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a b s t r a c t

Two solution-processable, carbazole-based iridium dendrimers (Ir-1 and Ir-2) were synthesized and
characterized. The presence of carbazolyl substituent on the cyclometallated ligand resulted in improved
solubility, good control over intermolecular interactions, and improved hole transport properties. The tri-
azole ancillary ligand led to improved electron transport properties. When the dendrimers were employed
as host-free light-emitting layers in the OLEDs, the devices exhibited a low turn-on voltage of 5.4 V. The
maximal external quantum efficiencies and luminous efficiency of the devices obtained from Ir-1 and Ir-2
were 5.1% and 3.3 cd A�1 and 7.9% and 4.4 cd A�1, respectively, both with saturated red emission (CIE co-
ordinates, 0.663, 0.332). The devices have a structure of indium tin oxide/poly(3,4-ethylenedioxythio
phene)/dendrimer/1,3,5-tris(N-phenylbenzimiazole-2-yl)benzene/cesium fluoride/aluminum. Given ease
of synthesis and good device performance, these iridium dendrimers can be used to fully exploit the po-
tential of low-cost OLEDs, leading to more applications in high-efficiency OLEDs.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Organic light-emitting diodes (OLEDs) have drawn intensive
attention given their potential applications in flat panel displays
and solid-state lighting sources [1e3]. Materials and devices based
on heavy metal complexes have been extensively investigated
because of their high efficiency (up to 100% for internal quantum
efficiency (IQE) because of the harvest of singlet and triplet exci-
tons) and tunable emission color in the entire visible region, as
determined by ligand modification [4]. Electrophosphorescent de-
vices based on Ir(III) complexes are typically fabricated by blending
these dopants into a host with an appropriately wide bandgap, such
as that derived in small molecules treated via thermal evaporation
under high vacuum [5,6] or polymer hosts subjected to solution
mixing and subsequent spin coating [7e9]. The host materials used
for carrier transport or carrier blocking must have sufficiently high
0.
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triplet energy to prevent the loss of triplet excitons from metal
complexes [10]. The average separation of the chromophores can be
readily tuned by molecular structures and multilayer device con-
figurations [11,12]. Yang et al. reported highly efficient solution-
processed green and red electrophosphorescent devices enabled
by a small-molecule bipolar host that comprises hole-transporting
triphenylamine and electron-transporting oxadiazole; the effi-
ciency of the green light-emitting device was elevated to
56.8 cd A�1 [13]. Although significant success in bipolar host-based
OLEDs has been achieved, doping with electron-transporting or
hole-transporting materials in a hosteguest blend remains the
primary approach to obtaining high-performance OLEDs. However,
the blend system usually suffers from phase separation problems.
Phosphorescent OLEDs consist of multiple layers for charge carriers
balancing and exciton confinement [14,15], which may limit their
practical applications.

Solution-processed phosphorescent dendrimers (containing an
emitting core, dendrons, and a surface group) serve as an alterna-
tive promising approach to realizing high-performance, low-cost,
and large-area OLEDs [16]. Dendrons are generally attached to cores
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and act as spacers that control the interactions between the cores
and endow OLEDs with charge transport properties [17,18]. Samuel
et al. developed green phosphorescent dendrimers containing fac-
tri(2-phenylpyridyl)iridium(III) cores, biphenyl-based dendrons,
and 2-ethylhexyloxy surface groups, and found that charge trans-
port occurs via hopping between the electroactive cores [19e21].
Higher generation materials have favorable photophysical proper-
ties, but reduced charge mobility [22,23]. The performance of a
device is considerably influenced by the charge balance from
opposite electrodes; thus, a highly desirable solution is to design
phosphorescent dendrimers with enhanced charge balance fea-
tures that enable complete transfer of energy between host and
dopant molecules [24,25]. An effective method for controlling the
interactions between the cores of these dendrimers is to increase
the number of dendrons close to the core, forming “double den-
dron” materials. This method demonstrates that efficient photo-
luminescence (PL) and electroluminescence (EL) can be readily
obtained from neat films [26,27]. Wang et al. developed bifunc-
tional electrophosphorescent green light-emitting devices by
increasing the density of carbazole dendrons at the edge of the
emissive core, inwhich the core acts as the emissive dopant and the
dendron serves as the host [28]. Wong et al. reported homogeneous
red light-emitting dendrimers with triphenylamine as dendrimer,
showing a bathochromic shift from pure red at 620 nm to saturated
red at 641 nm in dichloromethane with increased generation from
G0 to G2 [29].

