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New carbazole-phenylquinoline (CVz-PhQ) based iridium complexes were designed and synthesized
for their application in red phosphorescence organic light-emitting diodes (PhOLEDs) and their
photophysical, electrochemical and electroluminescence (EL) properties were investigated. The
PhOLEDs were fabricated using bis[9-(2-(2-methoxyethoxy)ethyl)-3-(4-phenylquinolin-2-yl)-9H-carba-
zolato-N,C20]iridium 2-pyrazinecarboxylic acid (EO-CVz-PhQ)2Ir(prz) and bis[9-(2-(2-methoxyethoxy)
ethyl)-3-(4-phenylquinolin-2-yl)-9H-carbazolato-N,C20]iridium 5-methyl-2-pyrazinecarboxylic acid (EO-
CVz-PhQ)2Ir(mprz) as the emitter and PVK, co-doped with OXD-7 as the electron transport material and
TPD as the hole transport material, as the polymer host. The red emissive PhOLEDs, based on the ITO/poly
(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS)/4,40 ,400-tris(carbazole-9-yl)triphenyl-
amine (TCTA)/poly(N-vinylcarbazole) (PVK):N,N0-diphenyl-N,N0-(bis(3-methylphenyl)-[1,1-biphenyl]-
4,40-diamine (TPD):1,3-bis[5-(4-tert-butylphenyl)-1,3,4-oxadiazole-2-yl]benzene (OXD-7):Ir complex/
cathode configuration, exhibited a maximum external quantum efficiency of 3.68% and a maximum
luminance efficiency of 6.69 cd/A. Furthermore, by introducing a TCTA interlayer, the PhOLEDs showedonly
a slight efficiency roll off of 5.4% from a low current density (1.81 mA/cm2) to a high current density
(44.59 mA/cm2).

Crown Copyright � 2010 Published by Elsevier B.V. All rights reserved.
1. Introduction

Organic light-emitting diodes (OLEDs) have been the subject of
intense research in the past decade, because of their potential
applications for large area flat panel displays and solid state lighting
sources. Recently, OLEDs using phosphorescent materials such as
iridium or platinum complexes as the emitting materials were
reported, which showed a much higher efficiency than those using
fluorescent emitting materials [1e3]. In particular, phosphorescent
OLED (PhOLED) materials offer the possibility of developing highly
efficient OLEDs, since they are able to achieve emission from both
the singlet and triplet excited states. Therefore, an internal quantum
: þ82 51 581 2348.
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2010 Published by Elsevier B.V. All
efficiency of up to 100% is theoretically possible. Many PhOLEDs
have been fabricated by simultaneous or sequential vapor deposi-
tion of several organic layers [4,5], making the fabrication process
relatively complicated and expensive, especially if large substrates
are used. However, solution basedmanufacturing processes, such as
spin coating and inkjet printing, provide an attractive alternative to
vacuumdeposition for the preparation of OLEDs, mainly due to their
significantly reduced production cost. Therefore, it is desirable to
investigate approaches to solution processable phosphorescent
materials. Some of the research groups have been tried, including
doping polymer host systems with phosphorescent materials and
the synthesis of soluble phosphorescent complexes [6e8]. The
reported quantum efficiencies were high, but were measured in an
integrating sphere, and include both light emission from forward
direction and waveguided light, thus are not directly compared to
other device performances. The majority of OLEDs containing
solution processed layers produced so far have contained oligomers
rights reserved.
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or conjugated polymers [9e14] and the more recently fabricated
ones contained dendrimers [15e20]. Phosphorescent polymers
have been employed as solution processed emitting materials by
chemically bonding iridiumcomplexes in the side chain,main chain,
or chain terminals [21e23]. Phosphorescent dendrimers are also
employed, because of their inherent topological features [24], in
which an iridium complex is surrounded by a branched shell to
prevent the self-aggregation of the concentration quenching of the
emissive core in the solid state. However, the performance of poly-
mer- and dendrimer-based phosphorescent materials is signifi-
cantly lower than that of their solution processable small molecule
counterparts. Many attempts have been made to tailor the ligand
structure in order to establish the relationship between the struc-
tures of the ligands and properties of the iridium complexes, and
then develop good materials for red [25], green [26] and blue [27]
OLEDs. It has been found that the emission wavelength of iridium
complexes can usually be tuned by choosing appropriate substitu-
ents and changing their positions. For instance, the emission
wavelengths of iridium complexes can be made to cover the entire
visible region by modifying or varying the cyclometalated 2-aryl-
pyridine main ligands and ancillary ligands [28]. Using this
approach, we recently reported a novel red emitting iridium
complexes based on carbazole (CVz) containing phenylquinoline
(PhQ) derivatives as an emitting layer for the fabrication of PhOLEDs
by solution processing [29]. Therefore, in this paper, we report the
synthesis, redox, photophysical, and electroluminescent (EL) prop-
erties of new red emitting heteroleptic iridium complexes contain-
ing pyrazine-based ancillary ligands for the solution processing of
the emitting layer in the fabrication of PhOLEDs.
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Scheme 1. Synthetic routes for (EO-CVz-Ph
2. Results and discussion

