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a b s t r a c t

9-((6-Phenylpyridin-3-yl)methyl)-9H-carbazole and 9-((6-(4-fluorophenyl)pyridin-3-yl)methyl)-9H-car-
bazole were synthesized as ligands by attaching a carbazolyl group to the pyridine in 2-phenylpyridine
and 2-(4-fluorophenyl)pyridine, respectively. Four different Ir(III) complexes were prepared using
a simple procedure, the solubility of which was significantly greater than that of conventional green-
emitting Ir(ppy)3. Among the many devices fabricated, that which contained 10% of Ir(Cz-ppy)1(Cz-
Fppy)2 in PVK/PBD (70:30 wt%), exhibited an external quantum efficiency of 6.80%, luminous efficiency of
20.23 cd/A, and maximum brightness of 17520 cd/m2. In particular, the electronic property of the new
9-((6-(4-fluorophenyl)pyridin-3-yl)methyl)-9H-carbazole ligand can manipulate the triplet energy level
of the Ir(III) complex to finely tune the emission spectra.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Of the various types of light-emitting organic materials avail-
able, phosphorescent materials have been recognized as superior
candidates because both singlet and triplet excitons can generate
unique light emissions, with a theoretical internal quantum effi-
ciency of 100% [1e3]. In particular, cyclometalated Ir(III) complexes
show high phosphorescent efficiencies and are one of the most
promising classes of phosphorescent dyes used in organic light-
emitting diodes (OLEDs) [4e11]. Along with advancements in
processing solutions for the fabrication of OLEDs, novel, highly
soluble materials displaying phosphorescence have been reported
recently [12e14]. An extensively used technique for enhancing the
solubility of Ir(III) complexes is via the attachment of lengthy alkyl
moieties or their introduction into dendrimers [15e18]. A dendritic
: þ82 2 924 3141.
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All rights reserved.
architecture improves both solubility and the site-isolation effect
by employing various peripheral groups around the emission
center [19,20].

In addition to the above methods, a very promising Ir(III)
complex containing the tetraphenylsilyl group has been reported to
exhibit excellent luminous efficiency using a conventional poly-
mer-based [poly(N-vinyl carbazole), PVK] OLED. The design and
synthesis of a highly phosphorescent tris-cyclometallated homo-
leptic Ir(III) complex [Ir(TPSppy)3] (TPSppy ¼ 2-(40-(triphenylsilyl)
biphenyl-3-yl)pyridine) with a silane-based dendritic substituent
have been demonstrated. It has also been suggested that aryl silane
was quite effective at emitting UV light for improving device effi-
ciency compared to a long alkyl substituent [21].

Liu et al. reported PVK based light-emitting diodes fabricated
with pinene-substituted Ir(III) phosphorescent dopants; three
different Ir(III) complex dyes were demonstrated for which a pho-
toluminescent spectral shift was observed with ligand modifica-
tion. In addition, the pinene substitution induced steric hindrance
to molecular structure of the dopant that aided suppression of
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tripletetriplet annihilation between Ir(III) dyes and consequently
improved device performance [22]. These findings suggested that
by substituting an electron withdrawing fluorine atom within the
ligand, the HOMO energy levels could be tuned, thereby increasing
the bandgap energy.

The objective of this work was to explore a method for tuning
emission color by combining novel ligand design and good
solubility and miscibility of the host polymer. This paper deals
with three different highly soluble Ir(III) complexes bearing the
9-((6-phenylpyridin-3-yl)methyl)-9H-carbazole and 9-((6-(4-fluo-
rophenyl)pyridin-3-yl)methyl)-9H-carbazole ligands. Green elec-
trophosphorescence polymer light-emitting diodes (PLEDs) were
fabricated by doping Ir(Cz-ppy)2(Cz-Fppy)1, Ir(Cz-ppy)1(Cz-Fppy)2,
or Ir(Cz-Fppy)3 into PVK blended with 5-4-tert-butylphenyl-1,3,4-
oxadiazole (PBD), an electron transport molecule. For reference, the
Ir(Cz-ppy)3 was previously reported as being employed to compare
the performances of photoluminescence (PL) spectrum and elec-
trophosphorescent devices fabricated under identical conditions
[23]. Two different ligands were systematically tethered to form
a complex for investigating the effect of an electron withdrawing
substituent in the ligand on the photophysical and electro-
phosphorescent properties.

