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a b s t r a c t

Two new red-emitting Ir(III) complexes containing 2-(1-naphthyl)benzothiazole as cyclometalated li-
gands and the carrier transporting group-functionalized picolinate as ancillary ligands have been suc-
cessfully synthesized and characterized. The Ir(III) complexes have good thermal stability with less than
2% weight-reduction occurring at 285 �C, and exhibit strong red emissions. The doped light-emitting
devices using the Ir(III) complexes as dopants were fabricated. The result indicated that the light-
emitting devices fabricated by the carbazole-functionalized complex and the diaryl-1,3,4-oxadiazole-
functionalized complex exhibited red emissions with a maximum brightness of 3074 and 2520 cd/m2 at
10.7 V and a maximum current efficiency of 4.84 and 5.18 cd/A, respectively.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

In the past decades, organic light-emitting diodes (OLEDs) have
attracted tremendous interest in the field of full-color display due
to the potential advantages. Phosphorescent materials caused
considerable attentions because of their excellent luminescent
properties such as harvesting singlet and triplet excitons through
the strong spineorbit coupling of heavy metal ions (Os, Ir, Pt, Re)
with d6 and d8 electronic structure, and enabling the internal
quantum efficiencies approaching 100% [1e3]. Therefore, phos-
phorescent materials and devices have been intensively studied
because of their high efficiencies [4e7]. Of the transition metal
complexes, the cyclometalated iridium(III) complexes are widely
investigated due to their relatively short excited-state lifetime, high
quantum efficiency and excellent color diversity. The variable
emission from the Ir(III) complexes can be tuned from the blue light
to the near-IR light through the design and synthesis of novel
cyclometalating and ancillary ligands [8e13].

Benzothiazole and their derivatives is a very important class of
five-membered heterocyclic compounds. Benzothiazole derivatives
were widely used for the synthesis of some organic photoelectric
materials, such as liquid crystal materials [14], non-linear optical
materials [15,16], fluorescent chromophores [17e19], and themetal
complexes used in OLEDs [20e24]. Furthermore, benzothiazole
derivatives have been used for organic photovoltaics as well
[25e27]. Wang et al. [20] reported a series of orange-emitting Ir(III)
complexes containing the 2-phenylbenzothiazole derivatives and
highly efficient orange OLEDs, in which the orange OLEDs fabri-
cated from tris(2-phenylbenzothiazolate-N,C2

0
)iridium had a

brightness of 95800 cd/m2 and a maximum luminance efficiency of
87.9 cd/A (46.0 lm/W). For the derivatives of bis(2-
phenylbenzothiazolate-N,C2

0
)iridium(acetylacetone) [(bt)2Ir(-

acac)], they also demonstrated that the introduction of an electron-
withdrawing substituent in the 6-position of the benzothiazole ring
resulted in a dramatic ascent of the orange OLEDs performances for
the orange-emitting iridium(III) complexes. By introducing a strong
electron-withdrawing CF3 in the 6-position of the benzothiazole
ring of 2-phenylbenzothiazole ligand, the orange OLEDs exhibited a
maximum luminance efficiency of 76 cd/A and a brightness of
80190 cd/m2, respectively.

Both the electroluminescent efficiency and the emissive
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wavelength of the devices based on iridium(III) complexes are
affected greatly by the cyclometalating and ancillary ligands [28].
Although 2-phenylbenzothiazole is one typical ligand framework to
construct orange iridium(III) complexes, the conjugation of 2-
phenylbenzothiazole framework is increased, which can lead to
red-shifted emission of their Ir(III) complexes. In addition, the
carbazole and oxadiazole derivatives have excellent solubility,
stability and excellent carrier transporting characteristics, they
have been widely utilized as organic optoelectronic materials. In
order to improve the carrier transporting property of the emitting
Ir(III) complexes, the oxadiazole or carbazole groups were usually
grafted to the Ir(III) complexes [29,30].

In this work, we used 2-(1-naphthyl)benzothiazole as cyclo-
metalated ligands and the carrier transporting group-
functionalized picolinate as ancillary ligands to synthesize two
new Ir(III) complexes. The experimental results reveal that the
Ir(III) complexes exhibit red emissive colors. The photophysical
properties and thermal stability of these complexes were investi-
gated. Furthermore, the red-emitting OLEDs containing these
complexes as dopant emitters were fabricated to investigate the
electroluminescence properties of the complexes.