2.1. Synthesis and characterization

Scheme 1 illustrates the synthetic procedures used for the prep-
aration of (EO-CVz-PhQ)2Ir(prz) and (EO-CVz-PhQ)2Ir(mprz). The
main ligand, 9-(2-(2-methoxyethoxy)ethyl)-3-(4-phenylquinolin-
2-yl)-9H-carbazole (EO-PhQ-CVz)waspreparedbyanacid-catalyzed
Friedlander condensation reaction. The reaction of 3-acetyl-N-
2-(2-methoxyethoxy)ethylcarbazole with 2-aminobenzophenone
resulted in the formation of the desired donoreacceptor type of CVz-
PhQ with 80% yield. The cyclometalated iridium m-chloride bridged
dimer was synthesized from iridium trichloride hydrate with an
excess of the main ligand using Nonoyama’s method [30]. Two
separate sodium carbonate-mediated ligand exchange reactions
with 5-methyl-2-pyrazinecarboxylic (mprz) acid and 2-pyrazine-
carboxylic acid (prz) ancillary ligands, respectively, were carried out
to give heteroleptic iridium complexes in quantitative yield. These
two iridium complexes were purified using silica column chroma-
tography and recrystallization. The final products prior to device
fabricationwere characterized by 1H and 13C NMR spectroscopy and
elemental analysis.
2.2. Thermal properties

The thermal properties of the iridium complexeswere examined
by thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) under anN2 atmosphere at a heating rate of 10 �C/
min and their decomposition temperatures (Td, corresponding to
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Fig. 1. TGA trace of iridium complexes measured at a scan rate of 10 �C/min under N2

atmosphere.
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Fig. 2. Absorption (a) and PL (b) spectra of the (EO-CVz-PhQ)2Ir(prz) and (EO-CVz-
PhQ)2Ir(mprz) in CHCl3 at 293 K. Inset : Absorption spectra of the (EO-CVz-PhQ)2Ir
(prz) and (EO-CVz-PhQ)2Ir(mprz) and PL spectrum of host.
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5% weight loss) are given in Fig. 1 and summarized in Table 1. The
two iridium complexes are thermally stable up to 340 �C, as deter-
mined by TGA, which is beneficial to the long-term stability of the
PhOLEDs devices fabricated from these materials. From the DSC
measurements, we observed distinct glass transition temperatures
(Tg) of (EO-CVz-PhQ)2Ir(prz) and (EO-CVz-PhQ)2Ir(mprz) at 160 and
164 �C, respectively. To prevent their degradation through the
morphological changes of the amorphous organic layer, materials
having relatively high Tg values are needed for the fabrication of
PhOLEDs [31].

2.3. Photophysical properties

Fig. 2 displays the UVevisible absorption (a) and photo-
luminescence (PL) (b) spectra of the two iridium complexes dis-
solved in chloroform solution. The photophysical parameters of the
iridium complexes are summarized in Table 1. The main absorption
peak at 315 nm, with shoulder peaks at 356 and 410 nm and
additional broad tail peaks in the range of 450e550 nm, are
observed. In all cases, the higher energy absorption peaks below
400 nm are assigned to the spin-allowed 1p-p* transitions of the
cyclometalated ligands. The absorption peaks extending into the
visible region around 480 nm can be assigned to the spin-allowed
metal-ligand charge-transfer band (1MLCT) and the weak bands at
the longer wavelength can be assigned to both spin-orbit coupling
enhanced 3p-p* and 3MLCT transition [32]. As a result, the two
iridium complexes exhibit very similar 1p-p*, 1MLCT and 3MLCT
absorptions, suggesting that the ancillary ligandmakes only a small
contribution to the absorption process. To investigate the effective
overlap between the PL spectrum of the host and the absorption
Table 1
Photophysical, electrochemical and thermal data for synthesized red emitting iridium co

