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In this work, two novel electron-accepting phosphine oxide moiety attaching phenanthroimidazole

hybrids have been designed and synthesized. The P=O group is used as a point of saturation between the

PPI moiety and the outer phenyl groups, so the high triplet energy of PPI is preserved to act as host for

red and green phosphorescent dopants. The strong intermolecular interactions and steric effect of

diphenylphosphine oxide (DPO) moiety endows the films with high quantum yields in deep blue emission

region. Compared to PPI, the carrier (hole- and electron-) injection/transport properties were greatly

promoted by the appendent DPO group through single carrier devices measurement. Besides, the

morphological and thermal stabilities were also improved. The multifunction enables adaptation of

several simplified device configurations. The non-doped deep-blue fluorescent device exhibits external
quantum efficiency of 2.24% with CIE (0.16, 0.08), very close to NTSC blue standard CIE (0.14, 0.08).
High-performance green (65.4 cd A, 73.3 Im W' and 18.0%) and red (19.0 cd A™", 21.3 Im W' and
13.5%) phosphorescent devices using them as hosts have been achieved. The relationship between

molecular structures and optoelectronic properties is discussed experimentally and theoretically.

Introduction
Organic  light-emitting diodes (OLEDs) have attracted
considerable scientific and industrial interests since the

pioneering work by Tang et al. in 1987." Extensive research has
been made to promote OLEDs into commercial applications as
full-color flat-panel displays and solid-state lighting sources.”
During the last two decades, many new emitters with red (R)?,
green (G)* and blue (B)® emission and hosts have been developed
for full color and WOLEDs.® Accompany with HTL and ETL
materials, at least six kinds of organic materials or more were
needed to achieve full-color display. In addition, the optimized
device structures of various color are usually different. Therefore,
the full-color OLEDs and WOLEDs are often established based
on a complex material system, high cost organic syntheses and
complicated device fabrication. In this sense, with an aim to
reduce the production cost of materials and simplify the
manufacturing process, achieving high-performance full color
electroluminescence based on a simple material system and
device structure becomes an important issue for OLED
applications. In principle, a blue emitter with balanced carrier
transport characteristic and high triplet energy (E7) may be
employed as host for green and red phosphors, which can solve
the problem. Lots of efforts have been put to the development of
new types of blue fluorescent emitters as well as phosphorescent
host.” Recently, we reported two metal-phenanthroimidazole
derivatives with ambipolar transport® and small singlet-triplet
splitting property and we realized highly efficient R, G and B
electroluminescent devices based on them.’ Herein, we report the
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design and  synthesis of two new 1,2-diphenyl-
phenanthroimidazole (PPI)-diphenylphosphine oxide (DPO)
hybrids with meta linkages, namely DPO-PPI and DPO-2PPI.
Although a lot of hosts bearing DPO skeleton have been reported,
the study of using them as emitters is seldom.'” The DPO group
doesn’t extend the m conjugation of the chromophore (PPI) and
thereby retains its high T, levels, while the fluorescent emission
in films of them changes from violet of PPI to deep blue due to
the strong P-O---H-C and C-H:-m intermolecular interactions
present in crystal.'' The fluorescent quantum yields and thermal
stability have been enhanced. Meanwhile, it could efficiently
polarize the molecules to make contributions to the lowest
unoccupied molecular orbital (LUMO) and greatly improves
carrier injection/transporting ability.'>'* The influence on
chemical, physical and electronic properties of the introduction of
DPO moiety has been carefully studied. The relationship between
their structures and properties is discussed experimentally and
theoretically. Based on these multifunctional materials, good
color purity deep-blue fluorescent, red and green phosphorescent
devices with simplified structures were fabricated and shown
remarkable performances.