The synthetic routes of the Ir(III) complexes were shown in
Scheme 1.
Scheme 1. Synthetic routes of the li
2. Experimental

2.1. Materials and methods

2-Aminothiophenol and 1-naphthaldehyde were bought from
Alfa Aesar. Carbazole and sodium borohydride were obtained from
Shanghai Zhongqin chemical reagent Co. Ltd. p-Bromobenzalde-
hyde was bought from Aladdin Chemistry Co., Ltd. Tri-tert-butyl-
phosphine was purchased from Puyang Huicheng Electronic
Materials Co., Ltd. IrCl3$nH2O (iridium content > 60.0%) was bought
from Shanxi Kaida Chemical Co. Ltd. (China) and used without
further purification. 3-hydroxypicolinic acid was obtained from TCI
Shanghai (China). 8-Hydroxyquinolinolato-lithium (Liq), 1,3,5-
Tri(N-phenylbenzimidazol-2-yl)benzene (TPBi), 4,40-Bis(9-
carbazolyl)biphenyl (CBP) and 4,40-cyclohexylidenebis(N,N-bis(p-
tolyl)aniline) (TAPC) were purchased from Electro-Light Technol-
ogy Corp., Beijing. All other chemicals were analytical grade
reagent.

The intermediates, 9-(4-(bromomethyl)phenyl)-9H-carbazole
and 2-[4-(Bromomethyl)phenyl]-5-(4-tertbutylphenyl)-1,3,4-
oxadiazole were prepared as previously described [31,32],
respectively.

1H NMR spectra were obtained on Varian Mercury Plus
400 MHz. Mass spectrum was obtained from a Thermo Scientific
gands and the Ir(III) complexes.
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Orbitrap Elite mass spectrometer. Thermogravimetric analysis
(TGA) was performed on a Perkin-Elmer Pyris system. UVevis ab-
sorption and photoluminescent spectra were recorded on a Shi-
madzu UV-2550 spectrometer and on a Perkin-Elmer LS-55
spectrometer, respectively. Melting points were measured by using
an X-4 microscopic melting point apparatus made in Beijing Taike
Instrument Limited Company, and the thermometer was
uncorrected.

2.2. Synthesis and characterization of the ligands and the Ir(III)
complexes

2-(1-naphthyl)benzothiazole (nbt): 2-aminothiophenol (3 g,
23.96 mmol) and 1-naphthaldehyde (3.6 g, 23.05 mmol) were
refluxed in DMSO (25 mL) under nitrogen atmosphere at 195 �C for
3 h. After cooling, a small quantity of water was added. The mixture
was extracted with dichloromethane (3 � 100 mL), and the com-
bined organic phase was dried over anhydrous MgSO4. After
filtering, the filtrate was evaporated to dryness under reduced
pressure. The crude was purified by chromatography on silica gel
using petroleum ether/ethyl acetate (15:1, v/v) as the eluent to give
yellow powdery 2-(1-naphthyl)benzothiazole (4.82 g, 80%). 1H
NMR (400 MHz, CDCl3, d, ppm): 8.93 (d, J ¼ 8.8 Hz, 1H), 8.21 (d,
J¼ 8.0 Hz,1H), 7.98 (t, J¼ 8.0 Hz, 2H), 7.94 (d, J¼ 8.0 Hz, 2H), 7.63 (t,
J ¼ 7.4 Hz, 1H), 7.61e7.54 (m, 3H), 7.45 (t, J ¼ 7.6 Hz, 1H).

(nbt)2Ir(m-Cl)2Ir(nbt)2: The cyclometalated Ir(III) m-chloro-
bridged dimer of (nbt)2Ir(m-Cl)2Ir(nbt)2 was synthesized by
refluxing IrCl3$nH2O (2.00 g, 6.24 mmol) with 2.5 equiv. of 2-(1-
naphthyl)benzothiazole (4.06 g, 15.54 mmol) in a 3:1 mixture of
2-ethoxyethanol and water (48 mL) under nitrogen at 135 �C for
24 h. The mixture was cooled to room temperature, and 100 mL of
water was added. The rufous precipitate was collected by filtration,
and washed twice with water and then methanol/water mixture
(1:2, v/v). The solid was pumped dry to give the crude dimer of
5.35 g. The crude dimer was directly used for subsequent prepa-
ration of the Ir(III) complexes.