In our previous work, we designed and successfully synthesized
a series of red dendrimers by incorporating an energy transfer-
favorable ancillary ligand with 2-pyridyltriazole. The introduction
of the 1,2,4-triazole group into the ancillary ligand can lead to a blue
shift of the emitted color as a result of enabled Förester energy
transfer from the singlet-excited state in the host to the metal-to-
ligand charge transfer (MLCT) band of the guest [30,31]. To
simplify the device structure by using an emitter with charge
transport capability, we report the synthesis and characterization
of two dendritic cyclometalated iridium(III) complexes. The com-
plexes contain three 3, 6-dicarbazole groups or three 9-phenyl
carbazole units between the iridium centers as spacers and a tri-
azole compound as the ancillary ligand, which enable the den-
drimers to perform bipolar transport. As strong electron-
withdrawing groups, 1,2,4-triazole derivatives can enhance elec-
tron withdrawal capabilities, thereby reducing the lowest unoccu-
pied molecular orbital (LUMO) level and increasing the highest
occupied molecular orbital (HOMO)eLUMO gap [32]. The triazole
group can compensate for the bathochromic shift from the large
conjugated dendritic group, enabling saturated red emission.
Compared with the corresponding devices from the blend system,
those with host-free structures exhibited improved performance,
indicating that excellent solution-processing properties, charge
transport properties, and electrophosphorescent performance are
combined in the carefully designed iridium dendrimers. These
materials can serve as a new route to synthesizingmetal phosphors
with optimized electroluminescent efficiency/color purity tradeoff
for pure red emission.

2. Experiments

2.1. Measurement and characterization

2.1.1. Materials
All reagents and solvents, unless otherwise specified, were

obtained from Aldrich, Acros, and TCI Chemical Co. and were used
as received. All manipulations involving air-sensitive reagents
were performed under a dry argon atmosphere. Anhydrous tetra-
hydrofuran was distilled over sodium/benzophenone under N2
prior to use. 3-Bromo-N-phenethyl benzamide (1), 1-(3-bromo
phenyl)-3,4-dihydroisoquinoline (2), N-(4-bromophenyl)carbazole
(3), N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-20-yl)phenyl)car
bazole (4) [30], 3-Bromocarbazole (8), 3-bromo-N-(2-ethylhexyl)
carbazole (9), and 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
N-(2-ethylhexyl)carbazole (10) [33] were synthesized in a similar
manner as published procedures. Tetrabutylammonium hexa-
fluorophosphate (Bu4NPF6) was recrystallized from a 50:50
mixture of methanol/water and dried at 60 �C under vacuum.

2.1.2. Instrumentation
1H NMR spectrawere recorded on a Bruker AV 300 spectrometer

with tetramethylsilane as the internal reference. The molecular
weights of the compounds were obtained on a Trace 2000 Series
(CE Instruments Company) or Voyager DEPROmatrix-assisted laser
desorption-ionization time-of-flight (MALDI-TOF) spectrometer
(Applied Biosystems). Elemental analyses were performed on a
Vario EL elemental analysis instrument (Elementar Co.). UVevis
absorption spectra were recorded on an HP 8453 spectrophotom-
eter. Cyclic voltammetry (CV) was carried out on a CHI660A elec-
trochemical workstation with platinum electrodes at a scan rate of
50 mV/s against a saturated calomel reference electrode (SCE) with
an argon-saturated solution of 0.1 M tetrabutylammonium hexa-
fluorophosphate (Bu4NPF6) in dichloromethane (CH2Cl2). Atomic
force microscopy (AFM) images were obtained with a Nanoscope
IIIa instrument (Digital Instruments) in tapping mode. A crystal
silicon tip with a resonant frequency of 300e350 kHz and a spring
constant of 20e100 N/m was used. The scanner was a 10 mm piezo
scanner with a scan rate of 1e2 Hz. Offline image processing and
analysis (grain size, roughness) were performed using DI offline
software (Veeco Corp).

2.1.3. Computational method
The geometric optimization and energy level calculation of the

ground state of the ligands were obtained by the BeckeeLeee
YoungeParr composite exchange correlation functional [34]
method with the 6e31G basis set. Calculations of the electronic
ground states of the Ir (III) dendrimers were conducted using the
same calculation method, except for the LANL2DZ [35] basis
set for the Ir atom. All of the calculations were accomplished
by density functional theory (DFT) [36] methods using the
Gaussian 03 software package [37] in vacuo without any con-
strained symmetry. Accomplishing the solvent effect computations
was difficult because of the large systems and the condition of our
equipment.