2. Experimental

2.1. Materials

All commercially available starting materials and solvents were
purchased from Aldrich, TCI, and ACROS Co. and used without
further purification unless otherwise stated. HPLC grade dime-
thylformamide (DMF) andmethylene chloride (MC)werepurchased
fromSamchun chemical anddistilled fromCaH2 immediatelybefore
use. All reactions were performed under an argon atmosphere
unless otherwise stated. 9-(6-Chloro-pyridin-3-ylmethyl)-9H-
carbazole (1), 9-(6-phenyl-pyridin-3-ylmethyl)-9H-carbazole (3a),
and Ir(Cz-ppy)3 (5a) were synthesized by following the method we
reported previously [23].

2.2. Synthesis

9-((6-(4-Fluorophenyl)pyridin-3-yl)methyl)-9H-carbazole
(3b): Compound 1 (4.68 g, 16 mmol) and tetrakis(triphenylphos-
phine)palladium(0) (Pd(PPh3)4, (caution: air sensitive; light sensi-
tive; incompatible with water, strong oxidants) 0.56 g, 0.48 mmol)
were dissolved in toluene (50 mL) followed by treating with
a degassed solution of K2CO3 (4.53 g, 32 mmol) in H2O (16 mL).
Then, the solution of 4-fluorophenylboronic acid (2.79 g, 20 mmol)
in EtOH (12 mL) was added dropwise into the mother solution. The
mixture was stirred at 85 �C for overnight under Ar gas. After
cooling the reaction mixture, it was poured into 100 mL of water
and the mixture was extracted with toluene. The combined organic
layers were washed with brine and dried over Na2SO4. Removal of
the solvent under a reduced pressure gave a crude product, which
was purified by silica-gel column chromatography (ethyl acetate:
chloroform ¼ 1:15) to give a white powder in 90% yield (5.07 g,
14.4 mmol). 1H NMR (400 MHz, CDCl3) d 8.66 (s, 1H), 8.16 (d, J ¼ 8.0
Hz, 2H), 7.89e7.93 (m, 2H), 7.50 (d, J¼ 8.0 Hz,1H), 7.47 (t, J¼ 8.0 Hz,
2H), 7.40 (d, J¼ 8.0 Hz, 2H), 7.36 (d, J¼ 8.0 Hz,1H), 7.29 (t, J¼ 8.0 Hz,
2H), 7.12 (t, J¼ 8.0 Hz, 2H), 5.56 (s, 2H). Anal. Calcd for C24H17N2F: C,
81.80; H, 4.86; N, 7.96. Found: C, 81.92; H, 4.85; N, 7.69.

Ir(Cz-ppy)2(Cz-Fppy)1 (5b): To a solution of 3a (4.41 g,
13.2 mmol) in 2-ethoxyethanol:H2O (3:1, 60 mL) was added
IrCl3$3H2O (2.12 g, 6.0 mmol) and the reaction mixture was heated
to 120 �C for 24 h. The resulting solution was concentrated at 55 �C
and the crude solid was collected. It was washed with 100 mL of
water, 50mL of hexane, and 50mL of ethyl ether. The crude product
was purified by silica-gel column chromatography (CH2Cl2) to give
a yellow powder (4a) in 71% yield (3.87 g, 2.14 mmol).

To a 2-ethoxyethanol (15 mL) solution of 4a (1.82 g, 1.01 mmol)
were added 3b (0.78 g, 2.21 mmol) and excess K2CO3. The reaction
mixture was heated to 120 �C for 12 h. After cooling the mixture to
room temperature, a dark yellowish precipitate could be filtered off
and was washed with 200 mL of methanol and 100 mL of ethyl
ether. The crude product was purified by silica-gel column chro-
matography (hexane: CH2Cl2 ¼ 1:4) to give a yellow powder in 48%
yield (1.17 g, 0.98 mmol). 1H NMR (400 MHz, CDCl3) d 8.10e8.14 (m,
6H), 7.29e7.38 (m, 12H), 7.13e7.20 (m, 6H), 7.10 (d, J ¼ 8.0 Hz, 1H),
7.00e7.04 (m, 2H), 6.74e6.81 (m, 6H), 6.60e6.70 (m, 6H),
6.33e6.38 (m, 1H), 6.24e6.28 (m, 3H), 6.15 (s, 1H), 4.71e4.93 (m,
6H). Exact mass (MALDI-TOF) for [MH]þ calcd for C72H50FIrN6:
1210.3710, Found: 1210.2440. Anal. Calcd for C72H50FIrN6: C, 71.44;
H, 4.16; N, 6.94. Found: C, 71.48; H, 4.15; N, 6.77.