Results and discussion
Synthesis, characterization and crystal

1-phenyl-2-(3-(diphenylphosphineoxide)phenyl)-1H-

phenanthro[9,10-d]imidazole (DPO-PPI) was synthesized from 2-
(3-bromophenyl)-1-phenyl-1H-phenanthro[9,10-d]imidazole by
treatment with n-butyllithium, followed by
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chlorodiphenylphosphine to give the corresponding phosphine
product. Afterwards, oxidation of the phosphine precursor with
H,0, produced DPO-PPI with an overall yield of 63% (Scheme
1). Compound DPO-2PPI was synthesized by a similar procedure
s except that dichloro(phenyl)phosphine was used as the reactant
instead of chlorodiphenylphosphine with an overall yield of 44%
(see experiment for details). Both the compounds were then
purified by temperature-gradient sublimation under vacuum
conditions before measurements and device fabrication processes.
10 They were fully characterized using 'H NMR spectra, mass
spectrometry and elemental analysis. The molecular structure of
DPO-PPI was further determined by single-crystal analysis.
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Scheme 1 Synthetic procedure and structures of PPI, DPO-PPI and DPO-
15 2PPL

PPI DPO-PPI

The X-ray crystallography of DPO-PPI revealed that the
crystal structure belongs to monoclinic space group P2(1)/c with
Z=4. The DPO moiety and benzene ring attaching on the 2-
position imidazole adopt approximate tetrahedral geometry

20 centring P atom (Figure 1a). Adjacent phenanthroimidazole units
are stacked approximately parallel and assemble in the crystal
lattice along the a axis via intermolecular edge-to-face C-—
H---minteractions (d = 2.71 A; 6 = 154.5°, C—H bond belongs to

p& “ N

D 71 .
| | v A cop€1 £(C1-P1C2)=108.40°
N Ny Pj £{C2-P1---C3)=107.92°
( | N /=01 ez pr-01)=112.81°
o~ N AC1-P1---01)=112.81°

Hydrogen atoms are omitted for clarity. Selected bond angles. (b) packing

structure of DPO-PPI.

the benzene ring of DPO moiety and & cloud is the PPI plane,
green lines in Figure 1b) to generate a molecular chain, and this

50 line is further stabilized by C—H:- interactions (d = 2.92 A; 6 =
148.7°, C-H bond belongs to benzene ring attaching on the 1-
position imidazole and 7 cloud is the PPI plane, red lines in
Figure 1b). Besides, every three DPO-PPI molecules are
interlinked through hydrogen-bonding interactions with one water

;s molecule to form a 3D networks. No 7 --m stacking exists
between neighbor molecules owing to the strong steric-inhibition
effect of DPO moiety. These intermolecular interactions observed
in the crystal might be beneficial to charge carrier mobility.

Thermal Properties and Theoretical Calculations

40 The thermal properties of the compounds were characterized by
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) under a nitrogen atmosphere at a heating rate
of 10 °C/min (Figure 2). In the TGA measurements, both DPO-
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Fig. 2 TGA and DSC thermograms of DPO-PPI and DPO-2PPI
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PPI and DPO-2PPI exhibited high decomposition temperatures
(Tys, corresponding to 5% weight loss) at 463 and 533 °C,
respectively. The glass-transition temperatures (7,) of DPO-2PPI
(173 °C) is higher than that of DPO-PPI (109 °C) due to its
increased molecular size and molecular weight."* Compound
DPO-PPI shows melting point (7;,) at 252 °C in the first heating
process, while compound DPO-2PPI doesn’t show endothermic
peaks corresponding to melt during the two heating processes,
which is indicative of unique glassy state of them. As a
consequence, the new compounds can form homogeneous and
stable films upon thermal evaporation.

The influence of DPO moiety substitution on the frontier
molecular orbitals of DPO-PPI and DPO-2PPI was investigated
by DFT calculations (Figure 3). Because the P=O group acts as a
point of saturation and prevents electronic communication
between the PPI unit and outer two benzene rings, the molecular
orbitals distribution of DPO-PPI and DPO-2PPI are quite similar
to that of PPI. So the photophysical properties of DPO-PPI and
DPO-2PPI are expected to be representative of PPI. The highest
occupied molecular orbitals (HOMO) of them were almost
located on phenanthroimidazole group and the linked benzene
ring. For the lowest unoccupied molecular orbitals (LUMO), the
N-phenyl ring makes a moderate contribution on PPI but makes
no contribution on DPO-PPI and DPO-2PPI. Small amount of
LUMO of DPO-PPI and DPO-2PPI is located on the benzene ring
of DPO moiety. They both exhibit partial separation of the
HOMO and LUMO levels. The strong inductive influence of the
P=0O group is predicted to lower LUMO by 0.16 eV, which
favours the electron injection from the cathode.

