2672-2680
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Figure 4. Current density versus voltage characteristics of the hole-only
and electron-only devices for a) Be(PPI), and b) Zn(PPI),.

(N-phenylbenzimidazol-2-yl)benzene) or host:dopant (60 nm)/
LiF (1 nm)/Al (100 nm)] for the electron-only device were fabri-
cated (see Figure 4 and Figure 5).'l For the hole-only devices,
due to the large energy-injection barrier between the MoO;
(LUMO = -2.3 eV) and Al (4.3 eV) layers, only holes can be
injected from the anode to the organic layer. In the electron-only
devices, an additional thin TPBI layer, which has a low-lying
HOMO level of —6.2 eV, was inserted as a hole-blocking layer to
prevent the injection of holes from ITO (—4.8 eV) to the organic
layer and ensure a pure electron current in the device. The
I-V characteristics of single-carrier devices documented that
Be(PPI), and Zn(PPI), are capable of transporting both electrons
and holes (with significant currents and similar magnitudes to
the complete OLED devices). Pure Be(PPI), and Be(PPI), doped
with phosphorescent emitter possess a more balanced charge-
transport ability than Zn(PPI),. A rational explanation for the
ambipolar transport property of Be'! and Zn" is that the phenol
group and phenanthroimidazole moiety enable transport of the
hole and electron, respectively. The phenol groups with electron-
donating nature may enhance the hole-transporting ability of
the resulting complexes. As we know, the carrier (including
hole and electron) transporting properties of organic semicon-
ductors are very sensitive to molecular structure, molecular
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Figure 5. Current density versus voltage characteristics of the hole-only and electron-only devices for a) Be(PPI), doped with 10 wt% Ir(ppy)s,
b) Zn(PPI), doped with 10 wt% Ir(ppy)s, c) Be(PPI), doped with 8 wt% Ir(MDQ),(acac), and d) Zn(PPI), doped with 8 wt% Ir(MDQ),(acac). Ir(ppy)s =

fac-tris(2-phenylpyridine) iridium(Ill), Ir(MDQ),(acac) =

configuration, as well as molecular packing modes in the solid
state. Although Be(PPI), and Zn(PPI), have the same organic
ligand, PPI, the central ions of Be!' and Zn!! possessing obvi-
ously different electronic structures and atom radius might
have unequal impact on the chelated ligands, thus resulting in
different semiconducting characteristics. On the other hand,
intermolecular interactions in Be(PPI), and Zn(PPI), solids
may be different, which also heavily influences the charge
transporting nature. Following these considerations, the dif-
ferent single-carrier density between Be(PPI), and Zn(PPI),
should be attributed to the different electronic structures of the
central ions (Be?* and Zn?"), molecular structures, and packing
in the solid state. The mobility of the molecules and the doped
films was estimated from the single-carrier devices based on
the space-charge-limited current (SCLC) method.I""! The calcu-
lated results indicate that both compounds have bipolar trans-
port ability (Table 2). In addition, the mobilities of Be(PPI),

Table 2. SCLC hole and electron mobilities of hosts and host:dopant.

Compound Uy Ue
[em? V7 57T [em? Vs
Be(PPl), 2.83x 107 7.47x107°
Zn(PPI), 3.97x 107 8.35x10°°
Be(PPI),:10 wt% Ir(ppy)s 4.32x10°¢ 7.84 %107
Zn(PPI1),:10 wt% Ir(ppy)s 5.41x10°° 1.02x 107
Be(PPI),:8 wt% Ir(MDQ),(acac) 6.87x 107 8.82x10°¢
Zn(PPI),:8 wt% Ir(MDQ),(acac) 6.46x 1076 7.32%x 1077

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

bis (2-methyldibenzo-[f,h]quinoxaline) acetylacetonate iridium(lll).

and Be(PPI), doped with phosphorescent dye films are slightly
higher and more balanced than that of Zn(PPI),-based films,
which could support the following explanation on the lower
roll-off of the devices based on Be(PPI),.

