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a b s t r a c t

To construct efficient emitters suitable for non-doped devices and deeply understand the relationship
between structures and performances, we designed and synthesized two heteroleptic iridium(III)
complexes based on 1,2-diphenyl-1H-benzoimidazole (PBI) ligands whose substituents are varied simply
from methyl (complex 2) to tert-butyl groups (complex 3). The parent complex 1 with non-substituent
on PBI ligand has also been presented for a better comparison. Their photophysical, electrochemical and
electroluminescent (EL) performances are investigated systematically. Despite their structural modifi-
cation, all complexes exhibit almost identical emission and excited-state characters, which are ratio-
nalized by the quantum-chemical calculations. However, the obvious differences on device performances
are found. Non-doped device employing 3 as emitting layer displays the highest EL performance with
maximum current efficiency (hc, max) of 18.6 cd A�1 and power efficiency (hp, max) of 16.2 lm W�1

accompanied by low efficiency roll-off values, which is much higher than those of complexes 1 and 2. The
obtained results herein suggest that introduction of the simple substituent into PBI ligand is an effective
and feasible approach to develop highly efficient non-doped phosphors.

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

Organic light emitting diodes (OLEDs) have attracted tremen-
dous attention in both academic and industrial laboratories since
the first report from Tang and VanSlyke in solid-state lighting
sources and flat-panel displays [1e3]. In the past several decades,
intense and growing efforts have been devoted to the development
of new OLEDs materials to satisfy market requirements [4e7].
Compared with fluorescent emitters, the phosphorescent ones can
harvest both singlet and triplet excitons to achieve a theoretical
internal quantum efficiency of 100% [8e20]. Phosphorescent
G. Shan), xiewf@jlu.edu.cn
emitters are generally complexes composed of second- and third-
row transition metals, such as Pt(II) [21e29], Ru(II) [30], Os(II)
[31,32] and Ir(III)-based [33e35] complexes. Among them, iridiu-
m(III) complexes are emerged as promising materials owing to
their high quantum efficiency, high thermal stability, relatively
short excited state lifetime as well as wide color tunability [36]. To
avoid self-quenching effect caused by strong intermolecular inter-
action, phosphorescent OLEDs (PhOLEDs) are usually fabricated
using host-guest emitting systemwith dispersing of the iridium(III)
complexes in a proper host matrix [37e50]. However, the con-
centration of emitting materials blended in host matrix is usually
lower than 10 wt%, which is hard to precisely control and prevents
OLEDs from being reproduced for mass production processes.
Moreover, the phase segregation is inevitable, further deteriorating
the device stability and lifetime [51].

Non-doped devices can resolve the aforementioned issues and
simplify the process of device fabrication, holding great potential
for mass production. Whereas, the external quantum efficiencies of
non-doped PhOLEDs remain far below those of reported state-of-
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the-art doped ones, which are usually caused by aggregation-
caused quenching effect in the films [52,53]. A key challenge in
developing non-doped devices is to employ phosphorescent emit-
ters with low triplet quenching in the neat films. The introduction
of bulky dendritic groups to iridium(III) complexes is an efficient
strategy to reduce the intermolecular interaction and enhance the
phosphorescent emission quantum efficiency [54e56]. For example,
iridium(III) dendrimers with carbazole-based and diphenylamine-
based dendrons have been synthesized to successfully reduce the
strong intermolecular interactions [57e59]. However, it is a
complicated process of introducing so large groups into the ligands.
Thus, iridium(III) complexes that combine high efficiency with the
simple synthesis are highly desirable. Previous works indicated that
1,2-diphenyl-1H-benzoimidazole (PBI) is an excellent building block
in the construction of iridium(III) complexes suitable for non-doped
phosphors [60,61]. However, there is still much room for
improvement in electroluminescent (EL) efficiencies, the simple and
feasible design strategy to improve the device efficiency is needed
to explore.