2.1.4. Device fabrication and characterization
A patterned indium tin oxide (ITO)-coated glass with a sheet

resistance of 15 U/square was cleaned by a surfactant scrub and
then subjected to a wet-cleaning process in an ultrasonic bath,
beginning with deionized water followed by acetone and iso-
propanol. The thicknesses of the poly(3,4-ethylendioxythiophene)
(PEDOT): poly(styrenesulfonate) (PSS) and active layer were veri-
fied by a surface profilometer (Tencor, Alpha-500). A layer of PEDOT
(60 nm) was spin-cast onto pre-cleaned ITO-glass substrates. Then,
a 40 nm-thick layer of poly(vinylcarbazole) (PVK) was spin-cast
onto the top of PEDOT. The iridium dendrimers were then spin-
coated from a chlorobenzene solution (30 mg/mL) to yield an 80-
nm thick dense layer of either Ir-1 or Ir-2. To determine the fac-
tors that limit device efficiency and improve device performance,
an electron-transporting layer of 1,3,5-tris(2-N-phenylbenzimida
zolyl)benzene (TPBI) with a thickness of 60 nm was used. Cesium
fluoride (CsF) (1 nm) and aluminum (Al) (80 nm) were used as
electron-injection layer and cathode. The thickness of the evapo-
rated cathodes was monitored by a quartz crystal thickness/ratio
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monitor (model: STM-100/MF, Sycon). Except for the deposition of
the PEDOT:PSS layers, all the fabrication processes were conducted
in a controlled nitrogen dry box atmosphere (Vacuum Atmosphere
Co.). The current densityeluminanceevoltage (JeLeV) character-
istics were measured using a Keithley 236 source measurement
unit and a calibrated silicon photodiode. The luminance was cali-
brated using a spectrophotometer (Photo Research, Model: Spec-
traScan PR-705). Absolute photoluminescent efficiencies were
measured in an integrating sphere (IS-080, Labsphere) under
325 nm line of HeCd laser. External electroluminescent quantum
efficiencies (QE) were obtained by measuring the total light output
in all directions in the integrating sphere. The external quantum
efficiency (EQE) of the device was collected by measuring the total
light output in all directions in the integrating sphere. PL and EL
spectra were recorded using a charge-coupled device spectropho-
tometer (Instaspec 4, Oriel).
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Scheme 1. Synthetic route for the ligands. Reagents and conditions: (i) 3-bromobenzo
phenanthroline, CuCl, anhydrous KOH, xylene, Ar; (iv) THF, n-BuLi, 2-isopropoxy-4,4,5,5-te
Ar; (vi) 10% Pd/C, mesitylene, Ar; (vii) NBS, CHCl3; (viii) NBS, CHCl3; (ix) t-BuOK, 1-Bromo-2
(xi) 4, Pd(PPh3)4, 2 mol/L Na2CO3, toluene:ethanol ¼ 2:1, Ar; (xii) 10, Pd(PPh3)4, 2 mol/L Na
2.2. Synthesis

The synthetic routes of the ligands and iridium dendrimers are
shown in Schemes 1 and 2.

2.2.1. 1-(3-(N-carbazolyl)biphenyl)-3, 4-dihydoisoquinoline (5)
The solution of 6.50 g (22.7 mmol) 2, 9.22 g (25.0 mmol) 4,

12.6 mL of 2 M sodium carbonate, 70 mL of toluene, and 35 mL of
ethanol were degassed with argon for 20 min, and then 0.578 g
Pd(PPh3)4 was added. The solution was refluxed for 24 h under
argon. After cooling to room temperature, 10 mL of water was
added. The aqueous layer was extracted with dichloromethane and
dried with anhydrous magnesium sulfate. The product was purified
by silica-gel column chromatography using ethyl acetate/
dichloromethane (1/9) as the eluent and dried in vacuum to yield
a yellow powder (8.22 g, 80.6%). Gas chromatographyemass
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yl chloride, Et3N, CH2Cl2; (ii) xylene, P2O5, POCl3; (iii) 4-bromoiodobenzene, 1,10-
tramethyl-1,3,2-dioxaborolane; (v) Pd(PPh3)4, 2 mol/L Na2CO3, toluene:ethanol ¼ 2:1,
-ethyl hexane; (x) THF, n-BuLi, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane;
2CO3, toluene:ethanol ¼ 2:1, Ar.
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Fig. 1. Cyclic voltammograms of Ir-1(a), Ir-2(b) (scan rate: 50 mV/s, solvent: CH2Cl2).
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spectrometry (GCeMS): m/z, 447.2, [M � 1]þ. 1H NMR (300 MHz,
CDCl3), (ppm): 8.17e8.14 (d, 2H), 7.96 (s, 1H), 7.88e7.85 (m, 2H),
7.81e7.78 (m, 1H), 7.66e7.55 (m, 4H), 7.48e7.40 (m, 6H), 7.36e7.27
(m, 4H), 3.94e3.89 (m, 2H), 2.89e2.85 (t, 2H).

2.2.2. 1-(3-(N-carbazolyl)biphenyl)lisoquinoline (6)
Up to 3.52 g (7.86 mmol) 5 was dissolved in 20 mL mesitylene,

and then 0.45 g 10% Pd/C was added. The solution was refluxed for
3 h at 190 �C under argon. After cooling to room temperature, the
solution was filtered and the black powder was washed with
dichloromethane several times. The product was purified by
recrystallization from petroleum ether, and dried to yield a pale
powder (3.09 g, 88.2%). GCeMS: m/z, 445.2, [M � 1]þ. 1H NMR
(300 MHz, CDCl3) (ppm): 8.68e8.67 (m, 1H), 8.22e8.14 (m, 3H),
8.04 (s, 1H), 7.96e8.83 (m, 4H), 7.83e7.58 (m, 7H), 7.49e7.39 (m,
4H), 7.32e7.27 (m, 2H).