Ir(Cz-ppy)1(Cz-Fppy)2 (5c): To a solution of 3b (2.33 g,
6.6 mmol) in 2-ethoxyethanol:H2O (3:1, 60 mL) was added Iridium
(III) Chloride Trihydrate (IrCl3$3H2O; caution: avoid metals,
hydroxides, carbonates, cyanides, sulfides, sulfites, formaldehyde;
incompatible with strong oxidizing agents). (1.06 g, 3.0 mmol) and
the reaction mixture was heated to 120 �C for 24 h. The resulting
solution was concentrated at 55 �C and the crude solid was
collected. It was washed with 100 mL of water and 100 mL of
hexane. The crude product was purified by silica-gel column
chromatography (CH2Cl2) to give a yellow powder (4b) in 65% yield
(1.76 g, 0.98 mmol).

To a 2-ethoxyethanol (15 mL) solution of 4b (1.24 g, 0.67 mmol)
was added 3a (0.49 g, 1.48 mmol) and excess K2CO3. The reaction
mixture was heated to 120 �C for 12 h. After cooling the mixture to
room temperature, a dark yellow precipitate was filtered off and
washed with 200 mL of methanol and 100 mL of ethyl ether. The
crude product was purified by silica-gel column chromatography
(hexane: CH2Cl2 ¼ 1:4) to give a yellow powder in 41% yield (0.66 g,
0.56 mmol). 1H NMR (400 MHz, CDCl3) d 8.08e8.12 (m, 6H),
7.30e7.37 (m, 12H), 7.06e7.15 (m, 4H), 6.92e6.98 (m, 3H),
6.69e6.80 (m, 7H), 6.62 (s, 2H), 6.32e6.37 (m, 2H), 6.19e6.28 (m,
3H), 6.10 (s, 1H), 6.00 (d, J ¼ 8.0 Hz, 2H) 5.88 (s, 1H), 4.74e4.90 (m,
6H). Exact mass (MALDI-TOF) for [MH]þ calcd for C72H49F2IrN6:
1228.3616, Found: 1228.1944. Anal. Calcd for C72H49F2IrN6: C,
70.40; H, 4.02; N, 6.84. Found: C, 70.45; H, 4.00; N, 6.68.

Ir(Cz-Fppy)3 (5d): To a 2-ethoxyethanol (15 mL) solution of 4b
(1.49 g, 0.80 mmol) were added 3b (0.62 g, 1.78 mmol) and excess
K2CO3. The reaction mixture was heated to 120 �C for 12 h. After
cooling it to room temperature, a dark yellowish precipitate was
filtered off and washed with 200 mL of methanol and 100 mL of
ether. The crude product was purified by silica-gel column chro-
matography (hexane: CH2Cl2 ¼ 1:4) to give a yellow powder in 56%
yield (1.08 g, 0.91mmol). 1H NMR (400MHz, CDCl3) d 8.09e8.14 (m,
6H), 7.32e7.39 (m, 12H), 7.14 (d, J ¼ 8.0 Hz, 3H), 6.92e6.97 (m, 6H),
6.69e6.74 (m, 6H), 6.32e6.39 (m, 3H), 6.20 (d, J ¼ 8.0 Hz, 3H), 5.87
(s, 3H), 4.75e4.88 (m, 6H). Exact mass (MALDI-TOF) for [MH]þ calcd
for C72H48F3Ir-N6: 1246.3522, Found: 1246.2828. Anal. Calcd for
C72H48F3Ir-N6: C, 72.52; H, 4.31; N, 7.05. Found: C, 72.39; H, 4.31; N,
6.98.

2.3. Characterization

1H NMR spectra were recorded on a Varian Mercury NMR
400 Hz spectrometer using deuterated chloroform purchased from
Cambridge Isotope Laboratories, Inc. Elemental analysis was per-
formed by using an EA1112 (Thermo Electron Corp.) elemental
analyzer. Mass analysis was performed on a JMS-AX505WA (JEOL)
mass spectrometer. The redox properties of the Ir(III) complexes



M.J. Cho et al. / Dyes and Pigments 85 (2010) 143e151 145
were examined by using cyclic voltammetry (Model: EA161 eDAQ).
The electrolyte solution employed was 0.10 M tetrabutylammo-
nium hexafluorophosphate (Bu4NPF6) in a freshly dried MC. The
Ag/AgCl and Pt wire (0.5 mm in diameter) electrodes were utilized
as reference and counter electrodes, respectively. The scan rate was
at 50 mV/s. Absorption spectra of chloroform solutions were
obtained using a UVevis spectrometer (HP 8453, PDA type) in the
wavelength range of 190e1100 nm. PL spectra were recorded with
a Hitachi's F-7000 FL Spectrophotometer.