Compound Td (�C)a Tg (�C)b labs (log 3 (nm))c

(EO-CVz-PhQ)2Ir(mprz) 369 164 315(1.96), 352(1.74), 408(1.57)
(EO-CVz-PhQ)2Ir(prz) 346 160 315(1.95), 356(1.74), 410(1.56)

a Temperature with 5% mass loss measure by TGA with a heating rate of 10 �C/min un
b Glass transition temperature, determined by DSC with a heating rate of 10 �C/min u
c Measured in CHCl3 solution.
d Maximum emission wavelength, measured in CHCl3 solution (298 K).
e Maximum emission wavelength, measured in PMMA film (298 K).
f Maximum emission wavelength, measured in CHCl3 solution (77 K).
g Measured in 1 x 10�5 M degassed CHCl3 solution relative to Ir(piq)2(acac) (Fpl ¼ 0.2
h Determined from the half-wave potentials for oxidation and reduction.
spectra of (EO-CVz-PhQ)2Ir(prz) and (EO-CVz-PhQ)2Ir(mprz), their
spectra were measured, as shown in the inset of Fig. 2(a). This
overlap should enable the efficient Förster energy transfer from the
singlet-excited state in the host to the MLCT band of the guest,
followed by fast intersystem crossing to the triplet state of (EO-CVz-
PhQ)2 Ir(prz) and (EO-CVz-PhQ)2 Ir(mprz) and, consequently,
emission from their triplet state. The solution state PL spectra of
(EO-CVz-PhQ)2Ir(prz) and (EO-CVz-PhQ)2Ir(mprz) show the emis-
sion of red light with main peaks at 613 and 600 nm, respectively,
as shown in Fig. 2(b). The spectra are broad and structureless,
implying that the lowest triplet states of these iridium complexes
mplexes.

lem (nm)d lem (nm)e lem (nm)f Fpl (%)g HOMO/LUMO (ev)h

600 594 584 0.015 �5.23/�2.70
613 593 582 0.006 �5.23/�2.85

der N2.
nder N2.

0) with 450 nm excitation.
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Fig. 3. Cyclic voltammograms of iridium complexes in tetra-n-butylammonium hex-
afluorophosphate (TBAPF6) at a scan rate of 100 mV/s.

Fig. 4. The relative HOMO/LUMO energy levels of the materials used for the PhOLEDs.
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are likely dominated by the 3MLCT excited state. On the other hand,
the PL spectra of the iridium complexes doped (8 wt%) in poly
(methyl methacrylate) (PMMA) films exhibit smaller hypsochromic
shifts compared to those in the solution state. The characteristic
hypsochromic shift of the PL spectra of the iridium complexes in
the film state are thought to be related to themotional relaxation of
the excited-state geometry, which is prone to be affected by the
rigidity of the matrix. Furthermore, a similar hypsochromic shift
was also observed when the CHCl3 solution of the two iridium
complexes was frozen (77 K). The hypsochromic shift observed at
77 K is mainly due to the solvent reorganization in a fluid solution
at low temperature that can stabilize the charge-transfer states
prior to emission [33]. This process is significantly impeded in
a rigid matrix at 77 K and, hence, phosphorescence occurs at
a higher energy. We further investigated the photophysical prop-
erties of the iridium complexes by measuring their PL quantum
yields (Fpl) in dilute degassed CHCl3 solutions at 298 K (Table 1).