(nbt)2Ir(pic): The chloro-bridged dimer complex (0.80 g,
0.534 mmol), picolinic acid (0.27 g, 2.19 mmol) and sodium car-
bonate (2.10 g, 19.80 mmol) were refluxed in 2-ethoxyethanol
(50 mL) under nitrogen atmosphere at 95 �C for 24 h. After cool-
ing, a small quantity of water was added. Themixturewas extracted
with dichloromethane (50 mL � 3). The organic phase was dried
over anhydrous MgSO4. After filtering, the filtrate was evaporated
to dryness under reduced pressure. The crude was purified by
chromatography on silica gel using dichloromethane/ethyl acetate
(10:1, v/v) as the eluent to give deep red powdery (nbt)2Ir(pic) in
80.66% yield (0.72 g). 1H NMR (400MHz, CDCl3, d, ppm): 8.64 (d,1H,
J ¼ 8.0 Hz, Aryl-H), 8.57 (t, 2H, J ¼ 8.0 Hz, Aryl-H), 8.17 (d, 1H,
J ¼ 8.0 Hz, Aryl-H), 7.95 (dd, 2H, J ¼ 8.0 Hz, Aryl-H), 7.86 (dd, 2H,
J ¼ 5.2 Hz, J ¼ 7.6 Hz, Aryl-H), 7.74 (d, 1H, J ¼ 8.0 Hz, Aryl-H),
7.69e7.57 (m, 3H, Aryl-H), 7.51e7.42 (m, 3H, Aryl-H), 7.34 (t, 3H,
J ¼ 8.4 Hz, Aryl-H), 7.15 (d, 1H, J ¼ 8.8 Hz, Aryl-H), 7.10 (d, 1H,
J ¼ 8.4 Hz, Aryl-H), 6.98 (t, 1H, J ¼ 8.0 Hz, Aryl-H), 6.83 (d, 1H,
J ¼ 8.4 Hz, Aryl-H), 6.42 (d, 1H, J ¼ 8.4 Hz, Aryl-H), 6.24 (d, 1H,
J ¼ 8.4 Hz, Aryl-H). MS: Calcd for C40H24IrN3O2S2, 834.98; Found,
835.67.

(nbt)2Ir(pic-OH): A mixture of the chloro-bridged dimer com-
plex (2.00 g, 1.34 mmol), 3-hydroxypicolinic acid (0.56 g,
4.03 mmol) and sodium carbonate (3.55 g, 33.49 mmol) in 2-
ethoxyethanol (60 mL) was refluxed under N2 atmosphere for
24 h. After cooling to room temperature, the solvent was evapo-
rated in vacuum and dissolved in dichloromethane (150 mL). The
organic phase was washed with water and dried over anhydrous
MgSO4. The solvent was evaporated to give the crude product,
which was purified by chromatography on silica gel using
dichloromethane/ethyl acetate/methanol (13:1:0.5, v/v/v) as the
eluent to provide deep red product (nbt)2Ir(pic-OH) (1.94 g, 85.3%).
1H NMR (400 MHz, CDCl3, d, ppm): 13.51 (s, 1H, -OH), 8.60 (dd, 2H,
J¼ 8.0 Hz, J¼ 8.4 Hz, Aryl-H), 8.45 (d, 1H, J¼ 8.0 Hz, Aryl-H), 7.98 (t,
2H, J¼ 8.4 Hz, Aryl-H), 7.73 (d, 1H, J¼ 7.6 Hz, Aryl-H), 7.69e7.58 (m,
3H, Aryl-H), 7.53e7.42 (m, 3H, Aryl-H), 7.39e7.33 (m, 4H, Aryl-H),
7.19e7.04 (m, 4H, Aryl-H), 6.77 (d, 1H, J ¼ 8.6 Hz, Aryl-H), 6.42 (d,
1H, J¼ 7.2 Hz, Aryl-H), 6.33 (d, 1H, J¼ 8.0 Hz, Aryl-H). MS: Calcd for
C40H24IrN3O3S2, 850.98; Found, 851.81.