To further develop the appropriate iridium(III) phosphors for
efficient non-doped devices and investigate the structure-property
relationship, in this work, we designed and synthesized three
green heteroleptic iridium(III) complexes containing an
increasingly bulky substituent on the PBI ligand (Scheme 1).
Meanwhile, the 2-(5-(trifluoromethyl)-2H-1,2,4-triazol-3-yl)pyri-
dine (Htfmptz) is selected as the ancillary ligand. The 1,2,4-triazole
ring with the electron-rich nature can improve the electron-
transporting capability. The triazole and second pyridyl fragment
display the strong s-donor and p-accepting property, respectively,
enhancing the chelating interaction. Moreover, Htfmptz holds the
stronger electronegativity with the eCF3 group introduced into
the 1,2,4-triazole ring, which can led to a larger energy gap,
consequently, blue-shift emission spectra [62,63]. The photo-
physical, electrochemical and EL properties of complexes 1e3 are
investigated systematically. In comparison to complexes 1 and 2,
the efficiencies of complex 3 are significantly improved in both
doped and non-doped OLEDs. Significantly, promising EL perfor-
mance with a maximum current efficiency (hc, max) of 18.6 cd A�1

and a maximum power efficiency (hp, max) of 16.2 lm W�1 are
successfully achieved in the non-doped device based on 3.
Moreover, this non-doped device displays low efficiency roll-off at
high brightness.
Scheme 1. Syntheses of cyclometalated ligands PBI, M
2. Experimental

2.1. General

Ultravioletevisible (UVevis) absorption spectra were recorded
on Cary 500 UVeviseNIR spectrophotometer and emission spectra
were measured using FL-4600 FL spectrophotometer. The neat
films of 1e3were prepared through spin-coating a solution of them
in CH2Cl2 (20mgmL�1) on precleaned glass substrates at 2000 rpm.
The photoluminescence quantum yields (PLQYs) in neat films were
measured in an integrating sphere. Cyclic voltammetry (CV) were
carried out on a BAS 100 W instrument containing 0.1 M tetra-
butylammonium hexa-fluorophosphate in CH2Cl2 as a supporting
electrolyte with a scan rate of 100 mV s�1. A glassy carbon working
electrode, a platinum auxiliary electrode, and an aqueous saturated
calomel reference electrode were used and the potentials were
referenced against ferrocene. The 1H NMR data were recorded on
Bruker Avance 500 MHz spectrometer with tetramethylsilane as
internal standard.

2.2. Synthesis

Ancillary ligand 2-(5-(trifluoromethyl)-2H-1,2,4-triazol-3-yl)
pyridine (Htfmptz) was synthesized according to the previously
reported method [64].

2.2.1. Synthesis of cyclometalated ligands
2.2.1.1. Synthesis of PBI. To a solution of N-phenyl-o-phenylenedi-
amine (9.21 g, 50.00 mmol) in N,N-dimethylacetamide (20 mL),
benzoyl chloride (7.00 g, 50.00 mmol) was added slowly under
nitrogen atmosphere and the mixture was stirred for 1 h at room
temperature. After addition of water, the precipitated solid was
filtered off and washed with water and methanol. The solid was
recrystallized from a N,N-dimethylacetamide/water mixture and
then added into acetic acid (25 mL) under reflux. The solvent was
evaporated and purified by column chromatography on silica gel.
Synthesis of MePBI and tBuPBI were similar to PBI. 1H NMR
(500 MHz, CDCl3, d [ppm]): 7.90 (d, J ¼ 8.5 Hz, 1H), 7.57 (d,
J ¼ 7.0 Hz, 2H), 7.52e7.45 (m, 3H), 7.37e7.25 (m, 8H).