' DPO-2PPI

Fig. 3 Calculated molecular orbitals and energy levels of the compounds.
Photophysical Properties

The UV/vis absorption spectra and photoluminescent (PL)
spectra of DPO-PPI and DPO-2PPI in CH,Cl, (10° mol L™") and
films are shown in Figure 4. For comparison, we measured the
photophysical property of PPI under the same conditions (Figure
S1). The absorption spectra and PL spectra in solution of them
were nearly the same as PPI, indicating the appendent DPO
moiety doesn’t extend the conjugated length, which is in accord
with the DFT calculation result. The emission of thermal
evaporated film exhibited broad and structureless band with
bathochromic shifts of the maximum peaks by 35 and 30 nm
compared to PPI, respectively. This should be ascribed to the
aggregation formation induced by P-O--*H-C and C-H-'m
intermolecular interaction, which is revealed in common for

%
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phosphine oxides''. Their fluorescent quantum yield (@) in dilute
solution (107> M) is 0.94 for DPO-PPI and 0.91 for DPO-2PPI,
and those in film is 0.57 for DPO-PPI and 0.55 for DPO-2PPI,
indicating both compounds are promising candidates as deep-blue
emitters in OLEDs. The phosphorescence spectra were measured
in the 2-MeTHF solution (10”° M) at 77 K. Their triplet energy Er
estimated from the highest-energy vibronic sub-band is 2.57 and
2.55 eV, respectively, these values are slightly smaller than PPI
(2.61 eV) and sufficiently high to be used as host for green and
red phosphorescent emitters.

Electrochemical Properties

Cyclic voltammetry (CV) was performed to investigate the
electrochemical properties of the compounds. As shown in Figure
S, the three compounds exhibit similar reversible, one-electron
oxidation process, which can be assigned to the oxidation of
phenanthroimidazole moiety. The HOMO and LUMO energy
levels of the compounds were determined from the onset of the
oxidation and reduction potentials with regard to the energy level
of ferrocene (5.1 eV'> below vacuum). The estimated HOMO
levels are —5.90 eV (DPO-PPI) and -5.94 eV (DPO-2PPI),
similar to PPI (-5.87 eV). The estimated LUMO levels are —2.66,

-2.70 and -2.37 eV for DPO-PPI, DPO-2PPI and PPI,
respectively.
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Fig. 4 Room-temperatrue UV-vis absorption spectra, PL spectra of DPO-
PPI (a) and DPO-2PPI (b) in CH,Cl, solution (107> M) and neat films, as
well as their phosphorescence spectra in 2-MeTHF solution (107> M) at
77K.
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Fig. 5 Cyclic voltammograms of PPI, DPO-PPI and DPO-2PPI in

CH,Cl,/DMF for oxidation and reduction, respectively.

Table 1 Summary of Physical Properties of DPO-PPI and DPO-2PPI

Compound  Apd/nm  Aegn/nm Dyl HOMO/LUMO  Ty/Tys
sol’/film  sol“/film sol“/film /eV °C

DPO-PPI  361/365 389/429 0.94/0.57 -5.90/-2.66  109/463

DPO-2PPI  362/365 388/424 0.91/0.55 -5.94/-2.70  173/533

5 9 Concentration: 1.0 x 10> M in CH,Cl, solution

Single-Carrier Devices

Single-carrier devices of the three compounds with the structures
of [ITO/MoOs; (10 nm)/ compound (60 nm)/MoO; (10 nm)/Al
(100 nm)] for hole-only device and [ITO/TPBI (10 nm)/
10 compound (60 nm)/ TPBI (10 nm) /LiF (1 nm)/Al (100 nm)] for
electron-only device were fabricated (Figure 6). MoOs and TPBI
layers are used to prevent electron and hole injection from the
cathode and anode, respectively.'**'® The I~V characteristics of
single-carrier devices documented that both hole and electron
1s current  densities are greatly increased compared to PPI,
suggesting the pendent DPO moiety greatly improved the carrier
injection/transport ability of PPI. Compared to the typical
electron-transport moiety benzimidazole, phenanthroimidazole
keeps its good electron injection ability and improves the hole
20 injection ability. Therefore, phenanthroimidazole has relatively
balanced hole and electron injection/transport ability, as shown in
Figure 6a, 6b and other research before.”™ DPO moiety is an
electron-transporting group, so it improves the electron
injection/transport ability of PPI. The introduction of phosphine
25 oxide moiety induce more separated HOMO and LUMO orbital
of the two compounds, which could provide respective
transporting channel for hole and electron and thus benefits the
efficient hole- and electron-transport properties.!’” Besides, the
carrier transporting properties of organic semiconductors are very
30 sensitive to molecular structure, molecular configuration as well
as molecular packing modes in solid state. Through comparison
between the emission of film and solution, there is moderately
intermolecular interaction in the thermal evaporated film. This is
favorable to the hole and electron injection/transport.'s Overall,
35 both of them exhibit bipolar transport abilitiy after appending
phosphine oxide moiety and the electron injection/transport
abilities improve more than their hole injection/transport abilities.
It is worth noting that both DPO-PPI and DPO-2PPI exhibit
relatively balanced hole and electron current density, which is
40 crucial in achieving high efficiency and low roll-off OLEDs. In