(nbt)2Ir(pic-Cz): To a solution of (nbt)2Ir(pic-OH) (1.50 g,
1.76 mmol) in acetone (80 mL) were added 9-(4-(bromomethyl)
phenyl)-9H-carbazole (0.75 g, 2.22 mmol) and Cs2CO3 (0.72 g,
2.21 mmol). The reaction mixture was refluxed under N2 atmo-
sphere for 24 h. After cooling to room temperature, the solvent was
evaporated in vacuum and dissolved in dichloromethane (150 mL).
The organic phase was washed with water and dried over anhy-
drous Na2SO4. The solvent was evaporated to give the crude
product, which was applied to column chromatography on silica
gel, eluting with ethyl acetate/petroleum ether (1:3, v/v) to provide
the product (0.82 g, 42.1%). 1H NMR (400 MHz, CDCl3, d, ppm): 8.72
(d,1H, J¼ 8.0 Hz, Aryl-H), 8.64 (d,1H, J¼ 8.8 Hz, Aryl-H), 8.57 (d,1H,
J ¼ 8.4 Hz, Aryl-H), 8.14 (d, 2H, J ¼ 7.6 Hz, Aryl-H), 7.97 (d, 1H,
J ¼ 8.0 Hz, Aryl-H), 7.91 (d, 1H, J ¼ 8.0 Hz, Aryl-H), 7.73 (d, 1H,
J¼ 8.0 Hz, Aryl-H), 7.68 (d, 1H, J¼ 7.2 Hz, Aryl-H), 7.64e7.59 (m, 6H,
Aryl-H), 7.54 (dd, 2H, J¼ 7.2 Hz, Aryl-H), 7.47e7.38 (m,12H), 7.13 (d,
1H, J ¼ 8.4 Hz, Aryl-H), 7.08 (d, 1H, J ¼ 8.4 Hz, Aryl-H), 6.99 (t, 1H,
J ¼ 7.6 Hz, Aryl-H), 6.79 (d, 1H, J ¼ 8.4 Hz, Aryl-H), 6.40 (d, 1H,
J ¼ 8.4 Hz, Aryl-H), 6.29 (d, 1H, J ¼ 8.8 Hz, Aryl-H), 5.35 (s, 2H, Ar-
OeCH2e). MS: Calcd for C59H37IrN4O3S2, 1106.30; Found, 1107.20.

(nbt)2Ir(pic-Ox): The preparation of (nbt)2Ir(pic-Ox) was
similar to that described for (nbt)2Ir(pic-Cz), which was obtained
from (nbt)2Ir(pic-OH) (1.138 g, 1.33mmol) and 2-[4-(Bromomethyl)
phenyl]-5-(4-tertbutylphenyl)-1,3,4-oxadiazole (0.614 g,
1.66 mmol) in the presence of anhydrous Cs2CO3 (0.541 g,
1.66mmol). The crudewas purified by chromatography on silica gel
using dichloromethane/ethyl acetate (10:1, v/v) as the eluent to
give the product (0.71 g, 46.5%). 1H NMR (400 MHz, CDCl3, d, ppm):
8.71 (d, 1H, J ¼ 8.0 Hz, Aryl-H), 8.62 (d, 1H, J ¼ 8.4 Hz, Aryl-H), 8.58
(d, 1H, J ¼ 8.8 Hz, Aryl-H), 8.07e7.94 (m, 2H, Aryl-H), 7.72 (d, 1H,
J ¼ 8.0 Hz, Aryl-H), 7.67e7.61 (m, 3H, Aryl-H), 7.59e7.53 (m, 7H,
Aryl-H), 7.48 (t,1H, J¼ 7.2 Hz, Aryl-H), 7.42 (t,1H, J¼ 7.2 Hz, Aryl-H),
7.38e7.31 (m, 4H, Aryl-H), 7.16e7.08 (m, 2H, Aryl-H), 6.95 (t, 1H,
J ¼ 7.6 Hz, Aryl-H), 6.77 (d, 1H, J ¼ 8.4 Hz, Aryl-H), 6.40 (d, 1H,
J ¼ 8.4 Hz, Aryl-H), 6.25 (d, 1H, J ¼ 8.8 Hz, Aryl-H), 5.32 (s, 2H, Ar-
OeCH2e), 1.38 (s, 12H, eCH3). MS: Calcd for C59H42IrN5O4S2,
1141.34; Found, 1142.24.