2.4. Electrochemical properties

To investigate the electrochemical properties of (EO-CVz-PhQ)2Ir
(prz) and (EO-CVz-PhQ)2Ir(mprz), we estimated their highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy levels by cyclic voltammetry
(CV). The CV measurements were carried out in a three electrode
cell setup with a 0.1M solution of tetra-n-butylammonium hexa-
fluorophosphate (TBAPF6) in anhydrous acetonitrile/benzene (1:1.5
v/v). The CV curves were referenced to an Ag/AgNO3 reference
electrode, which was calibrated using a ferrocene/ferrocenium
(Fc/Fcþ) redox couple (4.8 eV below the vacuum level) as an external
standard [34]. The E1/2 of the Fc/Fcþ redox couple was found to be
0.50 V vs. the Ag/AgNO3 reference electrode. Therefore, the HOMO
and LUMO energy levels of (EO-CVz-PhQ)2Ir(prz) and (EO-CVz-
PhQ)2Ir(mprz) can be calculated using the empirical equation
EHOMO ¼ E1/2 (ox) þ 4.30 eV and ELUMO ¼ E1/2 (red) þ 4.30 eV,
respectively, where E1/2(ox) and E1/2(red) stand for the half-wave
potentials for oxidation and reduction relative to the Ag/AgNO3
reference electrode, respectively. The CV curves of (EO-CVz-PhQ)2Ir
(prz) and (EO-CVz-PhQ)2Ir(mprz) are shown in Fig. 3. In all of the
cases, the electrochemical switching was reversible and the CV
curves remained unchanged under multiple successive potential
scans, suggesting their excellent stability against electrochemical
oxidation and reduction. On the basis of the oxidation and reduction
potentials, (EO-CVz-PhQ)2Ir(prz) and (EO-CVz-PhQ)2Ir(mprz)
exhibited in the ranges of 0.93 V and�1.45 to�1.60 V, respectively.
From the results, the HOMO and LUMO energy levels of (EO-CVz-
PhQ)2Ir(prz) and (EO-CVz-PhQ)2Ir(mprz) were calculated to be
�5.23 eV and�2.85 to�2.70 eV, respectively. TheHOMOand LUMO
energy levels are summarized in Table 1.

2.5. Electroluminescence properties

We evaluated the potential of (EO-CVz-PhQ)2Ir(prz) and (EO-
CVz-PhQ)2Ir(mprz) as red emissive materials in PhOLEDs applica-
tions with the configuration of ITO/PEDOT:PSS/TCTA (30 nm)/EML
(50 nm)/OXD-7 (20 nm)/Ba (3 nm)/Al (100 nm). As a host, we
selected a blend of poly(vinylcarbazole) (PVK), N,N0-diphenyl-N,N0-
(bis(3-methylphenyl)-[1,1-biphenyl]-4,40-diamine (TPD) as the hole
transport material and 1,3-bis[5-(4-tert-butylphenyl)-1,3,4-oxa-
diazole-2-yl]benzene (OXD-7) as the electron transport material.
Fig. 4 displays the relative HOMO and LUMO energy levels of the
materials used to fabricate the PhOLEDs. The energy level diagrams
show that the energy levels of (EO-CVz-PhQ)2Ir(prz) and (EO-CVz-
PhQ)2Ir(mprz) (both HOMO and LUMO) lie above and below those
of the host, respectively. Consequently, it is possible that iridium
complexes would be able to trap both electrons and holes in the
emitting layer. Moreover, a hole blocking or electron transport
(OXD-7) layer was introduced for effective electron injection/
facilitate and charge carrier balance within the emitting layer. The
LUMO energy level of OXD-7 is closely aligned to the LUMO energy
level of the iridium complexes in the emitting layer.

Fig. 4 displays the relative HOMO and LUMO energy levels of the
materials used to fabricate the PhOLEDs. The energy level diagrams
show that the energy levels of (EO-CVz-PhQ)2Ir(prz) and (EO-CVz-
PhQ)2Ir(mprz) (both HOMO and LUMO) lie above and below those
of the host, respectively. Consequently, it is possible that iridium
complexes would be able to trap both electrons and holes in the
emitting layer. Moreover, a hole blocking or electron transport
(OXD-7) layer was introduced for effective electron injection/
facilitate and charge carrier balance within the emitting layer. The
LUMO energy level of OXD-7 is closely aligned to the LUMO energy
level of the iridium complexes in the emitting layer.