2.2.1.2. Synthesis of MePBI. 1H NMR (500 MHz, CDCl3, d [ppm]):
7.89 (d, J ¼ 8.0 Hz, 1H), 7.52e7.45 (m, 5H), 7.35e7.31 (m, 3H),
7.27e7.23 (m, 2H), 7.11 (d, J ¼ 8.0 Hz, 2H), 2.34 (s, 3H).
ePBI, and tBuPBI. i) DMA, stir, 1 h ii) HAc, reflux.
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2.2.1.3. Synthesis of tBuPBI. 1H NMR (500 MHz, CDCl3, d [ppm]):
7.88 (d, J ¼ 8.0 Hz, 1H), 7.53e7.48 (m, 5H), 7.35e7.30 (m, 5H),
7.26e7.21 (m, 2H), 2.29 (s, 9H).

2.2.2. Synthesis of complexes 1e3
Synthetic route of complexes 1e3 is shown in Scheme 2. All

complexes were fully characterized by 1H NMR spectrometry,
MALDI-TOF mass spectrometry, high resolution mass spectra
(HRMS) (see the Experimental Section). In addition, complex 2was
characterized by single-crystal X-ray diffraction, the structure and
data are shown in the Fig. S1 and Table S1 (ESI).

2.2.2.1. Synthesis of complex 1. PBI (0.59 g, 2.20 mmol) and
IrCl3$3H2O (0.35 g, 1.00 mmol) were mixed in 2-ethoxyethanol/
water (3:1, 20 mL). The reaction mixture was stirred and heated to
reflux for 24 h under nitrogen atmosphere. After cooling to room
temperature, the product was filtered, washed with water, ethanol
and diethyl ether. The product was isolated as a yellow powder. To a
suspension of dimer [Ir(pbi)2(m-Cl)]2 (0.37 g, 0.24 mmol) in
dichloromethane/ethanol (3:1, 60 mL) was added Htfmptz (0.13 g,
0.60 mmol). The reaction mixture was stirred and heated to reflux
for 18 h under nitrogen atmosphere, and the product was extracted
by dichloromethane. The organic phase was washed with water,
dried over by anhydrous Na2SO4 and the solvent was evaporated.
The product was then purified by column chromatography on silica
gel. The pure product was isolated as a powder. 1H NMR (500 MHz,
DMSO-d6, d [ppm]): 8.42 (d, J ¼ 8.0 Hz, 1H), 8.19e8.16 (m, 1H), 7.92
(d, J ¼ 5.5 Hz, 1H), 7.82e7.78 (m, 7H), 7.74e7.72 (m, 1H), 7.66e7.64
(m, 1H), 7.59e7.56 (m, 1H), 7.52 (d, J ¼ 7.5 Hz, 1H), 7.27e7.21 (m,
2H), 7.11e7.07 (m, 3H), 7.00e6.98 (m, 1H), 6.79e6.76 (m, 1H), 6.69
(t, J ¼ 6.5 Hz, 1H), 6.67e6.64 (m, 1H), 6.57e6.51 (m, 2H), 6.47e6.43
(m, 2H), 5.99 (d, J ¼ 8.5 Hz, 1H), 6.32 (d, J ¼ 7.5 Hz, 1H), 5.71 (d,
J ¼ 3.0 Hz, 1H). MS (MALDI-TOF): m/z 944.2. HRMS m/z: [M]þ calcd
for C46H30F3IrN8, 944.2175; found: 944.2149.

2.2.2.2. Synthesis of complex 2. Synthesis of complex 2 was similar
Scheme 2. Synthetic rout
to 1. 1H NMR (500 MHz, DMSO-d6, d [ppm]): 8.41 (d, J ¼ 7.5 Hz, 1H),
8.16 (t, J ¼ 8.0 Hz, 1H), 7.95 (d, J ¼ 5.0 Hz, 1H), 7.81e7.78 (m, 7H),
7.64 (d, J¼ 7.0 Hz,1H), 7.58 (t, J¼ 6.5 Hz,1H), 7.52 (d, J¼ 1.5 Hz, 2H),
7.24e7.18 (m, 2H), 7.07 (t, J¼ 7.0 Hz, 3H), 6.97 (t, J¼ 8.0 Hz,1H), 6.51
(d, J¼ 8.0 Hz,1H), 6.42e6.31 (m, 2H), 6.32 (d, J¼ 7.0 Hz,1H), 6.23 (s,
1H), 6.08 (s, 1H), 5.92 (d, J¼ 9.0 Hz, 1H), 5.68 (d, J¼ 8.0 Hz, 1H), 1.10
(s, 3H), 1.94 (d, J ¼ 9.5 Hz, 1H). MS (MALDI-TOF): m/z 972.2. HRMS
m/z: [M]þ calcd for C48H34F3IrN8, 972.2488; found: 972.2465.