addition, the hole current densities of the two compounds are
similar while the electron current density of DPO-2PPI is slightly
higher than DPO-PPI. We attributed this for the following reason:
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45 Fig. 6 Current density versus voltage characteristics of the hole-only (a)
and electron-only (b) devices for DPO-PPI, DPO-2PPI and PPL J-V
curves of DPO-PPI (c) doped with 8wt% Ir(ppy);, DPO-2PPI (d) doped
with 8wt% Ir(ppy)s, DPO-PPI (e) doped with 8wt% (bt),Ir(dipba) and
DPO-2PPI (f) doped with 8wt% (bt),Ir(dipba).

so 1) the slightly lower LUMO energy level of DPO-2PPI compared
to that of DPO-PPI indicates its smaller injection barrier; 2) the
more separated HOMO and LUMO of DPO-2PPI compared to
that of DPO-PPI could be more favourable to hole- and electron-
transport. As we know, the doped molecules would influence
ss charge transport of the film, so we fabricated the single-carrier
devices of doping films of the two compounds (Figure 6). Both
the hole and electron currents are greatly decreased when doping
Ir(ppy); or (bt),Ir(dipba) into the hosts, indicating that the doped
iridium complex act as roles of carrier trapping sites.'” But
overall, they still show relatively balanced carrier transport and
the current density of film based on DPO-2PPI is slightly higher
than that of DPO-PPI.
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Fig. 7 Energy level diagram of the materials used and the chemical
65 structures of the phosphorescent materials.
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Undoped Deep-Blue OLEDs

We initially examined the performance of non-doped deep blue-
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s Fig. 8 (a) Current density—voltage-brightness (J-FV—L) characteristics, (b)
current efficiencies and power efficiencies versus current density curves

and (c) electroluminescence (EL) spectra and CIE1931 coordinates for

devices B1, G1 and R1 based on DPO-PPL.

emitting devices with the structure of [ITO/MoO; (10 nm)/NPB
10 (30 nm)/TCTA (5 nm)/DPO-PPI or DPO-2PPI (25 nm)/Bepp, (60
nm)/LiF (1 nm)/Al (100 nm)] (device B1 with emitting layer
composed of DPO-PPI and device B2 with emitting layer
composed of DPO-2PPI). In devices B1 and B2, 1,4-bis[(1-
naphthylphenyl)amino]-biphenyl (NPB) was used as the hole-

15 transport

material,

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, bis(2-(2-hydroxyphenyl)-

)
o

pyridine)beryllium (Bepp,) was utilized as the electron-transport

material, MoO; and LiF served as hole- and electron-injecting
20 layer, respectively. Devices B1 and B2 exhibit deep-blue
emissions with Commission International de 1'Eclairage (CIE)
coordinates of (0.16, 0.09) and (0.16, 0.08), respectively, which

are very close to the NTSC (National Television Standards
Committee) blue standard (CIE: 0.14, 0.08) and remain almost
unchanged over a wide range of driving voltage. Device B2 using
DPO-2PPI as emitter exhibited a turn-on voltage of 3.4 V. The
maximum external quantum (e max)> current (7. max) and power
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Fig. 9 (a) Current density—voltage—brightness (J-V—L) characteristics, (b)
30 current efficiencies and power efficiencies versus current density curves
and (c) electroluminescence (EL) spectra and CIE1931 coordinates for
devices B2, G2 and R2 based on DPO-2PPI.
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Table 2 Electroluminescent properties of the devices.”