2.4. Crystallography

X-ray data for 5b and 5c were collected on a Bruker SMART
APEXII diffractometer equipped with graphite monochromated
MoKa radiation (l¼ 0.71073�A). Preliminary orientationmatrix and
cell parameters were determined from three sets of u/4 scans at
different starting angles. Data frames were obtained at scan inter-
vals of 0.5� with an exposure time of 10 s per frame. The reflection
data were corrected for Lorentz and polarization factors. Absorp-
tion corrections were carried out using SADABS (Sheldrick,
G. M. SADABS, A program for area detector absorption corrections,
University of G€ottingen, Germany, 1994.). The structures were
solved by direct methods and refined by full-matrix least-squares
analysis using anisotropic thermal parameters for non-hydrogen
atoms with the SHELXTL (Sheldrick, G. M. SHELXTL, version 5,
Bruker AXS: Madison, Wisconsin, 1995.) program. All hydrogen
atoms were calculated at idealized positions and refined with the
riding models.

2.5. Electroluminescence measurement

The multi-layer diodes have a structure of ITO/PEDOT:PSS
(40nm)/PVK:Ir(III) complexorPVK:PBD:Ir(III) complex (40nm)/BCP
(5 nm)/Alq3(35 nm)/LiF(1 nm)/Al(100 nm). The conducting PEDOT:
PSS layer was spin-coated onto the ITO-coated glasses in an argon
atmosphere. The emitting layer then was spin-coated onto the
thoroughly dried PEDOT layer using the solution (conc: 2.0 wt%) in
monochlorobenzene.

For multi-layer devices, 2,9-dimethyl-4,7-diphenyl-1,10-phe-
nanthroline (BCP) and tris(8-hydroxyquinoline) aluminium (Alq3)
layer were vacuum-deposited onto the emitting polymer layer.
Finally, LiF (1 nm)/Al (100 nm) electrodes were deposited onto the
Alq3 layer. Current densityevoltage characteristics were measured
with a Keithley 2400 source meter. The brightness and electrolu-
minescence spectra of the devices were measured with Spectra
Colorimeter PR-650.

3. Results and discussion

3.1. Materials synthesis

We demonstrated the synthetic route to the Ir(III) complex Ir
(Cz-ppy)3, which contains a carbazolyl substituent, in a previous
report [23]. In this study, the 9-((6-(4-fluorophenyl)pyridin-3-yl)
Fig. 1. Synthetic procedure: i) Pd(PPh3)
methyl)-9H-carbazole ligand was newly synthesized for preparing
the heteroleptic and homoleptic Ir(III) complexes (see Figs. 1e3).
For a new ligand, 9-((6-chloropyridin-3-yl)methyl)-9H-carbazole
and 4-fluorophenylboronic acid were reacted via the Suzuki
coupling method to yield 9-((6-(4-fluorophenyl)pyridin-3-yl)
methyl)-9H-carbazole (3b) in a moderately good yield (>90%) (see
Fig. 1).

The structures of Ir(Cz-ppy)3 (5a), Ir(Cz-ppy)2(Cz-Fppy)1 (5b), Ir
(Cz-ppy)1(Cz-Fppy)2 (5c), and Ir(Cz-Fppy)3 (5d) are illustrated in
Figs. 2 and 3. As a reference, in Ir(Cz-ppy)3 [20], the carbazolyl
group was attached to the 5-position of the pyridine ring to yield
the carbazolyl phenylpyridine ligand (3a).

Following the Nonoyama reaction, IrCl3$3H2O was treated with
an excess of ligands (3a or 3b) in a mixed solvent of 2-ethox-
yethanol and water (3:1 v/v) to form an iridium dimer (4a or 4b)
having chloride bridges. For a ligand exchange reaction, 4a was
treated with a stochiometric amount of 9-((6-(4-fluorophenyl)
pyridin-3-yl)methyl)-9H-carbazole to yield 5b. The exchange
reaction between the two ligands was successfully performed in
this study. The compound 4b was also reacted with 9-((6-phenyl-
pyridin-3-yl)methyl)-9H-carbazole, and the Ir(III) complex, 5c [Ir
(Cz-ppy)1(Cz-Fppy)2], was carefully collected from the mixture by
repeated column chromatography. A significant improvement in
the solubility of the iridium complex was observed only on intro-
ducing the carbazolyl moiety into the conventional ligand in Ir
(ppy)3. We examined the solubility difference between conven-
tional Ir(ppy)3 and new Ir(III) complexes. Monochlorobenzene was
selected as 4.5 mg, 5.1 mg, 4.0 mg, and 3.8 mg of Ir(Cz-ppy)3, Ir(Cz-
ppy)2(Cz-Fppy)1, Ir(Cz-ppy)1(Cz-Fppy)2, and Ir(Cz-Fppy)3 were
dissolved in 1 g of monochlorobenzene at room temperature,
respectively while only 1 mg of Ir(ppy)3 was barely soluble in hot
monochlorobenzene (1 g) under sonication for 1 h. The increased
solubility is very beneficial for solution-based device fabrication.
3.2. Structure of Ir(Cz-ppy)1(Cz-Fppy)2 (5c) and Ir(Cz-Fppy)3 (5d)