2.2.3. 1-(3-(N-(3, 6-dibromocarbazolyl)))biphenylisoquinoline (7)
Up to 2.45 g (5.49 mmol) 6 was dissolved in 20 mL chloroform,

and then 1.98 g (11.12 mmol) N-bromosuccinimide in chloroform
was added dropwise to the solution, which was then stirred at
room temperature for 3 h. The product was purified by silica-gel
column chromatography using ethyl acetate/dichloromethane (1/
9) as the eluent to yield a yellow powder (2.83 g, 85.8%). Electro-
spray ionizationeMS: m/z, 605.0, [M þ 1]þ. 1H NMR (300 MHz,
CDCl3), (ppm): 8.67e8.65 (d, 1H), 8.20e8.18 (d, 3H), 8.02 (s, 1H),
7.94e7.88 (m, 3H), 7.85e7.62 (m, 4H), 7.58e7.50 (m, 5H), 7.32e7.26
(m, 2H).

2.2.4. Synthesis of L1
Up to 0.909 g (1.5 mmol) 7, 1.12 g (3.0 mmol) 4, and 3 mL of 2 M

sodium carbonate solution were added to the solvent containing
30 mL toluene and 15 mL ethanol. After degassing with argon,
0.069 g Pd(PPh3)4 was added. The mixture was refluxed for 24 h
under argon, and then 10 mL water was added after the solution



Table 1
The optical and electrochemical properties of the complexes.

Complexes Eox
b (V) Ered

b (V) HOMOc (ev) LUMOc (ev) Egap (ev) UVd (nm) PL (nm)d PL efficiencye (%)

G0a 0.97 �1.44 �5.37 �2.96 2.41 233, 293
353, 455

593 3.3

Ir-1 0.56, 0.88, 1.10 �1.49 �4.96 �2.91 2.05 240, 294, 315 604 7.83
Ir-2 0.70, 1.05, 1.26 �1.46 �5.10 �2.94 2.16 246, 277, 306 606 10.65

Measurement detailed:
a Data from Ref. [30].
b Quasi-reversible or irreversible; Eox and Ered are the onset potential of oxidation and reduction, respectively.
c Calculated from the empirical formula, E(HOMO) ¼ �(Eox þ 4.40) (eV), E(LUMO) ¼ �(Ered þ 4.40) (eV).
d The UV and PL data was obtained in CH2Cl2 solution.
e Measured in integrating sphere under 325 nm line of HeCd laser.
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cooled. The aqueous layer was extracted with dichloromethane
three times and dried with anhydrous magnesium sulfate. The
product was purified by silica-gel column chromatography using
dichloromethane/petroleum ether (1/9) as the eluent and dried in
vacuum to yield a white powder (1.03 g, 73.9%). MALDI-TOF: MHþ,
929.5 (100%), 1H NMR (CDCl3, 300 MHz), (ppm): 8.69e8.67 (d, 1H),
8.54 (s, 2H), 8.23e8.05 (m, 6H), 7.96e7.92 (m, 7H), 7.78e7.63 (m,
11H), 7.60e7.56 (m, 2H), 7.52e7.31 (m, 8H), 7.34e7.20 (m, 7H). 13C
NMR (CDCl3, 75 MHz): d (ppm) 149.52, 146.63, 142.19, 140.52,
138.00, 130.69, 130.27, 130.16, 128.90, 128.69, 127.52, 127.35, 127.12,
126.73, 126.07,125.91,124.42,123.97, 123.66, 123.38, 122.89,122.65,
121.11, 119.48, 118.74, 113.47.

2.2.5. Synthesis of L2
Up to 0.909 g (1.5 mmol) 7, 1.34 g (3.3 mmol) 10, and 3 mL of 2M

sodium carbonate solution were added to the solvent containing
30 mL toluene and 15 mL ethanol. Synthesis details are similar to
those described for L1 (1.28 g, 85.2%). MALDI-TOF: MHþ, 1000.6
Table 2
Contour plots of HOMOs and LUMOs of iridium dendrimers.
(100%), 1H NMR (CDCl3, 300 MHz), (ppm): 8.69e8.67 (d, 1H), 8.60e
8.53 (m, 3H), 8.46e8.45 (m, 2H), 8.24e8.19 (m, 3H), 8.10 (s, 1H),
7.97e7.69 (m,12H), 7.63e7.59 (m, 3H), 7.53e7.40 (m, 7H), 7.27e7.21
(m, 2H), 4.22e4.20 (m, 4H), 2.17e2.08 (m, 2H), 1.44e1.35 (m, 16H),
1.01e0.93 (m, 12H). 13C NMR (CDCl3, 75 MHz) d (ppm): 149.55,
147.12, 142.07, 140.45, 137.32, 133.59, 133.19, 132.64, 129.04, 128.23,
126.06,125.69,125.45,123.85,123.66,123.38,123.04,121.83,121.46,
121.22, 120.87, 119.19, 118.90, 117.54, 117.17, 109.31, 109.19, 39.38,
31.22, 30.45, 29.79, 28.67, 25.03, 22.98, 14.00, 10.77.