Dopant Vol V Luay/cd m™2 n/cd A npb/ Im W' Next/ % CIE (xp)°
Bl - 34 2077 1.51,1.36, 1.01 1.29,0.76, 0.38 1.88,1.32,0.79 0.16,0.09
B2 - 34 2178 1.75,1.21,0.71 1.53,0.67,0.26 2.24,1.92,1.42 0.16,0.08
Gl Ir(ppy)s 2.6 55499 62.6, 61.6,59.3 70.2, 61.4,49.6 17.2,17.1,16.4 0.32,0.61
G2 Ir(ppy)s 2.6 59310 65.4,63.9,61.8 73.3,64.7,52.2 18.0,17.5,16.9 0.30,0.63
R1 (bt),Ir(dipda) 2.6 26239 17.9,16.2,12.9 19.9, 14.6, 8.64 12.7,11.5,9.18 0.63,0.36
R2 (bt).Ir(dipda) 2.6 29245 19.0,17.3,13.8 21.3,15.8,9.57 13.5,12.0, 9.65 0.63,0.36

“Abbreviation: Vo,: Turn-on voltage. Lia: Maximum luminance. #.: The maximum current efficiency. #,: The maximum power efficiency. #ex: The
maximum external quantum efficiency. “in the order of maximum, then values at 100 and 1000 cd m 2. “Measure at 100 cd m >

(7p.max) efficiencies of this device are 2.24%, 1.75 cd A'and 1.53
Im W', respectively. Device B1 using DPO-PPI as emitter
showed slightly lower performance compared with device B2
(Table 2).

Phosphorescent OLEDs

To evaluate the practical utility of DPO-PPI and DPO-2PPI as
host materials, we fabricated devices with the following
configurations: [ITO/MoOs; (10 nm)/NPB (30 nm)/TCTA (5 nm)/
DPO-PPI or DPO-2PPL:Ir(ppy); (25 nm)/Bepp, (60 nm)/LiF (1
nm)/Al (100 nm)] (devices G1 and G2) and [ITO/MoO; (10
nm)/NPB (30 nm)/TCTA (5 nm)/DPO-PPI or DPO-2PPI:
(bt),Ir(dipba) (25 nm)/Bepp, (60 nm)/LiF (I nm)/Al (100 nm)]
(devices R1 and R2). In these devices, green emissive Ir(ppy);
and red emissive (bt),Ir(dipba)®® were doped in DPO-PPI and
DPO-2PPI to form the emitting layer with optimized doping
concentration of 8 wt% for Ir(ppy); and (bt),Ir(dipba),
respectively. Figure 7 presents energy level diagram of the used
materials and molecular structures of the phosphorescent dyes
Ir(ppy); and (bt),Ir(dipba). The current density—voltage—
brightness (J-F—L) characteristics, current efficiencies and power
efficiencies versus current density curves of devices, and EL
spectra of the devices are shown in Figure 8 and 9. All the
devices performances are summarized in Table 2.

Both devices G1 and G2 show a turn-on voltage of 2.6 V.
Device G1 using DPO-PPI as host achieves a maximum current
efficiency (#c.max) of 62.6 cd A™!, a maximum power efficiency
(Mp,max) 0£70.2 Im W', and a maximum external quantum
efficiency (#ex.max) 0f 17.2%. In comparison, device G2 hosted by
DPO-2PPI exhibits slightly higher performance with 7. of
65.4 cd A™", 7 max 0F 73.3 Im W', and #ex max Of 18.0% (Figure 9
and Table 2). At practical brightness of 100 cd m™? the
efficiencies are 61.6 cd A™!, 61.4 Im W ! and 17.1% for device
Gl and 63.9 cd A™', 64.7 Im W' and 17.5% for device G2. It is
worth noting that device G1 and G2 show a low efficiencies roll-
off. For example, when the brightness reaches 1000 cd m 2, the
device G2 exhibits 7, of 61.8 cd A™', 77, of 52.2 Im W', and 77,
of 16.9% without significant decay. Even when the brightness
reaches as high as 10000 cd m 2, #, was still maintained as high
as 50.3 cd A™' (5o = 13.9%), which can be explained by the
balance of charge carriers, as depicted in single-carrier devices,
leading to a broad distribution of recombination within the
emitting layer.”' Although the EML of G1 exhibits more
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balanced carrier-transporting ability than that of G2, device G2
exhibits slightly better performance. A possible explanation is
that as we know, the hole carriers are excessive than electron
carriers in most devices. Therefore, the ability of electron-
transporting of the EML may have a greater impact on device
performance. The EML of G2 shows slightly higher electron-
transport ability than that of G1, which may lead to more
balanced hole/electron current of the whole device, and thus
benefits the device performance. These device performance, are
comparable and attractive for the green phosphorescent OLEDs
based on Ir(ppy); reported to date.*