2.6. Undoped Deep-Blue-Emitting OLEDs

We initially examined the performance of undoped deep-blue-
emitting devices with the structure [ITO/MoO; (10 nm)/NPB
(60 nm)/TCTA (5 nm)/Be(PPI), or Zn(PPI), (30 nm)/TPBI
(30 nm)/LiF (1 nm)/Al (100 nm)] (device B1 with emitting layer
composed of Be(PPI), and device B2 with emitting layer com-
posed of Zn(PPI),). In devices B1 and B2, 1,4-bis[(1-naphthyl-
phenyl)amino]-biphenyl (NPB) was used as the hole-transport
material, and 4,4’,4”-tri(N-carbazolyl)triphenylamine (TCTA)
was used as the electron-blocking layer as well as triplet exciton
blocker layer in the PhOLEDs. 1,3,5-Tris(N-phenylbenzimi-
dazol-2-yl)benzene (TPBI) was utilized as the electron-transport
and hole-blocking material, and MoOj; and LiF served as hole-
and electron-injecting layer, respectively. Both devices B1 and
B2 exhibit deep-blue emissions with Commission International
de I'Eclairage (CIE) coordinates of (0.15, 0.09), which is very
close to the NTSC (National Television Standards Committee)
blue standard (CIE: 0.14, 0.08) and remains almost unchanged
over a wide range of driving voltage. Device B1 using Be(PPI),
as emitter exhibited a turn-on voltage of 3.2 V. The max-
imum external quantum (Nexemax), Current (Memay), and power
(Mp.max) efficiencies of this device are 2.82%, 2.41 cd A™!, and
2.52 Im W1, respectively. Device B2 using Zn(PPI), as emitter

Adv. Funct. Mater. 2013, 23, 2672-2680
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Dopant Von Limax nd 2 Next?) CIE(xy)9
v [cd m? [cd A7) [Im W] %]

B1 - 3.2 2745 2.41,2.18, 2.04 2.52,1.60, 0.95 2.82,2.55, 2.40 0.15,0.09
B2 - 3.2 1669 2.06,1.31,0.74 2.02,0.75,0.26 2.08,1.32, 0.75 0.15,0.09
Gl Ir(ppY)3 2.7 92 261 55.6,54.9, 53.5 61.4,48.8, 36.1 15.3,15.2,14.7 0.32,0.61
G2 Ir(ppY)3 2.7 85872 58.0, 53.2, 50.7 67.5,49.1,35.8 15.9,14.6,13.9 0.30,0.63
R1 Ir(MDQ), (acac) 23 38580 15.9,15.4,13.9 19.9,17.5,12.6 15.1,14.7,13.3 0.64,0.36
R2 Ir(MDQ), (acac) 23 39138 15.9,11.3,10.7 21.7,8.48, 4.83 15.2,10.8,10.2 0.64,0.36

A Abbreviations: V,, = turn-on voltage, L., = maximum luminance, 1. = maximum current efficiency, 1, = maximum power efficiency, 1Me, = maximum external quantum

efficiency; b)n the order of maximum, then values at 100 and 1000 cd m2; 9Measured at 100 cd m™2.

showed a slightly lower performance than device B1 (Table 3).
It is worth noting that the external quantum efficiency roll-off
for device B1 is smaller than that of device B2, which indicates
a well-balanced charge-transport property in device B1l. The
power efficiency (Im W!) of device B1 is comparable with the
highest value reported for undoped deep-blue OLEDs with CIE
y<0.10.14

2.7. Phosphorescent OLEDs

To investigate the utility of these two complexes as host mate-
rials for green and red phosphorescent emitters, we fabricated
devices with the following configurations: [[TO/MoO; (10 nm)/
NPB (60 nm)/TCTA (5 nm)/Be(PPI), or Zn(PPI),:Ir(ppy)s
(30 nm)/TPBI (30 nm)/LiF (1 nm)/Al (100 nm)] (devices G1
and G2) and [ITO/MoOj; (10 nm)/NPB (60 nm)/TCTA (5 nm)/
Be(PPI), or Zn(PPI),:Ir(MDQ);(acac) (30 nm)/TPBI (30 nm)/
LiF (1 nm)/Al (100 nm)] (devices R1 and R2). In these devices,
green-emissive fac-tris(2-phenylpyridine) iridium(III) (Ir(ppy)s)
or red-emissive bis(2-methyldibenzo-[f,h]quinoxaline) acetylac-
etonate iridium(III) (Ir(MDQ),(acac)) was doped in Be(PPI),
or Zn(PPI), to form the emitting layer with an optimized
doping concentration of 10 wt% for Ir(ppy); and 8 wt% for
Ir(MDQ),(acac). Figure 6 presents the energy level diagram of
the materials used and the molecular structures of the phos-
phorescent dyes Ir(ppy); and Ir(MDQ),(acac).