2.2.6. Iridium complexes
Cyclometalated Ir(III) chloro-bridged dimers of general formula

(ĈN)2Ir(m-Cl)2Ir(ĈN)2 (where ĈN represents a cyclometalating
ligand) were synthesized by a previously reported method [32].
IrCl3.3H2O was heated to 110 �C with 2.5 equivalent of cyclo-
metalating ligand in a 3:1 mixture of 2-ethoxyethanol under argon
for 24 h. The crude yields exceeded 85%. Ir-1 and Ir-2 were pre-
pared according to a previous report [30].



Table 3
Calculated HOMO and LUMO orbital energies and metallic d-orbital characteristics
of iridium dendrimers at B3LYP/6e31G level.

Occupied molecular orbitals Unoccupied molecular orbitals

Energy (eV) d (%) Energy (eV) d (%)

Ir-1 HOMO �9.25 3.3 LUMO �8.30 68.2
HOMO�1 �9.12 0.5 LUMOþ1 �6.12 4.4
HOMO�2 �8.57 4.3 LUMOþ2 �6.01 4.3

Ir-2 HOMO �8.90 2.1 LUMO �8.23 67.9
HOMO�1 �9.06 0.4 LUMOþ1 �6.26 4.6
HOMO�2 �9.09 4.0 LUMOþ2 �6.15 4.2
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2.2.7. Synthesis of Ir-1
The solution of 0.0726 g (0.45 mmol) 5-methyl-3-(pyridin-20-

yl)-1H-1,2,4-triazole and 0.122 g (2.25 mmol) sodiummethoxide in
50mL anhydrous ethanol was heated to 50 �C for 1 h. Up to 0.4502 g
(0.11 mmol) of chloro-bridged dimer in 10 mL dichloromethane
was dropped into the solution. The reacting mixture was refluxed
for 3 h and cooled to room temperature. Water (50 mL) and
dichloromethane (30 mL) were added, and then the organic layer
was washed with water and dried with anhydrous magnesium
sulfate. The mixture was purified by silica-gel column chromatog-
raphy using acetone/dichloromethane (1/6) as eluent to yield a red
powder (0.1631 g, isolated yield, 32.6%). MALDI-TOF: MHþ, 2207.8,
1H NMR (CDCl3, 300MHz), (ppm): 9.19e9.14 (m, 2H), 8.67e8.58 (m,
7H), 8.35e8.34 (m, 1H), 8.20e8.14 (m, 9H), 8.00e7.61 (m, 35H),
7.55e7.46 (m, 22H), 7.35e7.25 (m, 10H), 7.17e7.15 (m, 2H), 6.70e
6.65 (m, 2H), 2.53e2.51 (d, 3H). 13C NMR (CDCl3, 75 MHz) d (ppm):
169.52, 169.27, 162.03, 157.92, 154.55, 152.63, 152.07, 149.83, 146.63,
142.26, 140.52, 138.13, 132.77, 131.47, 130.77, 130.25, 130.26, 129.10,
128.79,127.50,127.34,127.02,126.83,126.38,125.92,125.45,124.90,
124.17, 123.65, 122.98, 122.56, 121.10, 119.46, 119.14, 118.74, 113.65,
15.78. Calcd for C146H93IrN12: C, 79.43; H, 4.25; Ir, 8.71; N, 7.61.
Found: C, 79.25; H, 4.55; N, 7.82.

2.2.8. Synthesis of Ir-2
The synthesis details of Ir-2 are similar to those described for Ir-

1. The crude product was separated by silica column chromatog-
raphy using acetone/dichloromethane (1/6) as the eluent to yield a
red powder (isolated yield 34.8%). MALDI-TOF: MHþ: 2352.2
(100%), 1H NMR (CDCl3, 400 MHz), (ppm): 1H NMR d (CDCl3,
300 MHz), (ppm): 9.18e9.13(m, 2H), 8.67e8.48 (m,11H), 8.24e8.22
(m, 5H), 7.93e7.83 (m, 26H), 7.65e7.63 (m, 5H), 7.53e7.43 (m,15H),
7.28e7.25 (m, 4H), 6.68e6.63 (m, 2H), 4.24e4.19 (m, 8H), 2.54 (s,
3H), 2.19e2.15 (m, 4H), 1.45e1.28 (m, 32H), 1.00e0.89 (m, 24H). 13C
NMR (CDCl3, 75 MHz) d (ppm): 169.51, 163.22, 157.90, 155.06,
152.62, 149.76, 146. 84, 145.26, 142.18, 141.05, 137.83, 136.25, 136.41,
132.12, 131.24, 130.76, 130.52, 130.08, 128.98, 127.85, 127.36, 127.12,
126.27, 126.05, 125.38, 124.37, 121.54, 121.21, 121.05, 120.37, 119.43,
119.21, 118.55. 116.44, 47.65, 39.44, 31.26, 30.11, 29.69, 28.75, 24.62,
23.09, 15.78, 14.22, 10.89. Calcd for C154H141IrN12: C, 78.64; H, 6.04;
N, 7.15. Found: C, 79.01; H, 5.80; N, 6.86.