A very interesting aspect of the newly synthesized Ir(III)
complexes, 5c and 5d, involves the determination of their crystal
structures. A single crystal was prepared by using a hyper-
concentrated monochlorobenzene solution. It was quite intriguing
to grow Ir(Cz-ppy)1(Cz-Fppy)2(5c) and Ir(Cz-Fppy)3(5d) as large
single crystals in a solution system. In our previous study, the
crystal structure of 5awas analyzed and it was seen that the three C
atoms of the three ligating groups are positioned in a facial
configuration. The principal axis of the molecule lies on the pseudo
C3 symmetry [24].

Themolecular structures of 5c and 5dwere determined by X-ray
crystallography and are illustrated in Fig. 4 [24,25]. Both complexes
have distorted octahedral coordination environments and three
bulky cyclometalating ligands encircle the Ir centers. As expected,
5c comprises an unsymmetric core with one Cz-ppy and two
F-substituted Cz-ppy, while in 5d, three Cz-Fppy ligands coordinate
to an Ir metal ion. The isomeric arrangements for the central Ir
atoms for 5c and 5d can be viewed as facial configurations, which is
4, K2CO3,Toluene/H2O/EtOH, 80 �C.



Fig. 2. Synthetic procedure: i) IrCl3$3H2O, 2-ethoxyethanol, H2O, 120 �C, ii) K2CO3, 2-ethoxyethanol, 120 �C.
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also found in 5a constructed from three Cz-ppy ligands without F
groups [20]. The Ir-C and Ir-N lengths in 5c range from 2.007(6) to
2.021(6)�A and from 2.129 to 2.132�A, respectively, which are similar
to those in 5a. These metrical parameters are more scattered than
those of fac-Ir(tpy)3 [tpy ¼ 2-(p-tolyl)pyridyl], and bear no long or
structurally congested side groups [26]. This may be related to the
steric effect stemming from the bulky Cz-ppy ligands. The averaged
lengths for 5a and 5cwere determined as follows; Ir-C ¼ 2.018(9)�A
for 5a and 2.016(8)�A for 5c; Ir-N ¼ 2.130(8)�A for 5a and 2.310(1)�A
for 5c. The length of Ir-N for 5c is a little longer than that for fac-Ir
Fig. 3. Synthetic procedure: i) IrCl3$3H2O, 2-ethoxyethan
(tpy)3 [Ir-N ¼ 2.132(5) �A] [26]. The observation of the significantly
long Ir-N bond lengthwas definitely associatedwith the trans effect
of the phenyl groups. For 5d, the mean Ir-C and Ir-N bond distances
were equal to 2.007(5) and 2.113(6) �A, respectively, which were
slightly shorter than those observed in 5a, 5c, and tpy-based Ir
complexes [26].

The electron-withdrawing F group is placed in a meta position
with respect to the C atom bound to Ir. Hence, the electronically
inductive effect of F is not strong, which may be responsible for the
small reduction in Ir-C and Ir-N for 5d.
ol, H2O, 120 �C, ii) K2CO3, 2-ethoxyethanol, 120 �C.



Fig. 4. ORTEP diagrams of 5c and 5d. The thermal ellipsoid for the image represents a 50% probability limit. (a) 5c, (b) 5d.
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3.3. UVevis absorption and the photoluminescent properties
of iridium complexes