The current density—voltage-brightness (J-V-L) characteris-
tics, current efficiencies, and power efficiencies versus current
density curves of devices B1, B2, G1, G2, R1, and R2 are shown
in Figure 7 and Figure S3, respectively. Remarkably, device G1
showed rather lower efficiency roll-off than device G2 at high
brightness. For instance, device G1 exhibited 7. of 53.5 cd A~!
and Mgy, of 14.7% with an external quantum efficiency roll-off of
3.3% at the luminance of 1000 cd m~2, while the corresponding
performance values for device G2 are 50.7 cd A™!, 13.9%, and
roll-off of 12.5%. Even when the brightness reached as high as
10 000 cd m~2, 7, was still maintained at 46.1 cd A" (Ney =
12.8%) with efficiency roll-off of 12% for device G1. Further-
more, good performance of red electrophosphorescence was
also achieved by devices R1 and R2. The bipolar property and
suitable energy levels of Be(PPI), and Zn(PPI), promote facile
charge injections from the carrier-transport layers to the emitter
layer, which results in a low turn-on voltage of 2.3 V. The
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Figure 6. Energy level diagram of the materials used and the chemical
structures of the fluorescent and phosphorescent materials.

maximum luminance (L), current efficiency (N may), power
efficiency (1, max), and external quantum efficiency (Neymax) are
38 580 cd m2, 15.9 cd A7}, 19.9 Im W1, and 15.1%, respec-
tively, for device R1 and 39 138 cd m™2,15.9 cd A}, 21.7 Im W1,
and 15.2%, respectively, for device R2. These values are com-
parable to those of recently reported highly efficient saturated
red PhOLEDs.1?l The electroluminescence spectra of R1 and R2
did not exhibit any other residual emission and showed approx-
imately saturated red emissions with CIE (0.64, 0.36). This
observation reflects a complete energy transfer from hosts to
dopant. In addition, the current density and brightness of device
R1 rise more rapidly than those for device R2, which should be
attributed to the fact that Be(PPI), possesses a higher and more
balanced carrier-transport property than Zn(PPI),, as revealed
by the characteristics of their single-carrier devices. Similar to
the performance of the green devices, device R1 also exhibits a
significantly lower-efficiency roll-off than R2. The current effi-
ciencies of R1 at 100 and 1000 cd m™2 are still as high as 15.4 cd
A" (New = 14.7%) and 13.9 cd A" (Mo = 13.3%), with roll-off
of 2.6 and 11.9%, respectively. A possible explanation for the
low-efficiency roll-off behavior of the Be(PPI),-based device is
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Figure 7. a) Current density—voltage-brightness (J-V-L) characteristics.
b) Current efficiency and power efficiency versus current density curves
for devices B1, G1, and R1 based on Be(PPl),.

that the more balanced carrier transport (Figure 5) may lead to
a broader distribution of the recombination region within the
emission layer. Both the hole and electron can be efficiently
injected and well-distributively dispersed in the bipolar emitting
layer. Therefore, within the whole emitting layer the recombina-
tion between hole and electron may take place resulting in an
exciton generation zone including the whole emitting layer. The
excited phosphors dispersed in a wider region may efficiently
reduce the probability of a triplet—triplet annihilation (TTA)
process, which usually causes phosphorescence quenching at
high current density.

The electroluminescence spectra and CIE coordinates of
devices B1, G1, and R1 are shown in Figure 8 and those of
devices B2, G2, and R2 are displayed in Figure S4 (see Sup-
porting Information). The device performance data for B1, B2,
G1, G2, R1, and R2 is summarized in Table 3. Clearly, R, G,
and B electroluminescence spectra with very high color purity
have been achieved by using a simple material system. To the
best of our knowledge, Be(PPI), and Zn(PPI), are the first
kind of ambipolar coordination complex that can be employed
as host material to fabricate high-performance green and red
PhOLEDs. We have not yet studied the lifetime of the devices,
but the unencapsulated devices were electrically stable, and the
emission color and the I -L-V did not change during the meas-
urement of electroluminescence data in air.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3. Conclusion

In summary, two luminescent coordination complexes,
Be(PPI), and Zn(PPI),, with ambipolar transport nature as well
as small singlet—triplet splitting feature have been designed
and synthesized. The complexes have not only been used as
emitters to fabricate deep-blue OLEDs, but also as host mate-
rials to construct highly efficient green and red PhOLEDs. The
small singlet—triplet splitting ensures that the singlet energy of
Be(PPI), and Zn(PPI), can offer true blue emission, and the tri-
plet energy is sufficient to excite the green and red phosphors.
The relatively balanced carrier-transport property allowed the
phosphor-doped Be(PPI), and Zn(PPI), films to show relatively
high electroluminescence power efficiency. Particularly, the
Be(PPI),-based devices exhibited lower-efficiency roll-off than
Zn(PPI),-based ones, which could be attributed to the more
balanced carrier-transport characteristic of Be(PPI),. Our study
presents a new strategy for the molecular design of multifunc-
tional materials with efficient bipolar transport and deep-blue
emitting properties.