3. Results and discussion

3.1. Synthesis

The syntheses of the ligands and iridium dendrimers are shown
in Schemes 1 and 2, respectively. The ligands and 5-methyl-3-
(pyridin-20-yl)-1H-1,2,4-triazole were synthesized according to
literature [30]. The heteroptic complexes were prepared according
to a two-step method as reported [30]. The Ir dimers were first
synthesized, and then allowed to react with 3e5 equivalents of 5-
methyl-3-(pyridin-20-yl)-1H-1,2,4-triazole and an equivalent
amount of sodium methoxide in ethanol at 50 �C for 3e5 h. All
experiments involving Ir(III) species were carried out in inert at-
mosphere despite the good stability of the compounds in air. All the
dendritic iridium complexes exhibited good solubility in common
organic solvents and easily formed a uniform film by spin coating.
The structures of the compoundswere verified by 1H NMR, GCeMS,
and MALDI-TOF MS.

3.2. Electrochemistry

The electrochemical characteristics of the materials were
investigated by CV methods (Fig. 1(a, b)). Solution CV measure-
ments are fairly applicable to the discussion of energy levels in
thin-film OLEDs [38]. The two dendrimers displayed two revers-
ible oxidation waves. The relatively low oxidation potentials
(Eonset) of 0.56 V for Ir-1 and 0.70 V for Ir-2 are ascribed to the
mixture of the oxidation of Ir-d orbitals and ligands [39,40]. The
Ir(1-piq)2mpt (G0) was 0.97 V [30]. Thus, the peripheral dendrons
and the 3,6-positions of the carbazole or 9-carbazole resulted in a
cathodic shift of Eox1 because of the electronic effects of the pe-
ripheral carbazolyl-substituents at the cyclometalating ligand.
Eox2 are ascribed to the oxidation of the peripheral carbazolyl-
substituents. The first oxidation potentials were used to deter-
mine the HOMO energy levels. The energy level and energy gap



Fig. 4. The AFM images (2 mm � 2 mm) of Ir-1 (a) and Ir-2 (b
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Fig. 3. PL spectra of Ir-1 and Ir-2 in CH2Cl2 solution.
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were calculated with the empirical formula EHOMO ¼
�e(Eox þ 4.40), ELUMO ¼ �e(Ere þ 4.40), Egap ¼ ELUMO � EHOMO [41],
which is based on an SCE energy level of 4.4 eV relative to the
vacuum level. The HOMO energy levels were 4.96 eV for Ir-1 and
5.10 eV for Ir-2. The Eonset values for the reductions were also at
more negative potentials than G0. The data listed in Table 1
showed that the oxidation potential of Ir (III) decreased with
increasing p-conjugation of the dendrons.

3.3. Theoretical calculations

On the basis of the optimized structures obtained by DFT
methods, we investigated the d-orbital characteristics of the HO-
MOs and LUMOs of the Ir(III) dendrimers. The value of d indicates
the electronic population of any electron localized on the centric Ir
atoms, which is a criterion of the 7d or 8d characteristic of the
orbital. The contour plots are listed in Table 2, and the results of the
d-orbital characteristics are summarized in Table 3. The HOMOs
and LUMOs were located at the ligand side and the composition of
iridium was very low, indicating that the electronic transition
) spin-coated in acetonitrile solution onto ITO substrates.
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of 12 mA cm�2.
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between the orbitals occurs by predominant MLCT. The calculation
of the electronic populations of the HOMOs and LUMOs predicted
that strongMLCT transitionwill exist in the electronic transitions in
the iridium dendrimers.

3.4. Photophysical properties

The UVevis absorption of the obtained iridium(III) dendrimers
and their ligands are depicted in Fig. 2 The dendrimers have three
absorption bands from240 to 320 nm in the UV region. These bands
can be assigned to pep* transitions of the conjugated p-electron
Table 4
Device performance of iridium dendrimers with different device structures.

Device Device performance at maximal efficiency J ¼ 100

Bias (V) J (mA/cm2) L (cd/m2) QE (%) L (cd/A) Volt (V

Ir-1 1 12.6 7.4 191 3.6 2.6 18.6
2 10.9 4.2 140 5.1 3.3 15.8
3 14.9 1.8 60 5.1 3.3 21.6
4 10.8 0.3 11 5.7 4.4 22.9

Ir-2 1 10.5 8.3 211 3.8 2.6 13.8
2 8.4 6.2 273 7.9 4.4 11.4
3 15.3 4.5 160 6.4 3.6 21.2
4 10.0 0.4 21.5 5.4 7.2 22.0

Device structure: 1, ITO/Dendrimer/TPBI/CsF/Al; 2, ITO/PEDOT/Dendrimer/TPBI/CsF/Al; 3,
CsF/Al.

a At 1 cd/m2.
b At maximal efficiency.
system of the corresponding ligand. Ir-1 and Ir-2 showed similar
absorption bands to corresponding free ligands with minor red
shifts in the CH2Cl2 solution. The MLCT absorption bands in the
solution could not be clearly observed because of the strong ab-
sorption of the ligands. The weak and broad absorption bands
longer than 400 nm in the film absorption (Fig. 2(b)) are assigned to
1MLCT and 3MLCT because of spineorbit coupling.