The absorption and PL spectra of the solution samples of5a, 5b, 5c,
and 5d are shown in Fig. 5. The spectral shapes were similar to that
observed for Ir(ppy)3, except for a spectral shift. The absorption bands
of the spectra of the four carbazolyl substituted phenylpyridine Ir(III)
complexes below 320 nm are ascribed to the intra-ligand p�p* tran-
sitions originating from the Ir-complex, while the absorption at
around 342e343 nm is due to the carbazole moieties. In a lower
energy region spanning from380 to520nm,we couldobserve aweak
andbroadabsorptionbandwith shoulders,which canbeattributed to
spin-allowed and spin-forbidden metal-to-ligand charge transfer
(MLCT) transitions of the Ir(III) complexes. The absorption edge was
shifted to a lower wavelength with the number of the fluorinated
ligand (3b),which isdue to thevariation in the electronicproperties of
the three ligands. The PL spectra of the Ir(III) complexes in CHCl3
solutions are shown in Fig. 5. They show a spectral shift with ligand
modification according to the slight shift in the absorption spectrum.
It should be noticed that introducing one 3b instead of 3a yields
a hypsochromic shift of 5 nm in the PL spectrum of Ir(Cz-ppy)2
(Cz-Fppy)1, relative to that of the green-emitting Ir(Cz-ppy)3,
(lem¼520nm). It canbeconsidered that the slightlydissimilarexcited
andgroundstateswere involved inthephosphorescent transitionof Ir
(Cz-ppy)2(Cz-Fppy)1. When we added one and two more fluorine
substituted ligands, the PL spectra of Ir(Cz-ppy)1(Cz-Fppy)2, and Ir
Fig. 5. UVevis absorption and PL spectra of (a) 5a, (b) 5b, (c) 5c, and (d) 5d in the
solution state (solvent: chloroform 4 � 10�6 M).
(Cz-Fppy)3 had emissionmaximums at 510 and 495 nm, respectively.
Tethering the fluorine in the phenylpyridine ligand structure had an
effect on the optical and photophysical properties.

3.4. Electrochemical analysis

The electrochemical characterizationsof these complexes showed
that their oxidationwas reversible, which is necessary information to
determine their electronic energy levels (see Fig. 6). Cyclic voltam-
mograms were recorded on film samples and the potentials were
obtained relative to an internal ferrocene reference (Fc/Fcþ). TheseCV
scans in the �2.0 to þ2.0 V (vs Ag/AgCl) range showed reversible
oxidation peaks. Unfortunately, the reduction behaviors were irre-
versible; therefore, we were unable to accurately estimate their
HOMO and LUMO energies. To determine the LUMO levels, we
combined theCVoxidationpotentialwiththeoptical energybandgap
(Egopt) resulting from the absorption edge in the absorption spectrum.
Voltammograms of 5a, 5b, 5c, and 5d in their solution states showed
that their lowest oxidative waves were at þ0.74, þ0.75, þ0.84, and
þ0.90 V, respectively. As the density of the fluorine substituted phe-
nylpyridine ligand, 3b, increased, the oxidative stability improved. As
shown in Table 1, 5a, 5b, 5c, and 5d hadHOMO levels of�5.14,�5.15,
�5.24, and�5.30 eV, respectively. The HOMO energy levels in 5b, 5c,
and 5d became deeper due to the presence of an electron with-
drawing substituent in the ligand structure.
Fig. 6. Cyclic voltammograms of (a) 5a, (b) 5b, (c) 5c, and (d) 5d in the solution state
(solvent: methylene chloride).



Table 1
Physical properties of the four different Ir(III) complexes.

Ir(III)-complex Absorption
Wavelength (nm)

lem
(nm)

Eox½

(V)a
HOMO
(eV)b

LUMO
(eV)c

Eg
(eV)d

Ir(Cz-ppy)3 343(Cz), 384,
412, 461, 493

520 0.74 5.14 2.74 2.40

Ir(Cz-ppy)2
(Cz-Fppy)1

342(Cz), 374,
408, 455, 487

515 0.75 5.15 2.70 2.45

Ir(Cz-ppy)1
(Cz-Fppy)2

342(Cz), 367,
401, 441, 478

511 0.84 5.24 2.78 2.46

Ir(Cz-Fppy)3 342(Cz), 361,
395, 438, 473

496 0.90 5.30 2.77 2.53

a Oxidation potentials measured by cyclic voltammetry.
b HOMO ¼ Eox þ 4.4 eV.
c LUMO ¼ HOMO � Eg.
d Eg estimated from the UVevis absorption spectra.
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3.5. Electrophosphorescent properties

The multi-layer diodes had a structure of ITO/PEDOT:PSS
(40 nm)/PVK:PBDwith the Ir(III) complex (40 nm)/BCP (5 nm)/Alq3
(35 nm)/LiF (1 nm)/Al (100 nm), respectively (see Fig. 7). PVK
(Mww90,000, ACROS Co.) was selected as the polymer host, as is
usual. We fabricated four different multilayered devices. Devices A,
B, C, and D were fabricated using 5a, 5b, 5c, and 5d (10 wt%) doped
into PVK:PBD host. Due to the presence of steric hindrance via the
carbazolyl groups, the complexes can be doped at a high concen-
tration (10 wt%) into PVK, for electrophosphorescent devices,
without exhibiting significant emission quenching behavior [27].