4. Experimental Section

General Information: '"H NMR spectra were measured on a Varian
Mercury 300 MHz spectrometer with tetramethylsilane as the internal
standard. Mass spectra were recorded on a Shimadzu AXIMA-CFR
MALDI-TOF mass spectrometer. Elemental analyses were performed on
a flash EA 1112 spectrometer. UV-vis absorption spectra were recorded
by a Shimadzu UV-2550 spectrophotometer. The emission spectra
were recorded by a Shimadzu RF-5301 PC spectrometer. The absolute
fluorescence quantum yields of solutions and films were measured
on an Edinburgh FLS920 steady-state fluorimeter (excited at 365 nm).
Differential scanning calorimetry (DSC) measurements were performed
on a NETZSCH DSC204 instrument at a heating rate of 10 °C min™' from
20 to 420 °C under a nitrogen atmosphere. Thermogravimetric analysis
(TGA) was performed on a TA Q500 thermogravimeter by measuring the
weight loss while heating at a rate of 10 °C min~' from 25 to 800 °C
under nitrogen. Electrochemical measurements were performed with
a BAS 100 W Bioanalytical electrochemical workstation, using Pt as
working electrode, platinum wire as auxiliary electrode, and a porous
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glass wick Ag/Ag" as pseudo-reference electrode standardized against
ferrocene/ferrocenium. The reduction potentials were measured in DMF
solution containing 0.1 m n-BuyNPFg as supporting electrolyte at a scan
rate of 100 mV s

Single-Crystal Structure: A single crystal suitable for X-ray structural
analysis was obtained by vacuum sublimation. Diffraction data were
collected on a Rigaku RAXIS-PRID diffractometer using the w-scan
mode with graphite-monochromator MoKo: radiation. The structure was
solved with direct methods using the SHELXTL programs and refined
with full-matrix least squares on F.I'®l Non-hydrogen atoms were refined
anisotropically. The positions of hydrogen atoms were calculated and
refined isotropically. The corresponding CCDC reference number (CCDC:
888112) and the data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Preparation of Materials: Tetrabutylammonium hexafluorophosphate
(BugNPFg) was purchased from Aldrich. 1,3,5-Tris-(N-phenylbenzimidizol-
2-yl)\benzene (TPBI), 1,4-bis[(1-naphthylphenyl)amino]-biphenyl (NPB),
and 4,4,4”-tri(N-carbazolyl)triphenylamine (TCTA) were prepared and
purified by sublimation prior to use. All commercially available reagents
were used as received unless otherwise stated. All reactions were carried
out using Schlenk techniques under a nitrogen atmosphere.

Synthesis  of  2-(1-phenyl-1H-phenanthro[9, 10-d]imidazol-2-yl) phenol
(PPIH): A mixture of phenanthrenequinone (2.08 g, 10 mmol),
2-hydroxybenzaldehyde (1.46 g, 12 mmol), aniline (4.46 g, 48 mmol),
ammonium acetate (2.96 g, 38.4 mmol), and glacial acetic acid (60 mL)
was heated at 100 °C for 3 h under a nitrogen atmosphere. After cooling
to room temperature, the reaction mixture was poured into distilled
water with stirring. The separated solid was isolated by filtration, washed
with water, and dried to give a pale solid. The solid was then purified
by column chromatography on silica gel using CH,Cl,/petroleum (1:1
v/v) as the eluent to give the product. Yield: 56%; '"H NMR (300 MHz,
CDCl): 6=11.83 (s, 1H; OH), 8.95 (d, J = 8.4 Hz, 1H; Ar H), 8.90 (d,
J=8.4Hz, 1H; Ar H), 8.61 (d,/ = 7.8 Hz, 1H; Ar H), 7.81 (t,/ = 7.2 Hz,
TH; Ar H), 7.76-7.64 (m, 6H; Ar H), 7.57 (t, ] = 7.8 Hz, 1H; Ar H), 7.34
(t, ] =7.8 Hz, TH; Ar H), 7.26 (t, J = 7.8 Hz, 1H; Ar H), 7.03 (t, J = 7.2
Hz, 2H; Ar H), 6.94 (d, J = 8.1 Hz, 1H; Ar H), 6.66 ppm (d, J = 7.5 Hz,
1H; Ar H); MALDI-TOF MS (M): m/z: calcd: 386.1 [M+H]*; found: 385.8;
elemental analysis calcd (%) for C;;H3N,O: C 83.92, H 4.69, N 7.25;
found: C 83.85, H 4.42, N 7.11.