Ir-1 and Ir-2 showed similar PL spectra in the solution; the
spectra peaked at 604 and 606 nm, respectively, which are red
shifted by 11 and 13 nm from G0 (Fig. 3). The PL spectra of both
iridium (III) dendrimers blue shifted compared with those corre-
sponding to homogeneous iridium complexes [5,29]. The absolute
PL efficiencies of the neat films were measured in an integrating
sphere under the 325 nm line of HeeCd laser. The values were
7.83% and 10.65% for Ir-1 and Ir-2, respectively. The value for G0
(Ir(piq)2mpz) was 3.3%. The higher PL efficiency in Ir-2 is associated
with the bulky carbazolyl dendron attaching to the cores, which
may suppress concentration quenching and reduce efficiency roll-
off in OLEDs at high current density. Such effects are due to reduced
tripletetriplet annihilation. The detailed photophysical properties
are listed in Table 1.

AFM was used to characterize the surface morphologies of the
light-emitting films. The phase images of the AFM studies obtained
by tapping mode are shown in Fig. 4(a, b). Both iridium(III) den-
drimers showed uniform film features. A more homogeneous film
was observed for Ir-2 with a root mean square roughness of
0.289 nm; the value for Ir-1 was 1.058. The observation is in good
agreement with the fact that 2-ethylhexyl linked in N-carbazolyl
can improve the solubility of the dendrimer responsible for better
surface morphology.

3.5. Electroluminescence performance

Ir-1 and Ir-2 can be spin-coated to form high-quality thin films
that are morphologically stable; thus, we fabricated host-free light-
emitting devices using these compounds as single active compo-
nents. To evaluate the influence of charge transport on device
performance, three host-free types of devices with the configura-
tions: (1) ITO/Dendrimer/TPBI/CsF/Al, (2) ITO/PEDOT/Dendrimer/
TPBI/CsF/Al, (3) ITO/PEDOT/PVK/Dendrimer/TPBI/CsF/Al were
fabricated and compared.

The EL spectra of polymer LEDs fabricated from Ir-1 and Ir-2
under different device configurations were obtained at a current
density of 12 mA cm�2 (Fig. 5). The EL spectra recorded for the
devices from iridium(III) dendrimers showed the same shape as the
PL spectra measured in dichloromethane solution. The Commission
Internationale De L’Eclairage coordinates of the devices listed in
Table 4 were all in the saturated red region. The profile of the EL
mA/cm2 Brightness
(cd/m2)

Turn-on
voltagea (V)

CIE (x, y)b

) L (cd/m2) QE (%) L (cd/A)

1345 1.7 1.3 2289 8.0 0.638, 0.349
1712 2.7 1.7 1712 7.7 0.651, 0.337
1749 2.6 1.7 1992 11.3 0.655, 0.336
1379 1.7 1.3 1658 9.5 0.641, 0.355
1715 2.5 1.7 2769 6.0 0.656, 0.337
2443 4.3 2.4 3360 5.4 0.663, 0.332
1927 3.5 2.0 3619 9.9 0.662, 0.332
1523 2.0 1.5 1536 7.6 0.647, 0.348

ITO/PEDOT/PVK/Dendrimer/TPBI/CsF/Al; 4, ITO/PEDOT/Dendrimer þ CBP(2:8)/TPBI/



B. Liang et al. / Dyes and Pigments 99 (2013) 41e51 49
spectra of both iridium(III) dendrimers contained one peak at about
618 nm with a vibronic shoulder at 653 nm, coinciding very well
with the PL spectrum (Fig. 3). The vibronic shoulders in devices 1
and 2, which are usually assigned to the excimer emission [42],
were evident probably because of a facile formation of excimers in
the devices.

The JeLeV characteristics of the obtained devices are shown in
Fig. 6. All the EQEs reported in this work were corrected as
commonly accepted IQEs [43]. Despite the absence of a hole-
transporting layer, the iridium dendrimers were directly spin-cast
onto the pre-cleaned ITO substrates from the solution in device 1,
with moderate maximal EQEs of 3.6% and 3.8% for Ir-1 and Ir-2,
respectively. For device 2, a thin layer of PEDOT:PSS layer was
incorporated as a hole-transporting layer between the emitting
layer and ITO substrate. The efficiencies significantly increased for
the devices based on both dendrimers. Amaximal EQE of 5.1% and a
luminous efficiency (LE) of 3.3 cd A�1 were recorded for the Ir-1
device. The data were 7.9% and 4.4 cd A�1 for the Ir-2 device. When
the hole-transporting layer PVK was incorporated along the anode
side, the maximal EQE for device 3 based on Ir-1 and Ir-2were 5.1%
and 6.4%, and the turn-on voltage raised from 7.7 V to11.3 V and
5.4 V to 9.9 V at 1 cd/m2 respectively. The less efficient performance
of the device 3 with PVK compared with that of device 2 fully
revealed the hole transport characteristics of the iridium
dendrimers.