There was a good overlap between the PL spectrum of PVK:PBD
(30 wt%) and the metaleligand charge transfer MLCT absorption
bands of the iridium complexes [8,22]. This overlap should enable
efficient energy transfer from the singlet-excited state in the host to
the MLCT band of the guest.

To emphasize the effect of the PBD on the electro-
phosphorescence, we also added the performance data of the
devices (e.g. devices 1, 2, 3, and 4) without PBD to Table 2.
Fig. 7. Molecular structures of Ir(III) complexes, PVK, and PBD. T
The current densityevoltage luminance curves of the four
devices are shown in Fig. 8. The turn-on voltages for these devices
were typical for Ir(III) complex doped PLEDs, falling in the 4.5e5.0 V
range.

The devices were fabricated under identical conditions during
the same period and at least five devices were characterized to
provide reproducible performance data, which are tabulated in
Table 2. The maximum brightness values of the LEDs were around
20,250 cd/m2 (at 2018.7 A/m2) for device A, 25,520 cd/m2 (at
2978.2 A/m2) for device B, 17520 cd/m2 (at 1816.3 A/m2) for device
C, and 9501 cd/m2 (at 2154.5 A/m2) for device D. These brightness
levels could not be compared and explained in an appropriate way
since the emission color coordinates were somewhat different from
each other. However, an enhancement of the brightness was clearly
observed when PBD was added to the PVK. Compared to device A,
the other three devices (B, C, D) showed higher current flows under
an identical bias voltage, which might be attributed to a lessening
of the charge trapping effect arising from the deeper HOMO levels.

Fig. 9 displays the dependence of the luminous efficiency and
external quantum efficiency on the current density for the four
electrophosphorescent devices. The maximum luminous efficien-
cies of devices A, B, C, and D were determined to be 19.24 cd/A (at
14.0 A/m2, hEQE ¼ 8.68%), 16.69 cd/A (at 34.1 A/m2, hEQE ¼ 5.72%),
20.25 cd/A (at 101.1 A/m2, hEQE ¼ 6.80%), and 13.87 cd/A (at 35.1
A/m2, hEQE ¼ 5.77%), respectively. It should be pointed out that the
triplet state of the PVK (T1¼2.50 eV) was higher in energy than that
of the Ir(III) complexes (T1 ¼ 2.40e2.46 eV), except for Ir(Cz-Fppy)3
(T1 ¼ 2.53 eV). There were subtle differences between the effi-
ciencies of the three samples, which cannot be explained using the
molecular energy levels. However, according to the literature [14],
the addition of an electronwithdrawing substituent into the ligand
raises the LUMO energy level of the Ir(III) complex and less efficient
electron trapping in the PVK host might occur due to this shallow
LUMO energy level. The triplet energy of Ir(Cz-Fppy)3 was 2.53 eV,
which was close to that of PVK, which may have undergone an
endothermic tripletetriplet energy transfer from the PVK host to
the Ir(III) complex [14].
he device configuration of the electrophosphorescent PLED.



Table 2
Measured parameters of the electrophosphorescent devices.

Device Turn-on (V) Lmm/cd m�2 (J)a LEmax/cd A�1 (J)a PEmax/lm W�1 (J)a EQEmax/%(J)a EL lmax
b (nm) CIE coordinateb (x, y)

Device lc 4 12,820 (1665.4) 15.53 (2.39) 4.64 (2.39) 4.90 (2.39) 528 0.37, 0.58
Device 2c 4 10,060 (1670.4) 11.33 (9.41) 3.95 (9.41) 3.89 (9.41) 518 0.32, 0.59
Device 3c 4.5 7605 (1665.1) 7.96 (12.86) 3.05 (7.67) 2.72 (7.67) 516 0.30, 0.59
Device 4c 4.5 5983 (1764.2) 4.55 (37.06) 1.80 (12.61) 1.83 (12.61) 494 0.25, 0.53
Device A 5 20,250 (2018.7) 19.24 (1.40) 7.55 (1.40) 8.68 (1.40) 520 0.35, 0.60
Device B 4.5 25,520 (2978.2) 16.69 (3.41) 6.99 (3.41) 5.72 (3.41) 512 0.31, 0.60
Device C 4.5 17,520 (1816.3) 20.25 (10.11) 7.22 (3.37) 6.80 (10.11) 512 0.30, 0.60
Device D 4.5 9501 (2154.5) 13.87 (3.51) 6.22 (3.51) 5.77 (3.51) 492 0.25, 0.54