2.3. Crystallography

The diffraction data of the cyclometalated ligand 2-(1-naphthyl)
benzothiazole (nbt) were collected with a Bruker Smart Apex CCD
area detector with graphite-monochromatized Mo-Ka radiation
(l ¼ 0.71073 Å) at 188(2) K. The structure was solved by using the
program SHELXL and Fourier difference techniques, and refined by
full-matrix least-squares method on F2. All hydrogen atoms were
added theoretically.

2.4. OLEDs fabrication and characterization

The multilayer OLEDs with a device architecture of ITO/TAPC
(20 nm)/CBP:Ir(III) complex (x wt%, 50 nm)/TPBi (50 nm)/Liq
(2 nm)/Al (150 nm) were fabricated by vacuum-deposition method.
All organic layers were sequentially deposited without breaking
vacuum (2 � 10�5 Pa). Thermal deposition rates for organic mate-
rials and Al were ~2 Å/s and 10 Å/s, respectively. The active area of
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the devices was 12 mm2. A cathode consisting of an ultrathin Liq
interfacial layer with a nominal thickness of 2 nm and an Al layer ca.
150 nm thick was deposited by thermal evaporation. The deposi-
tion rates for Liq and Al were ~1 and 10 Å s�1, respectively. The EL
spectra and Commission Internationale de L'Eclairage (CIE) co-
ordinates were measured on a Hitachi MPF-4 fluorescence spec-
trometer. The characterization of brightness-current-voltage
(BeIeV) were measured with a 3645 DC power supply combined
with a 1980A spot photometer and were recorded simultaneously.
All measurements were done in the air at room temperature
without any encapsulation.
3. Results and discussion

3.1. Synthesis and characterization of the Ir(III) complexes

The synthesis of the phosphorescent Ir(III) complexes from
Scheme 1 began first with preparing the cyclometalated ligand 2-
(1-naphthyl)benzothiazole (nbt). The cyclometalated ligand nbt
was successfully synthesized via reacting 2-aminothiophenol with
1-naphthaldehyde at 195 �C in DMSO solvent. This method leads to
higher yield of the target product (80%). The chlorobridged dimer
complex (nbt)2Ir(m-Cl)2Ir(nbt)2 was synthesized from nbt and
IrCl3$nH2O in a refluxing 2-ethoxyethanol/water mixture. The
complexes (nbt)2Ir(pic-Cz) and (nbt)2Ir(pic-Ox) were obtained by
two steps. First, the intermediate (nbt)2Ir(pic-OH) was synthesized
by reacting the chlorobridged dimer with 3-hydroxypicolinic acid.
Then the intermediate (nbt)2Ir(pic-OH) was reacted with 2-[4-
(Bromomethyl)phenyl]-5-(4-tertbutylphenyl)-1,3,4-oxadiazole or
9-(4-(bromomethyl)phenyl)-9H-carbazole in acetone to get
(nbt)2Ir(pic-Ox) or (nbt)2Ir(pic-Cz). Details are described in the
Experimental section.

The cyclometalated ligand nbt was characterized by X-ray
diffraction. Suitable crystal of the ligand nbt was obtained by the
evaporation of its methanol solution. The crystal structure and
packing diagram of nbt is given in Fig. 1. The crystal of nbt belongs
to the orthorhombic space group P2(1)2(1)2(1), a ¼ 7.9994(7) Å,
Fig. 1. Crystal structure (a) and packing diagram (b) of 2-(1-naphthyl)benzothiazole
(nbt).
b ¼ 12.0871(10) Å, c ¼ 13.0874(11) Å, a ¼ b ¼ g ¼ 90�,
U ¼ 1265.41(19) Å3, Z ¼ 4, Dc ¼ 1.372 g cm�3, m ¼ 0.238 mm�1. As
shown in Fig. 2, the N(1)eC(1) bond length (1.299(2) Å) is shorter
than the N(1)eC(2) bond length (1.391(2) Å), which has the C]C
characteristic. The S(1)eC(1), S(1)eC(7) and C(1)eC(8) bond
lengths are 1.758(18), 1.733(19) and 1.478(2) Å, respectively. The
benzothiazole moiety and naphthyl ring are not in a coplane, and
the dihedral angel between of them is 48.90�. From the packing
diagram of nbt, there are four nbt molecules in a unit cell, and there
is no inter- or inner-molecular p-p stacking interaction in the
crystal lattice.