To further elucidate the bipolar charge transport properties of
the obtained dendrimers for both holes and electrons, we also
compared the performance of device 2 (Ir-1, Ir-2) using 4,4-
bis(carbazol-9-yl)biphenyl (CBP) as host material, which is
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Fig. 6. The current density (J)eVoltage (V)eluminance (L) curves for Ir-1 (a) and Ir-2
(b)with different device structures: (1) ITO/dendrimer/TPBI/CsF/Al; (2) ITO/PEDOT/
dendrimer/TPBI/CsF/Al; (3) ITO/PEDOT/PVK/dendrimer/TPBI/CsF/Al.
recognized to be bipolar transporting with the same structure as
the ITO/PEDOT/dendrimer (20 wt% in CBP)/TPBI/CsF/Al. Fig. 7(a, b)
shows the JeLeV characteristics and QEeLeJ of device 2 of the Ir-2
and Ir-2 based on the CBP host. At 120 cd m�2, the EQE was 7.6% (at
7.80 V) for Ir-2 and 6.4% (at 12.4 V) for Ir-2/CBP, suggesting that the
dendrimers significantly contribute to charge transport. A peak EQE
of 4.6% (2.56 cd m�2) for Ir-2 at a bias of 12.0 V at 100 mA cm�2 was
achieved. The results revealed that the host-free devices without
the host CBP exhibited better performance, and that large charge
injection barriers or unbalanced carriers occurred. Such EL perfor-
mance suggested that in the neat film configuration, electron and
hole injections, as well as transport, were balanced, resulting in
highly efficient charge capture inside the devices. The host-free
devices showed better performance relative to the blend system.
The detailed data were listed in Table 4.

The comparison of the HOMO energies of ITO and Ir-1 and Ir-2
indicated that the iridium dendrimers constituted a hole trap with
depths of ca. 0.06 and 0.24 eV, respectively. The LUMO energies of
Ir-1 and Ir-2 at �2.91 and �2.94 eV were only slightly lower than
that of TPBI. Fig. 8 shows the work functions (ITO, 4.9 eV; PEDOT,
5.0 eV; PVK, 5.8 eV; CBP, 5.9 eV), which represent the extract
transform load layer (TPBI, 2.70 eV; CsF, 2.2 eV) [44,45], suggesting
that Ir-1 and Ir-2 acted as efficient bipolar transport materials. Ir-1
and Ir-2 had better hole injection and transport properties than did
the electron. As indicated by AFM spectroscopy (Fig. 4), Ir-2
exhibited a more uniform thin film than did Ir-1, which could be a
contributing factor to the better performance of the former.
Although the device performance needs further optimization, we
10
-7

10
-5

10
-3

10
-1

10
1

10
3

0

1000

2000

3000

0 5 10 15

Ir-2

Ir-2:CBP (2:8)

Ir-2

Ir-2:CBP (2:8)C
u

r
r
e
n

t
 d

e
n

s
i
t
y
 (

m
A

/
c
m

2

)

L
u

m
i
n

a
c
e
n

c
e

 
(
c
d

/m
2

)

Voltage (V)

a

0

2

4

6

8

10

0

1000

2000

3000

0 20 40 60 80 100

b Ir-2

Ir-2:CBP(2:8)

Ir-2

Ir-2:CBP (2:8)

L
u

m
i
n

a
n

c
e
 
(
c

d
/m

2

)

Q
E

 (
%

)

Current density (mA/cm
2

)

Fig. 7. The current density (J)evoltage (V)eluminance (L) characteristics of Ir-2 (a), and
luminance (L)eexternal quantum efficiency (E)ecurrent density (J) of Ir-2(b) with
different device structures: (1) ITO/PEDOT/Dendrimer/TPBI/CsF/Al, (2) ITO/PEDOT/
(dendrimer:CBP(2:8))/TPBI/CsF/Al.



ITO

PEDOT

CBP 2.3 eVPVK

PVK

CBP 5.9 eV

TPBI

TPBI

Ir-1 2.91 eV

Ir-1 4.96 eV

Ir-2 5.10 eV

Ir-2 2.94 eV

CsF

Al

4.9 eV
5.0 eV

2.2 eV

5.8 eV

2.7 eV

6.7 eV

2.2 eV

4.2 eV

Fig. 8. Energy level diagram for the materials used in devices.

B. Liang et al. / Dyes and Pigments 99 (2013) 41e5150
highlight the potential merits of this prominent class of iridium
dendrimers in simplifying high-efficiency OLED applications.

4. Conclusion

An effective strategy for designing bipolar phosphorescent
dendrimers has been demonstrated for electrophosphorescent
devices. Introducing carbazolyl dendrons with excellent charge
transport properties at the edge of the emissive core and 1,2,4-
triazolyl unit moieties can significantly reduce the luminescence
self-quenching caused by intermolecular interactions. A peak LE
accompanied by high luminance was realized from a bilayer device.
Surface groups play an important role in controlling solubility and
intermolecular interactions, as indicated by the comparison of Ir-1
and Ir-2. We believe that this strategy is suitable for the design and
synthesis of novel solution-processable host-free phosphorescent
materials and devices.
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