2.2.2.3. Synthesis of complex 3. Synthesis of complex 3 was similar
to 1. 1H NMR (500 MHz, DMSO-d6, d [ppm]): 8.45 (d, J ¼ 7.5 Hz, 1H),
8.16 (t, J ¼ 8.5 Hz, 1H), 7.87 (d, J ¼ 8.5 Hz, 1H), 7.85e7.75 (m, 7H),
7.70 (d, J ¼ 8.5 Hz, 1H), 7.55 (t, J ¼ 6.0 Hz, 1H), 7.31e7.30 (m, 1H),
7.28e7.22 (m, 3H), 7.15e7.10 (m, 3H), 7.03 (t, J ¼ 8.5 Hz, 1H),
6.75e6.73 (m, 1H), 6.61e6.59 (m, 1H), 6.39 (d, J ¼ 8.0 Hz, 1H), 6.34
(d, J ¼ 1.5 Hz, 1H), 6.31 (d, J ¼ 8.5 Hz, 1H), 6.28 (s, 1H), 6.15 (d,
J ¼ 8.5 Hz, 1H), 5.79 (d, J ¼ 8.5 Hz, 1H), 0.86 (d, J ¼ 6.0 Hz, 9H), 0.83
(s, 9H). MS (MALDI-TOF): m/z 1056.3. HRMS m/z: [M]þ calcd for
C54H46F3IrN8, 1056.3427; found: 1056.3404.

2.3. Theoretical calculations

All computations and the geometry optimization were per-
formed with the Gaussian 09 software package. The geometrical
structures of ground and lowest triplet states for 1e3 were fully
optimized with C1 symmetry constrains by using the restricted
closed-shell and spin-unrestricted open-shell B3LYP methods [65],
respectively. The “Double-z” quality basis sets for C, H, N atoms was
6-31G*, while the LANL2DZ was employed for Ir atom. The effective
core potential replaced the inner core electrons of iridium leaving
the outer core (5s)2(5p)6 electrons and the (5d)6 valence electrons
of iridium (III). The expectation values calculated for S2 were small
than 2.05 in spin-unrestricted calculations. To investigate the
excited-state electronic properties of studied complexes, Tamm-
Dancoff Approximation (TDA) in the time-dependent density
functional theory (TD-DFT) calculations were performed in the
e of complexes 1e3.
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presence of the solvent (dichloromethane) at the optimized T1
geometries. Dichloromethane was chosen as the solvent because
the spectra studied in this workwere recorded in it, which could act
as the limiting case compared with the gas-phase.

2.4. OLEDs fabrication and measurements

OLEDs were fabricated onto cleaned indium-tin-oxide (ITO)
glass substrates with the sheet resistance of 20 U per square. The
ITO substrates were subjected to a routine cleaning process with
rinsing in Decon 90, deionized water, drying in an oven and finally
treating in a UV-ozone chamber. Organic layers and cathode were
sequentially deposited on the glass substrates without breaking
vacuum (~5.0 � 10�4 Pa), a shadow mask was used to define
cathode and make four 10 mm2 device each substrates. The thick-
ness of the organic layers and metal were monitored in-situ with
quartz oscillator. Luminance-current-voltage characteristics for the
unpackaged devices were measured simultaneously with a pro-
grammable Keithley 2400 source meter and a Minolta luminance
meter LS-110. The spectra of the devices were measured with an
Ocean Optics Maya 2000-PRO spectrometer. All the measurements
were carried out at room temperature in air.