Synthesis of Be(PPI);: BeSO,4-5H,0 (0.265 g, 1.5 mmol) dissolved in
distilled water (1 mL) was slowly added to a 100 mL round-bottomed
flask containing PPIH (1.158 g, 3 mmol) and methanol (50 mL). The
pH of the solution was adjusted to 10 with sodium hydroxide and
the solution was refluxed for 12 h, during which a pale yellow solid
precipitated from the solution. After cooling to room temperature, the
residue was collected by filtration and the crude product was purified
by the train sublimation method to give Be(PPl),. Yield: 40%; '"H NMR
(300 MHz, [D¢]DMSO): 6 = 8.83 (d, J = 8.4 Hz, 1H; Ar H), 8.08 (d, ] =
7.8 Hz, TH; Ar H), 7.98 (d, J = 8.4 Hz, 1H; Ar H), 7.85-7.72 (m, 5H; Ar
H), 7.52 (t, ) = 7.8 Hz, TH; Ar H), 7.32-7.13 (m, 2H; Ar H), 7.13 (t, ) =
7.8 Hz, TH; Ar H), 6.93 (t, J = 8.1 Hz, 1H; Ar H), 6.86 (d, / = 7.8 Hz, 1H;
Ar H), 6.78 (t, ) = 9 Hz, 2H; Ar H), 6.27 ppm (t, J = 7.5 Hz, TH; Ar H);
MALDI-TOF MS (M): m/z: caled: 779.3 [M+H]*; found: 778.7; elemental
analysis caled (%) for Cs4H34BeN,4O,: C 83.16, H 4.39, N 7.18; found: C
82.87, H 4.25, N 6.96.

Synthesis of Zn(PPI) 5: Zn(PPI), was synthesized by a procedure similar
to that for Be(PPI), except that Zn(OAc),-2H,0 was used as the reactant
instead of BeSO,-5H,0. Yield: 48%; "H NMR (300 MHz, [Dg]DMSO):
5=8.83 (d,/ = 8.4 Hz, 1H; Ar H), 8.08 (d, ) = 7.8 Hz, 1H; Ar H), 7.98 (d,
J =8.4 Hz, 1H; Ar H), 7.85-7.72 (m, 5H; Ar H), 7.52 (t, ] = 7.8 Hz, 1H;
Ar H), 7.32-7.13 (m, 2H; Ar H), 7.13 (t, J = 7.8 Hz, 1H; Ar H), 6.93 (t, | =
8.1 Hz, 1H; Ar H), 6.86 (d, /= 7.8 Hz, TH; Ar H), 6.78 (t, ] =9 Hz, 2H; Ar
H), 6.27 ppm (t, /= 7.5 Hz, 1H; Ar H); MALDI-TOF MS (M): m/z: calcd:
833.5 [M+H]*; found: 834.2; elemental analysis calcd for Cs4H34ZnN4O;,:
C 77.56, H 4.10, N 6.70; found: C 77.41, H 4.04, N 6.56.

Theoretical Calculations: The ground-state geometries were fully
optimized by the density functional theory (DFT)['7l method with
the Becke three-parameter hybrid exchange and the Lee-Yang—Parr

Adv. Funct. Mater. 2013, 23, 2672-2680

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

correlation functionall® (B3LYP) and 6-31G* basis set using the
Gaussian 03 software package.["”!

Device Fabrication and Measurement: Before device fabrication, the
ITO glass substrates were precleaned carefully and treated by UV/O; for
2 min. Then the sample was transferred to the deposition system. The
devices were prepared in vacuum at a pressure of 5 x 107 Torr. The
hole-injection material MoOs, hole-transporting material NPB, exciton
blocking material TCTA, and hole-blocking and electron-transporting
material TPBI were thermally evaporated at a rate of 1.0 A s™'. After
the organic film deposition, 1 nm of LiF and 100 nm of aluminum were
thermally evaporated onto the organic surface. The thicknesses of the
organic materials and the cathode layers were controlled by using a
quartz crystal thickness monitor. All of the organic materials used were
purified by a vacuum sublimation approach. The electrical characteristics
of the devices were measured with a Keithley 2400 source meter. The
electroluminescence spectra and luminance of the devices were obtained
on a PR650 spectrometer. All the device fabrication and characterization
steps were carried out at room temperature under ambient laboratory
conditions. Current—voltage characteristics of single-carrier devices
were measured using the same semiconductor parameter analyzer as
for PhOLED devices. The single-carrier device measurements were
performed under dark and ambient conditions.
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Supporting Information is available from the Wiley Online Library or
from the author.
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