Next, the red-emitting OLEDs fabricated using
(bt),Ir(dipba) as dopant. Excellent performance and low
efficiencies roll-off of red electrophosphorescense were obtained
for devices R1 and R2 (Table 2). Device R2 exhibited a higher
maximum brightness of 29245 ¢cd m %, at 9 V and maximum EL
efficiencies (19.0 cd A", 213 Im W', 13.5%) with CIE
coordinates of (0.63, 0.36). Device R1 achieved a maximum
brightness of 26239 c¢d m™2, at 9.5 V and maximum EL
efficiencies (17.9 ¢d A™', 19.9 Im W', 12.7%) with CIE (0.63,
0.36). These devices displayed relatively pure red emission and
there is no residual emission from the host and/or adjacent layers,
indicating that the electroluminescence is solely from the
phosphorescent dopants with completed energy transfer from host
to dopant. Similar to the green-emitting devices G1 and G2,

Given the similar frontier energy levels, the main efficiency
difference should be ascribed to the different carrier
injecting/transporting ability in EMLs. The non-doped and
phosphorescent dyes-doped films based on DPO-2PPI show
slightly higher electron injection/transport ability than those of
DPO-PPI, thereby meaning more opportunity for carrier
recombination in the EML. Besides, the triplet energy of DPO-
2PPI (2.55 eV) is slightly lower than that of DPO-PPI (2.57 eV),
which can reduce the loss of the energy transfer between the host
and phosphorescent dopant and thus benefit the device
performance. All these factors lead to the slightly higher device
performance of DPO-2PPI than that of DPO-PPL
The remarkable performances for different emission color (R, G,
B) were achieved from the essentially identical device
architecture and incorporation of different phosphors, which
make them very attractive for commercial applications in full
color displays.

were
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Conclusions

In summary, two DPO meta-substituted phenanthroimidazole
derivatives, DPO-PPI and DPO-2PPI, were designed and
synthesized to investigate the influence of the DPO moiety
substitution on chemical, physical and electronic properties. With
the saturation point of P=O group, the triplet energy of the
chromophore PPI is almost preserved. Meanwhile, the emission
of the films red shift to deep blue region due to the strong
intermolecular interactions. The thermal stability and carrier
injection/transport ability have been greatly improved after
appending the DPO moiety. Moreover, they exhibited balanced
carrier injection/transport ability in non-doped films and
phosphorescent emitters-doped films. The two compounds were
not only used as deep-blue emitters to fabricate non-doped deep-
blue OLEDs, but also as phosphorescent host materials to
construct highly efficient green and red PhOLEDs, accompanied
with low efficiency roll-off characteristic. Therefore, high-
performance three primary color (R, G and B) OLEDs have been
achieved through a simple material system and identical device
architecture, which is very meaningful and attractive for
commercial application of full-color display and white lighting.
Further application of the new compound in WOLEDs is ongoing
in our lab.

Experimental
General Information

'H NMR spectra were measured on Varian Mercury 300 MHz
spectrometer with tetramethylsilane as the internal standard. Mass
spectra were recorded on a Shimadzu AXIMA-CFR MALDITOF
mass spectrometer. Elemental analyses were performed on a flash
EA 1112 spectrometer. UV-vis absorption spectra were recorded
spectra were recorded by a Shimadzu RF-5301 PC spectrometer.
The absolute fluorescence quantum yields of solutions, films and
solids were measured on Edinburgh FLS920 steady state
fluorimeter (excited at 365nm). Differential scanning calorimetric
(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 analyses (TGA)
were performed on a TA Q500 thermogravimeter by measuring
their 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 100W Bioanalytical electrochemical work
station, using Pt as working electrode, platinum wire as auxiliary
electrode, and a porous glass wick Ag/Ag" as pseudo-reference
electrode with standardized against ferrocene/ferrocenium. The
oxidation and reduction potentials were measured in CH,Cl, and
DMF solution containing 0.1 M of n-Buy;NPF; as a supporting
electrolyte at a scan rate of 200 mV s~