2.5. X-ray crystallography

Single crystal of 2 was grown from slow vapor diffusion of
dichloromethane. The single-crystal X-ray diffraction data for
complex 2 were collected on a Bruker Apex CCD II area-detector
diffractometer with graphite-monochromated Mo Ka radiation
(l ¼ 0.71069 Å) at 293(2) K. Absorption correction was applied by
using multi-scan technique. The structure of 2was solved by Direct
Method of SHELXS-97 and refined by full-matrix least-square
techniques using the SHELXL-97 program [66]. Metal atom in 2was
located from the E-maps and non-hydrogen atoms were located in
successive difference Fourier syntheses and refined with aniso-
tropic thermal parameters on F2. Hydrogen atoms were calculated
in ideal geometries. Further details of the crystal structure deter-
mination have been deposited to the Cambridge Crystallographic
Data Centre as supplementary publication. CCDC 1469412 contains
the supplementary crystallographic data for this paper.

3. Results and discussion

3.1. Photophysical properties

The absorption and photoluminescence (PL) spectra of com-
plexes 1e3 were recorded in dichloromethane solutions at room
temperature and the photophysical data are collected in Table 1.
Complexes 1e3 display strong absorption bands at 310 nm, which
are mainly attributed to spin-allowed ligand-centered 1p-p*
Table 1
Photophysical properties of complexes 1e3.

Complex lPL,max
[a,b,c] (nm) t[a] (ms) Eox

[d] (V)

1 496, 487, 503 0.35 1.14
2 496, 487, 520 0.50 1.10
3 494, 487, 504 0.69 1.07

a Measured in CH2Cl2 (10�5 M) at room temperature.
b Measured in CH2Cl2 (10�5 M) at 77 K.
c Measured in neat film.
d Measured by CV with ferrocene as the standard.
e Estimated referring to the overlap between the absorption and emission spectra in C
f Calculated from onset oxidation potential.
g Deduced from HOMO and Eg.
transition localized on cyclometalated and ancillary ligands. The
weak bands in the lower energy region longer than 325 nm can be
assigned to MLCT (metal to ligand charge-transfer), LLCT (ligand to
ligand charge-transfer) and 3p-p* (3LC) transitions of complexes
1e3 [67]. Obviously, all complexes exhibit the identical absorption
spectra except for absorption intensity, demonstrating that addi-
tional substituents have little influence on the electronic and
vibrational structures of the ground-states and the first excited-
states [68].

As shown in the Fig. 1, complexes 1e3 exhibit similar shapewith
green emission at room temperature in CH2Cl2 solution, despite the
different size substituents attached to the PBI ligand. The PL spectra
have vibronically structured features with the main peak at 496 nm
and a shoulder at 524 nm, respectively, which is probably due to the
3LC character of the excited state [69]. The excited-state lifetimes
(t) of complexes 1e3 in degassed CH2Cl2 aremeasured as 0.35, 0.50,
and 0.69 ms at ambient temperature, respectively, confirming the
phosphorescent feature of these iridium(III) complexes. As shown
in Fig. S2 (ESI), complexes 1e3 emit strong phosphorescence at
487 nm in dichloromethane at 77 K, showing more structured
emission spectra. In addition, the PL spectra in low temperature
exhibit blue-shifts (9 nm) compared with those at room tempera-
ture, which is explained by the rigidochromic effect caused by their
intrinsic 3MLCT excited characters [70]. Thereby, we concluded that
the observed emission of complexes 1e3 should originate not only
from 3MLCT excited state but also from 3LC states.