Fig. 5 displays the electroluminescent (EL) spectra of (EO-CVz-
PhQ)2Ir(prz) and (EO-CVz-PhQ)2Ir(mprz) at a current density of
10 mA/cm2 and their PL film spectra. The EL spectra exhibited a red
emission with a peak maximum at 600 nm and excellent color
purity at a CIE coordinate of (0.60, 0.39). The PL film spectra of (EO-
CVz-PhQ)2Ir(prz) and (EO-CVz-PhQ)2Ir(mprz) showed a slight
difference from their EL spectra, corresponding to a red-shift of



Table 2
EL performance of red PhOLED based on a solution processed emitting layer.

Emitter Turn-on
(V)a

Lmax

(cd/m2)
EQEmax

(%)
LEmax

(cd/A)
PEmax

(lm/W)
CIE (x, y)b

(EO-CVz-PhQ)2Ir(mprz) 5.6 7219 3.68 6.69 1.80 0.60, 0.39
(EO-CVz-PhQ)2Ir(prz) 5.6 4024 2.33 3.96 1.03 0.60, 0.39

a Luminance is 1 cd/m2.
b Recorded at current density 10 mA/cm2.
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Fig. 5. EL and PL spectra (film state) of (EO-CVz-PhQ)2Ir(prz) and (EO-CVz-PhQ)2Ir
(mprz).
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about 5 nm. These differences between the EL and PL spectra are
attributed to the optical effect caused by the recombination zone
shift [35].

Fig. 6(a) displays the current density-voltage-luminance (J-V-L)
characteristics of these red PhOLEDs. The maximum luminances of
the PhOLEDs using (EO-CVz-PhQ)2Ir(prz) and (EO-CVz-PhQ)2Ir
(mprz) were found to be 4024 and 7219 cd/m2 and their turn-on
voltages were 5.6 and 5.6 V, respectively. The PhOLEDs with the
(EO-CVz-PhQ)2Ir(mprz) dopant exhibited a higher current density
than that of those with the (EO-CVz-PhQ)2Ir(prz) dopant at the
same voltage. This result can be explained by the efficient electron
injection or transport from the Al cathode to the emitting layer.
(EO-CVz-PhQ)2Ir(prz) and (EO-CVz-PhQ)2Ir(mprz) have LUMO
energy levels of �2.85 and�2.70 eV, respectively. As can be seen in
Fig. 4, electrons are somewhat trapped by (EO-CVz-PhQ)2Ir(prz),
due to the LUMO gap of 0.15 eV between OXD-7 and (EO-CVz-
PhQ)2Ir(prz). On the other hand, the LUMO gap between OXD-7 and
(EO-CVz-PhQ)2Ir(mprz) is 0 eV, which is very well aligned with the
LUMO energy level of (EO-CVz-PhQ)2Ir(mprz). Fig. 6(b) displays the
luminance efficiency and power efficiency versus the current
density characteristics and the performances of the red PhOLEDs
are summarized in Table 2. The maximum luminance efficiencies of
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Fig. 6. Current density-voltage-luminance (a) and luminance and power efficiency-
current density (b) characteristics of (EO-CVz-PhQ)2Ir(prz) and (EO-CVz-PhQ)2Ir
(mprz).
the PhOLEDs using (EO-CVz-PhQ)2Ir(prz) and (EO-CVz-PhQ)2Ir
(mprz) were found to be 3.96 and 6.69 cd/A and their maximum
power efficiencies were 1.03 and 1.80 lm/W, respectively. When
using (EO-CVz-PhQ)2Ir(mprz) as an emitter, the PhOLEDs exhibited
an efficiency of 6.69 cd/A at a low current density of 1.81 mA/cm2.
On the other hand, at a high current density of 44.59 mA/cm2, the
PhOLEDs exhibited a luminance efficiency of 6.33 cd/A, with only
a 5.4% luminance efficiency roll-off being observed. From this
result, it can be concluded that the problematic efficiency roll-off in
PhOLEDs can also be suppressed by introducing a TCTA interlayer
between the emitting layer and PEDOT:PSS. This phenomenon may
be explained by the fact that the TCTA interlayer renders the carrier
injection to the PVK host more efficient and blocks the electrons at
the TCTA/EML interface, thus allowing them to be better confined at
the interface. The roll-off of the PhOLEDs using (EO-CVz-PhQ)2Ir
(prz) as an emitter showed a similar trend to that of the PhOLEDs
based on (EO-CVz-PhQ)2Ir(mprz).