Single Crystal Structure: The single crystal suitable for X-ray
structural analysis was obtained by slow solution evaporation.
Diffraction data were collected on a Rigaku RAXIS-PRID
diffractometer using the w-scan mode with graphite-
monochromator Mo*Ka radiation. The structure was solved with
direct methods using the SHELXTL programs and refined with
full-matrix least-squares on F>.** Non-hydrogen atoms were
refined anisotropically. The positions of hydrogen atoms were
calculated and refined isotropically. The corresponding CCDC

reference number (CCDC: 970126) and the data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

6 Preparation of Tetrabutylammonium
hexafluorophosphate (BusNPF¢) was purchased from Aldrich.
bis(2-(2-hydroxyphenyl)-pyridine)beryllium (Bepp,), 1,4-bis[(1-
naphthylphenyl)amino]-biphenyl (NPB) and 4,4'4"-tri(N-
carbazolyl)triphenylamine (TCTA) were prepared and purified by

65 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. Compound PPI and 2-(3-bromophenyl)-1-phenyl-
1 H-phenanthro[9,10-d]imidazole was prepared according to

70 previously reported procedures.”
1-phenyl-2-(3-(diphenylphosphineoxide)phenyl)-1H-
phenanthro[9,10-d]imidazole (DPO-PPI)

To a solution of  2-(3-bromophenyl)-1-phenyl-1H-
phenanthro[9,10-d]imidazole (0.90 g, 2 mmol) in THF (30 mL)

75 was added n-BuLi (2.5 M in hexane, 0.88 mL) dropwise slowly at
-78 °C. The solution was stirred at this temperature for 3 h,
followed by addition of a solution of chlorodiphenylphosphine
(0.56 g, 2.19 mmol) under nitrogen atmosphere. The resulting
mixture was gradually warmed to ambient temperature and

so quenched by methanol (15 mL). The mixture was extracted with
dichloromethane. The combined organic layers were dried
magnesium sulfate, filtered, and evaporated under reduced
pressure. The crude phoshphine was purified by column
chromatography (silica, CH,Cl,) as white powder (776 mg, yield:

55 70%). Then the crude intermediate (550 mg, 1 mmol),
dichloromethane (10 mL), and hydrogen peroxide (1.2 mL, 10
mmol, 30 %) were stirred overnight at room temperature. The
organic layer was separated and washed with dichloromethane
and water. The extract was evaporated to dryness affording a

o0 white solid and the crude product was purified by the train
sublimation method (514 mg, yield: 90%). '"H NMR (300 MHz,
DMSO-ds, 8): 8.92 (d, J=8.1 Hz, 1H, Ar H), 8.87 (d, /= 8.4 Hz,
1H, Ar H), 8.66 (d, J = 7.8 Hz, 1H, Ar H), 7.95 (d, /= 7.8 Hz,
1H, Ar H), 7.77 (t, J = 7.5 Hz, 1H, Ar H), 7.72 — 7.53 (m, 16H,

os Ar H), 7.49 — 7.42 (m, 4H, Ar H), 7.32 (t, /= 7.5 Hz, 1H, Ar H),
7.02 (d, J = 8.4 Hz, 1H, Ar H). '*C NMR (125 MHz, CDCl;): &
149.82, 138.27, 133.40, 133.17, 132.50, 132.18, 132.10, 132.01,
131.76, 130.21, 129.86, 129.42, 129.08, 128.98, 128.90, 128.59,
128.49, 128.38, 128.35, 127.40, 127.10, 126.35, 125.81, 125.14,

00 124.15, 123.16, 122.88, 122.71, 120.82. MALDI-TOF-MS(M):
m/z: 5709 [M]" (caled: 570.2). Anal. Caled (100%) for
C;30H,7N,0OP: C 82.09, H 4.77, N 4.91; found: C 82.47, H4.62, N
4.89.
1-phenyl-2-(3-(phenyl(3-(1-phenyl-1H-phenanthro[9, 10-