3.2. Photophysical, electrochemical and thermal properties of the
Ir(III) complexes

Fig. 2 shows the UVevis absorption and photoluminescence
spectra of (nbt)2Ir(pic-Ox) and (nbt)2Ir(pic-Cz) in diluted
dichloromethane solutions. Seven absorption bands at 245, 282,
292, 346, 435, 491 and 524 nm were observed in the absorption
spectra of (nbt)2Ir(pic-Ox) and (nbt)2Ir(pic-Cz). The absorption
bands at l < 400 nm are assigned to the spin-allowed 1(p / p*)
transitions of the ligands in the complex. The bands at the longer
wavelength (435, 491 and 524 nm) can be assigned to both spin-
orbit coupling enhanced 3(p / p*) and spin-forbidden metal-to-
ligand charge transfer 3MLCT (metal-ligand-charge-transfer) tran-
sitions [33e35].
Fig. 2. The UVevis absorption spectra (a) and photoluminescence spectra (b) of the
Ir(III) complexes.
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As shown in Fig. 2, the photoluminescence spectra of
(nbt)2Ir(pic-Ox) and (nbt)2Ir(pic-Cz) in dichloromethane solutions
greatly resemble each other, these complexes all exhibit red
emissions with a maximum main peak (605 nm) and a shoulder
peak (655 nm). The Commission Internationale de L'Eclairage (CIE)
coordinates is (0.65, 0.35).

The luminescence quantum yields of the Ir(III) complexes in the
solid states were measured in order to study their optical charac-
teristics. The quantum yields of (nbt)2Ir(pic-Cz) and (nbt)2Ir(pic-
Ox) at room temperature weremeasured to be 2.08% and 2.40% and
in the solid states by an absolute method using the Edinburgh In-
struments (FLS920) integrating sphere excited at 380 nm with the
Xe lamp. The result indicates that the luminescence quantumyields
of the Ir(III) complex containing the hole transporting group-
functionalized picolinate ligand was greater than that of the com-
plex with the electron transporting group-functionalized picolinate
ligand.

Cyclic voltammetry (CV) was employed to investigate the elec-
trochemical behavior of these Ir(III) complexes. The Ir(III) com-
plexes were dissolved in dichloromethane with tetra-n-
butylammonium tetrafluoroborate (0.1 mol/L) as the electrolyte. A
platinum working electrode and a saturated Ag/AgCl reference
electrode were used. Ferrocene was used for potential calibration.
The highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) energy levels of these Ir(III)
complexes were calculated from their cyclic voltammetry mea-
surements and their absorption spectra. The cyclic voltammograms
of ferrocene and these Ir(III) complexes are shown in Fig. 3. The
potentials for oxidation of the complexes were observed to be
0.86 V. At the same condition, the oxidation peak and the reductive
peak of ferrocene were observed at 0.51 and 0.37 V, respectively,
then the E1/2 (Fc/Fcþ) is 0.44 V. Thus the HOMO energy levels of the
Ir(III) complexes were determined to be �5.22 V regarding the
energy level of ferrocene/ferrocenium as �4.80 eV [36]. The optical
band edge of the Ir(III) complexes were estimated to be about
561 nm, which corresponds to 2.21 eV. Then the LUMO energy
levels of (nbt)2Ir(pic-Cz) and (nbt)2Ir(pic-Ox) are calculated to
be �3.01 eV.