3. Conclusion

We successfully synthesized a new iridium complexes with
a carbazole containing phenylquinoline (CVz-PhQ) derivative, in
order to fabricate solution processed, red PhOLEDs. The fabricated
red PhOLEDs with the configuration of ITO/PEDOT:PSS/TCTA
interlayer/PVK:TPD:OXD-7:iridium complex/cathode exhibited
maximum external quantum and luminance efficiency values of
3.68% and 6.69 cd/A, respectively. Furthermore, by introducing
a TCTA interlayer between the emitting layer and PEDOT:PSS, the
efficiency roll off can be suppressed through effective carrier
injection and electron blocking within the emitting layer.

4. Experimental

4.1. Characterization

1H NMR and 13C NMR spectra were recorded on a Varian
Mercury Plus 300 MHz spectrometer and the chemical shifts were
recorded in ppm units with CDCl3 as the internal standard. The
thermal analyses were carried out on a Mettler Toledo TGA/SDTA
851e, DSC 822e analyzer under an N2 atmosphere at a heating rate
of 10 �C/min. CV was carried out with a CHI 600C potentiostat (CH
Instruments) at a scan rate of 100 mV/s in a 0.1 M solution of tetra-
n-butylammonium hexafluorophosphate (TBAPF6) in anhydrous
acetonitrile/benzene (1:1.5 v/v). A platinum wire was used as the
counter electrode and an Ag/AgNO3 electrode was used as the
reference electrode. UVevisible spectra were measured using
a JASCOV-570 spectrophotometer. PL spectra and low-temperature
phosphorescence spectra were obtained using Hitachi F-4500
fluorescence spectrophotometer.

4.2. Synthesis of (EO-CVz-PhQ)2Ir(prz) or (EO-CVz-PhQ)2Ir(mprz)

9-(2-(2-Methoxy-ethoxy)ethyl)-3-(4-phenylquinolin-2-yl)-9H-
carbazole (EO-CVz-PhQ) (1.07 g, 2.27 mmol) and IrCl3$H2O (0.32 g,
0.91 mmol) were added to a mixture of 2-ethoxyethanol and water
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(80 mL, 3:1 v/v). The reaction mixture was stirred at 140 �C for 20 h
and a brown precipitate was obtained after cooling at room
temperature. The precipitate was collected and washed with
deionized water (80 mL) and methanol (40 mL). Subsequently, the
cyclometalated iridium dimer was dried under vacuum to afford
a brown solid. Cyclometalated iridium dimer (0.6 g, 0.26mmol) and
2-pyrazinecarboxylic acid (0.16 g, 1.28 mmol) or 5-methyl-2-pyr-
azinecarboxylic acid (0.18 g, 1.28 mmol) were mixed with Na2CO3
(0.27 g, 2.56 mmol) in 2-ethoxyethanol (30 mL). The mixture was
refluxed for 12 h under a N2 atmosphere. After cooling at room
temperature, the crude solution was poured onto water and
extracted with ethyl acetate, dried over anhydrous MgSO4 and
evaporated in a vacuum. The residue was purified by silica gel
chromatography (hexane:ethyl acetate ¼ 1:4) as an eluent and
further purified by recrystallization twice using dichloromethane/
hexane mixture to afford a red solid complex (0.25 g, 78%).

4.2.1. (EO-CVz-PhQ)2Ir(prz)
1H NMR (300 MHz, CDCl3): d (ppm): 9.04 (s, 1H), 8.78 (d, 2H),

8.64 (s, 1H), 8.55 (s, 1H), 8.27 (s, 1H), 8.13 (d, J ¼ 7.8 Hz, 1H), 8.04
(d, 1H), 7.82e7.61 (m, 12H), 7.51e7.12 (m, 12H), 7.03 (s, 1H), 6.86
(t, 1H), 6.32 (s, 1H), 4.09e3.77 (m, 4H), 3.58e3.25 (m, 4H),
3.15e2.88(m, 14H) 13C NMR (300 MHz, CDCl3): d (ppm): 170.8,
170.2,168.5,150.6,150.5,148.6,147.9,147.1,147.0,146.6,144.0,142.8,
142.2, 140.4, 140.3, 139.2, 138.5, 137.6, 137.5, 137.3, 129.5, 129.1,
129.0, 128.8, 128.7, 126.4, 126.1, 125.5, 125.2, 125.1, 125.0, 124.6,
123.9, 123.8, 119.7, 119.3, 119.1, 119.0, 118.9, 118.0, 117.0, 115.2, 113.6,
109.0, 108.7, 71.6, 71.3, 70.2, 70.1, 68.0, 67.5, 59.0, 58.9, 41.9. Anal.
Calcd. For C69H57N6O6Ir: C, 65.85; H,4.57; N,6.68; found: C,66.15;
H,4.63; N,6.56.