a Corresponding J(A/m2).
b At maximum luminance.
c ITO/PEDOT:PSS(40 nm)/PVK:Ir(III) complex(40 nm)/BCP(5 nm)/Alq3(35 nm)//LiF/Al.
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It is well known that PVK can be blended with PBD to improve
the balance of the electron and hole transporting properties
[28e30]. Awell-balanced charge-carrier injection and the transport
and confinement of the emissive triplet excitons within the emis-
sion layer could be achieved, resulting in a significant improvement
in the stability of the device efficiency. Due to the presence of
a carbazolyl peripheral moiety around the iridium core, the present
device had a much slower decrease in efficiency with an increase in
current density, thereby suppressing tripletetriplet annihilation.
The relatively poor stability of the efficiency in device D was also
attributed to a possible backward energy transfer from the PVK host
to Ir(Cz-Fppy)3, which is not usual in other devices [14].

Fig. 10 shows the EL emission spectra of the four devices. The
spectra of the four devices were quite similar to the PL solution
Fig. 8. Dependence of current density and luminance on the applied voltage. Open
symbol: Luminance; Filled symbol: Current density.

Fig. 9. Dependence of luminous efficiency and exter
spectra of each Ir(III) complex (see Fig. 5). This suggests that the
same excited state specie was responsible for both the PL and EL
emissions, resulting from the triplet emission due to the Ir(III)
complex. The EL emission was dominated by an Ir(III) complex
emission peak at around 520e492 nm. No host emission was
observed in the fabricated devices. This seems to indicate that
energy transfer from the PVK:PBD host to the four Ir(III) complexes
was quite efficient at the optimized dopant concentration of the
experiment.

The effect of the 9-((6-(4-fluorophenyl)pyridin-3-yl)methyl)-
9H-carbazole ligand on the spectral shift to a shorter wavelength
induced a variation in the green emission color. The synthetic
strategy to add the fluorine substituted phenylpyridine ligand to
nal quantum efficiency on the current density.

Fig. 10. EL spectra of the four electrophosphorescent devices.



Fig. 11. Stability of the chromaticity depicted by CIE coordination.
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the Ir(III) complex successfully tuned the color coordinate precisely,
which was evidenced by the CIE coordinates (see Fig. 10 and
Table 2). Thus, it can be explained in greater detail by using the
differences in the electronic properties of the 9-((6-phenylpyridin-
3-yl)methyl)-9H-carbazole and 9-((6-(4-fluorophenyl)pyridin-
3-yl)methyl)-9H-carbazole ligands.

Fig. 11 shows the current density dependence of the chroma-
ticity, which was used to evaluate its stability. When the EL spec-
trum was converted into chromaticity coordinates on the CIE 1931
diagram, we could observe the evident stability of the chromaticity
with an increase in the applied voltage, concomitantly with an
increase in the current density. Therefore, the stability of the color
coordinatewas also improved by introducing the electron transport
molecule.

4. Conclusions

The new soluble iridium complexes, Ir(Cz-ppy)2(Cz-Fppy)1, Ir
(Cz-ppy)1(Cz-Fppy)2, and Ir(Cz-Fppy)3 were successfully synthe-
sized, and their electrophosphorescence device performances were
evaluated using a PVK:PBD blend host. The Ir(III) complexes had
good solubility over Ir(ppy)3, thus possessing greater processability.

It was intriguing that introducing one 3b instead of 3a yielded
a hypsochromic shift of 5 nm in the PL spectrum of Ir(Cz-ppy)2
(Cz-Fppy)1, relative to that of the green-emitting Ir(Cz-ppy)3,
(lem ¼ 520 nm). When we added one and two more fluorine
substituted ligands, the PL spectra of Ir(Cz-ppy)1(Cz-Fppy)2 and Ir
(Cz-Fppy)3 had emissionmaximums at 510 and 495 nm, respectively.

The efficiencies of all of the devices were shown to be quite
promising compared to other similar, conventional devices made of
Ir(ppy)3. In particular, with the variation of the ligand composition,
the PL emission and electrophosphorescence displayed quite
unique characteristics. The color coordinate of the device was finely
tuned by adding the fluorine substituted phenylpyridine ligand into
the Ir(III) complex. Our work unambiguously demonstrated that
new highly soluble Ir(III) complexes that take advantage of efficient
excited energy transfer can be fully utilized for tuning the emission
properties of phosphorescent EL devices.
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