The thermogravimetric analyses (TGA) were performed in
flowing drying nitrogen atmosphere at the heating rate of 10 �C/
min. The result of TGA measurements of the Ir(III) complexes are
shown in Fig. 4. The complexes (nbt)2Ir(pic-Cz) and (nbt)2Ir(pic-Ox)
have good thermal stability before 285 �C, the complexes
Fig. 3. Cyclic voltammograms of ferrocene and the Ir(III) complexes.
(nbt)2Ir(pic-Cz) and (nbt)2Ir(pic-Ox) begin to decompose at 285 �C
accompanied by the weight losses. At 295 and 386 �C, the TGA
curve of the complex (nbt)2Ir(pic-Cz) shows two sharp weight
losses. At 295, 378 and 441 �C, the TGA curve of the complex
(nbt)2Ir(pic-Ox) shows three sharp weight losses. From the ther-
mogravimetric analyses of the Ir(III) complexes, the complexes
meet with the thermal stability requirement of fabrication of OLED
luminescence application.

Table 1 summarizes the photophysical, thermal and electro-
chemical properties of (nbt)2Ir(pic-Cz) and (nbt)2Ir(pic-Ox).
3.3. OLEDs performances of the Ir(III) complexes

The devices based on the Ir(III) complexes with a device archi-
tecture of ITO/TAPC (20 nm)/CBP:Ir(III) complex (x wt%, 50 nm)/
TPBi (50 nm)/Liq (2 nm)/Al (150 nm) were fabricated by vacuum-
deposition method. The emitting layers were consisted of host
materials CBP and dopant of the complexes (nbt)2Ir(pic-Cz) and
(nbt)2Ir(pic-Ox) at different concentrations (x wt%). TAPC and TPBi
were used as hole transport and electron transport materials,
respectively. Liq was used as the electron-injection layer. In the
case, the doped concentrations of the Ir(III) complexes were about
8 wt%, 10 wt%, 15 wt% and 20 wt%, respectively.

The doped devices of (nbt)2Ir(pic-Cz) and (nbt)2Ir(pic-Ox)
exhibit red emissions with a maximum main peak at 605 nm and a
shoulder peak at 655 nm, the EL spectra of (nbt)2Ir(pic-Cz) and
(nbt)2Ir(pic-Ox) resemble closely their PL spectra in dichloro-
methane solutions, and the EL spectra of the devices were inde-
pendent of the different dopant concentrations and at different
driving voltages. The Commission Internationale de L'Eclairage
(CIE) coordinates of the devices were (0.65, 0.33).

The luminance vs. the driving voltage and the current efficiency
vs. the driving voltage characteristics of the devices fabricated from
(nbt)2Ir(pic-Cz) and (nbt)2Ir(pic-Ox) are shown in Figs. 5 and 6,
respectively. Table 2 summarized the performances of the devices
based on (nbt)2Ir(pic-Cz) and (nbt)2Ir(pic-Ox). In the devices
fabricated from (nbt)2Ir(pic-Cz), the maximum brightness of 2830,
3074, 2685 and 1965 cd/m2 were observed in the devices with 8 wt
%, 10 wt%, 15 wt% and 20 wt% doping concentrations, respectively.
The maximum luminous efficiencies of 4.03, 4.84, 3.71 and 3.53 cd/
A were obtained in the devices with different doping concentra-
tions. By comparing the device performances of the different
doping concentrations, the devices based on (nbt)2Ir(pic-Cz) with



Table 1
Photophysical, thermal and electrochemical properties of the Ir(III) complexes.

Complexes UVevis (nm) PL (nm) Td (�C) Ff (%) EOX (V) HOMO (eV) LUMO (eV)

(nbt)2Ir(pic-Cz) 245, 282, 292, 346, 435, 491, 524 605, 655 285 2.40 0.86 �5.22 �3.01
(nbt)2Ir(pic-Ox) 245, 282, 292, 346, 435, 491, 524 605, 655 285 2.08 0.86 �5.22 �3.01

Fig. 5. The luminance vs. voltage (a) and current efficiency vs. voltage (b) curves of the
devices with different (nbt)2Ir(pic-Cz) concentrations.

Fig. 6. The luminance vs. voltage (a) and current efficiency vs. voltage (b) curves of the
devices with different (nbt)2Ir(pic-Ox) concentrations.

Table 2
EL performances of the Ir(III) complexes.