4.2.2. (EO-CVz-PhQ)2Ir(mprz)
1H NMR (300 MHz, CDCl3): d (ppm): 8.92 (s, 1H), 8.81e8.77

(t, 2H), 8.63 (s, 1H), 8.27 (d, J ¼ 7.8 Hz, 1H), 8.14 (d, J ¼ 7.2 Hz, 1H),
8.04 (d, J ¼ 7.8 Hz, 1H), 7.85e7.58 (m, 12H), 7.54e7.12 (m, 12H), 7.00
(s, 1H), 6.85 (t, 1H), 6.30 (s, 1H), 4.07e3.73 (m, 4H), 3.58e3.43
(m, 4H), 3.32e2.86(m,14H), 2.47 (s, 3H) 13C NMR (300MHz, CDCl3):
d (ppm): 170.8, 170.3, 168.6, 158.4, 150.6, 150.5, 148.6, 147.8, 147.0,
146.8, 144.1, 142.8, 142.2, 140.4, 140.3, 139.2, 138.5, 137.6, 137.5,
137.4, 129.7, 129.2, 129.0, 128.8, 128.7, 126.4, 126.1, 125.6, 125.2,
125.1, 125.0, 124.7, 123.9, 123.8, 119.7, 119.4, 119.1, 119.0, 118.9, 118.0,
117.0, 115.2, 113.6, 109.0, 108.7, 71.6, 71.5, 70.2, 70.1, 68.1, 67.7, 59.0,
58.9, 42.0, 22.1. Anal. Calcd. For C70H59N6O6Ir: C, 66.07; H,4.67;
N,6.60; found: C,66.16; H,4.64; N,6.54.

4.3. Fabrication of PhOLEDs and measurement

The PhOLEDs were fabricated in the configuration ITO/
PEDOT:PSS (40 nm)/TCTA (30 nm)/doped emitting layer (50 nm)/
OXD-7 (20 nm)/Ba (3 nm)/Al (100 nm). The indium tin oxide (ITO)
glass substrates with a sheet resistance of 20 U per square was
washed in turn with a substrate-cleaning detergent, deionized
water, acetone, and isopropyl alcohol, and finally treated with
UVeozone chamber for 20 min. The PEDOT:PSS (40 nm, CLEVIOS P
VP AI 4083) was spin-coated directly onto the patterned ITO glass
and baked in air at 150 �C for 10 min. Subsequently, the TCTA
interlayer solution (0.5 wt% in toluene) was spin coated and then
dried at 180 �C for 30 min on a hot plate. The emitting layer was
then spin-coated onto the interlayer coated substrate from a mixed
solution of PVK, TPD, OXD-7 (weight ratio, 2:1:1), and doped
with 8 wt% of (EO-CVz-PhQ)2Ir(prz) or (EO-CVz-PhQ)2Ir(mprz). All
solutions used in the PhOLEDs fabrication were filtered with
0.20 mm PTFE syringe filter. The emitting layer was then baked at
80 �C for 30 min in glove box. Finally, as typical cathode, consisting
of OXD-7 (20 nm)/Ba (3 nm)/Al (100 nm) was thermal vapor
deposited with effective area of 4 mm2 at a pressure 5 � 10�6 Torr.
The film thickness was measured by using a-Step IQ surface profiler
(KLA Tencor, San Jose, CA). EL spectra and current density-voltage-
luminance (J-V-L) characteristics of PhOLEDs were measured with
a programmable Keithley model 236 power source and spectrascan
CS-1000 photometer, respectively. All measurements were carried
out at room temperature under an ambient atmosphere without
encapsulation.
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