Furthermore, these complexes in spin-coated films also show
the strong emission (Fig. S3 in the ESI) with smaller bathochromic
shift compared to those in solution, probably resulting from their
weak self-aggregation in the solid [69]. Complex 2 show lower
PLQY in neat film, possibly due to the weak steric hindrance of
methyl unit. It is speculated that the device performance might be
similar for both complexes 1 and 2. However, the highest PLQY of
the neat films was obtained for complex 3, measured to be 15.3%,
which is much higher than that of complexes 1 and 2. The results
demonstrate that intermolecular interaction between the mole-
cules in the neat film of 3 is decreased by introducing large sub-
stituent, resulting in the desired increase in PLQY [56,71].

To further investigate the nature of the experimentally observed
emission behaviors, TD-DFT calculations were conducted to deter-
mine the emitting excited-state characteristics of complexes 1e3.
The highest-occupied and the lowest-unoccupied molecular or-
bitals (HOMO and LUMO, respectively) distributions of all com-
plexes are displayed in Fig. 2. The excited energy states, orbital
compositions and their assignments of complexes 1e3 are listed in
Table 2. It is clearly seen that, the frontier orbitals distributions of
complexes 1e3 are nearly identical, in which the HOMO is pri-
marily distributed on the benzoimidazole group of the cyclo-
metalated ligand and the iridium ion, whereas the LUMO is mainly
located on the benzoimidazole moiety. There is no distribution on
Eg
[e] (eV) HOMO[f] (eV) LUMO[g] (eV) Fp (%)

2.69 �5.16 �2.47 12.4
2.70 �5.12 �2.42 8.4
2.73 �5.09 �2.36 15.3

H2Cl2.



Fig. 1. Absorption and emission spectra of complexes 1e3 in CH2Cl2 solutions at room
temperature.
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the substituent, demonstrating that the added bulky moieties do
not significantly affect the excited states, which coincide well with
the experimental emission spectra. The theoretical results
demonstrated that the T1 states of these complexes mainly
contributed by HOMO / LUMO with a configuration interaction
coefficient larger than 0.86, composed of the mixed 3MLCT and 3LC
character [72].
Fig. 2. Electron density distributions o
3.2. Electrochemical properties

The electrochemical properties of the complexes 1e3 were
investigated by cyclic voltammetry, and the relevant electro-
chemical date are listed in Table 1. The complexes 1, 2, and 3 possess
onset oxidation at 1.14, 1.10, and 1.07 eV, respectively, which are
assigned to the oxidation of iridium metal-centered IrIII/IrIV [73].
The HOMO energy levels of complexes 1e3 were thus determined
from the onset of the oxidation potentials with regard to the energy
level of ferrocene, e5.16 eV for 1, e5.12 eV for 2, and e5.09 eV for 3.
The LUMO levels were evaluated from the HOMO energy levels and
energy gaps determined by the onset of absorption, with 2.47 eV for
1, 2.42 eV for 2, and 2.36 eV for 3. These data are essential to
fabricate the green EL devices based on complexes 1e3.
3.3. Eletroluminance properties

3.3.1. Non-doped green eletrophosphorecense
To evaluate the EL performance of all complexes, three phos-

phorescent non-doped devices have been fabricated based on
complexes 1e3 by vacuum evaporation method, namely N1, N2,
and N3, respectively. Devices with the same configuration of ITO/
TAPC (35 nm)/TCTA (5 nm)/Ir complexes 1e3 (20 nm)/TmPyPB
f the HOMOs and LUMOs for 1e3.



Table 2
Calculated energy levels, oscillator strengths, and orbital transition analyses of T1
states for complexes 1e3.