Complexes Concentration Lmax (cd/m2) LEmax (cd/A)

(nbt)2Ir(pic) 8 wt% 1322@16 V 2.78@6.1 V
10 wt% 1345@16 V 2.96@6.1 V
12 wt% 1432@16 V 3.79@6.1 V
15 wt% 1147@16 V 3.16@6.1 V

(nbt)2Ir(pic-Cz) 8 wt% 2830@10 V 4.03@5.0 V
10 wt% 3074@10 V 4.84@4.7 V
15 wt% 2685@10 V 3.71@4.7 V
20 wt% 1965@10 V 3.53@4.7 V

(nbt)2Ir(pic-Ox) 8 wt% 1921@10.7 V 4.80@6.0 V
10 wt% 2520@10.7 V 5.18@6.0 V
15 wt% 1860@10.7 V 4.51@6.0 V
20 wt% 1665@10.7 V 4.16@6.0 V
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10 wt% doping concentration showed the best EL performance. The
maximum current efficiency of 4.84 cd/A at 4.67 V and maximum
brightness of 3074 cd/m2 at 10.7 V have been observed in the de-
vice. When the doping concentration is over 10 wt%, the current
efficiency and the brightness at a given driving voltage decrease.
For the complex (nbt)2Ir(pic-Ox), the device with 10 wt% doping
concentration exhibited the best EL performance. The device had a
maximum brightness of 2520 cd/m2 at 10.7 V and a maximum
current efficiency of 5.18 cd/A at 6 V.

To compare the performance of the devices based on
(nbt)2Ir(pic-Cz) and (nbt)2Ir(pic-Ox), the devices based on the
complex (nbt)2Ir(pic) without the carbazole or oxadiazole units as a
reference material were fabricated in the same device architecture.
The doped devices of (nbt)2Ir(pic) also exhibit red emissions with a
maximummain peak at 605 nm and a shoulder peak at 655 nm. The
luminance vs. the driving voltage and the current efficiency vs. the
driving voltage characteristics of the devices fabricated with
different (nbt)2Ir(pic) doping concentrations are shown in Fig. 7. At
a voltage of 16 V, the maximum brightness of 1322, 1345, 1432 and
1147 cd/m2 were observed in the devices with 8, 10, 12 and 15 wt%
doping concentrations, respectively. The maximum luminous effi-
ciencies of 2.78, 2.96, 3.79 and 3.16 cd/A were obtained in the



Fig. 7. The luminance vs. voltage (a) and current efficiency vs. voltage (b) curves of the
devices with different the reference material (nbt)2Ir(pic) concentrations.
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devices with different doping concentrations at 6.1 V. By comparing
the performance of different doping concentrations, the device
with 12 wt% doping concentration showed the best EL efficiency
performance. The maximum current efficiency of 3.79 cd/A and
maximum brightness of 1432 cd/m2 have been observed in the
device.

As shown in Table 2, the EL performances of the Ir(III) complexes
were obviously influenced by the ancillary ligands. Because of the
better carrier-injection and carrier-transportation balance due to
the incorporation of an electron-transporting moiety on the Ir(III)
complex (nbt)2Ir(pic-Ox), the devices fabricated from (nbt)2Ir(pic-
Ox) complex display higher current efficiency in contrast with the
devices based on (nbt)2Ir(pic-Cz). When an electron-transporting
group of diaryl-1,3,4-oxadiazole moiety is incorporated, the
charge carrier injection balance in the devices is improved,
resulting in the effective carrier recombination, consequently,
leading to the improvement of the device performances.
4. Conclusion

We reported the synthesis, photophysics, electrochemical
characterization and thermal stabilities of two new iridium(III)
complexes with the carrier transporting group-functionalized pi-
colinate as the ancillary ligands and 2-(1-naphthyl)benzothiazole
as the cyclometalated ligand. The Ir(III) complexes have higher
thermal stability, and exhibit red emission with a maximum main
peak at 605 nm and a shoulder peak at 655 nm. The EL devices
based on the Ir(III) complexes were fabricated by the evaporation
method. When the doping concentration is 10 wt%, the light-
emitting devices fabricated by (nbt)2Ir(pic-Cz) and (nbt)2Ir(pic-
Ox) exhibited red emissions with a maximum brightness of 3074
and 2520 cd/m2 at 10.7 V and a maximum current efficiency of 4.84
and 5.18 cd/A, respectively.
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