10s dfimidazol-2-yl)phenyl)phosphineoxide)phenyl)-1H-
phenanthro[9,10-d]imidazole (DPO-2PPI)

To a solution of  2-(3-bromophenyl)-1-phenyl-1H-
phenanthro[9,10-d]imidazole (2.04 g, 4.5 mmol) in THF (30 mL)
was added n-BuLi (2.5 M in hexane, 2 mL) dropwise slowly at -

10 78 °C. The solution was stirred at this temperature for 3 h,
followed by addition of a solution of dichloro(phenyl)phosphine
(0.27 g, 1.5 mmol) under nitrogen atmosphere. The resulting
yellow solution was gradually warmed to ambient temperature
and quenched by methanol (30 mL). The mixture was extracted

Materials:

This journal is © The Royal Society of Chemistry [year]
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with dichloromethane. The combined organic layers were dried
magnesium sulfate, filtered, and evaporated under reduced
pressure. The crude phoshphine was purified by column
chromatography (silica, CH,Cl,/ethyl acetate = 20 : 1) as deep
blue powder (2.06 g, yield: 54%). Then the crude intermediate
(430 mg, 0.5 mmol), dichloromethane (10 mL), and hydrogen
peroxide (0.4 mL, 3 mmol, 30%) were stirred overnight at room
temperature. The organic layer was separated and washed with
dichloromethane and water. The extract was evaporated to
dryness affording a yellowish solid and the crude product was
purified by the train sublimation method (353 mg, yield: 82%).
'H NMR (300 MHz, DMSO-dj, 5): 8.93 (d, J = 8.4 Hz, 2H, Ar
H), 8.87 (d, J = 8.4 Hz, 2H, Ar H), 8.68 — 8.65 (m, 2H, Ar H),
7.97 (d, J=17.8 Hz, 2H, Ar H), 7.74 — 7.26 (m, 29H, Ar H), 7.02
(d, J=17.5 Hz, 2H, Ar H). '*C NMR (125 MHz, CDCl;): 5 149.75,
138.18, 137.43, 133.34, 132.76, 132.47, 132.20, 132.12, 130.25,
129.96, 129.42, 128.97, 128.84, 128.58, 128.37, 127.41, 127.11,
126.38, 125.80, 125.16, 124.13, 123.17, 122.87, 122.72, 120.84.
MALDI-TOF-MS(M): m/z: 862.2 [M]" (calcd: 862.9). Anal.
Calcd (100%) for C¢oH3oN4OP: C 83.51, H 4.56, N 6.49; found:
C 83.29, H4.50, N 6.42.

Theoretical Calculations: The ground state geometries were fully
optimized by the density functional theory (DFT)** method with
the Becke three-parameter hybrid exchange and the Lee-Yang-
Parr correlation functional®® (B3LYP) and 6-31G* basis set using
the Gaussian 03 software package.*®

Device Fabrication and Measurement: Before device fabrication,
the ITO glass substrates were pre-cleaned 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 (1,4-bis(1-
naphthylphenylamino)-biphenyl), exciton blocking material
TCTA (4,4',4"-tri(N-carbazolyl)triphenylamine), hole-blocking
and electron-transporting material Bepp, (bis(hydroxyphenyl-
pyridine) beryllium) were commercially available and 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 using a
quartz crystal thickness monitor. All of used organic materials
have been purified by vacuum sublimation approach. The
electrical characteristics of the devices were measured with a
Keithley 2400 source meter. The EL spectra and luminance of the
devices were obtained on a PR650 spectrometer. All the devices
fabrication and device 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 devices measurements were performed
under dark and ambient conditions.
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Graphical Abatract:
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We here exhibited two novel phosphine oxide moiety attaching phenanthroimidazole hybrids. The
appendent P=O moiety preserves the high triplet energy and endows the films with high quantum
yields in deep-blue region n. It improves the carrier injection/transport ability greatly. The two
complexes are used not only as emitters to fabricate high-performance deep-blue OLEDs (1.75 cd A",

0 1.53 Im W+, 2.24%), but also as hosts to fabricate high-performance green PhOLEDs (65.4 cd A, 73.3
Im W+, 18.0%) and red PhOLEDs (19.0 cd A+, 21.3 Im W+, 13.5%).
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