Complex State eV f Assignment Character

1 T1 2.22 0.00 H/L (88%) 3MLCT/3LC
2 T1 2.22 0.00 H/L (89%) 3MLCT/3LC
3 T1 2.22 0.00 H/L (88%) 3MLCT/3LC
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(40 nm)/LiF (0.5 nm)/Mg:Ag (120 nm, 15:1), in which 1,1-bis[4-
[N,N0-di(p-tolyl)amino]phenyl]cyclohexane (TAPC) is served as the
hole injection layer, 4,40,400-tris-(N-carbazolyl)-triphenylamine
(TCTA) as the hole transporting layer, 1,3,5-tri[(3-pyridyl)-phen-3-
yl]benzene (TmPyPB) as the electron transporting layer and LiF as
the electron injection layer. The EL intensity versus wavelength
curves, the current densityevoltageeluminance characteristics and
the curves of current efficiencyeluminanceepower efficiency are
presented in Fig. 3. The corresponding EL data are summarized in
Table 3.

As shown in Fig. 3(b), the devices N1eN3 reveal the nearly
identical emission spectra features with the strong green EL
emission peaks at 530e540 nm, which are accompanied by Com-
mission Internationale de L’Eclairage (CIE) coordinates of (0.36,
0.57), (0.38, 0.55) and (0.34, 0.57), respectively. Compared to the
devices N1 and N2, the EL spectrum of the device N3 exhibits a
noticeable shoulder peak around 500 nm. Complex 3-based doped
device C also exhibits similar EL peak at 500 nm (vide infra). In
doped devices, the phosphors show the weak intermolecular in-
teractions between the adjacent phosphors due to the introduced
host materials. It is thus speculated that incorporation of the tert-
butyl groups into the cyclometalated ligand is an effective way to
reduce the intermolecular interaction, leading to a noticeable
shoulder peak around 500 nm for device N3. While, non-doped
devices N1 and N2 showing relatively broad EL spectra should be
caused by the strong interactions for complexes 1 and 2 in emitting
Fig. 3. (a) The general structure and (b) EL spectra of OLEDs N1, N2, and N3. (c) Current d
acteristics for OLEDs N1eN3.
layer. In addition, the interaction between the emissive layer and
the adjacent transporting layers can also widen the emission
spectra. The devices N1 and N2 exhibit maximum luminances
(Lmax) of 8728 and 7883 cd m�2, maximum current efficiencies of
13.8 and 13.7 cd A�1, maximum power efficiencies of 10.3 and
10.7 lm W�1, respectively. The current and power efficiencies have
been significantly improved for device N3. It is obvious that the EL
efficiencies obtained in device N3 is the highest among all the
devices with hc, max of 18.6 cd A�1, hp, max of 16.2 lm W�1. Even at a
high brightness of 1000 cd m�2, current efficiency (hc) is still as
high as 16.9 cd A�1 and power efficiency (hp) of 12.6 lm W�1. The
low efficiency roll-off is observed for the device N3, attributing to
the sufficiently reducing intermolecular interaction by the intro-
duction of tert-butyl into the cyclometalated ligands of complex 3.
The emission efficiency reported here is significantly higher than
that of non-doped device based on Ir(ppy)3 (Fig. S5 in the ESI). The
EL performances of N3 are comparable with some reported
iridium(III)-based non-doped devices fabricated using solution
process and vapor deposition methods [52,54,74,75]. To investigate
the effect of the thickness on the EL performances of the non-doped
devices, another three devices, namely N1-10, N2-10, and N3-10,
have been fabricated, in which the thickness of the emissive layers
are 10 nm. The relevant data is tabulated in Table S2 (ESI). The
devices N1-10, N2-10, and N3-10 also display decent EL perfor-
mance with hc of 18.9, 20.2, and 23.7 cd A�1, hp of 17.0, 18.1, and
29.2 lm W�1, respectively.

In general, the device with complex 2 as emitter exhibits rela-
tively poor EL performance probably as the intermolecular inter-
action is reduced a little by incorporating methyl on the PBI. While,
tert-butyl group is introduced into the PBI of complex 3 to enhance
the steric hindrance efficiently, depressing the intermolecular
interaction sufficiently. Therefore, the device N3 exhibits higher EL
efficiencies and lower efficiency roll-off. It is a simple and feasible
approach to construct efficient iridium(III) complexes suitable for
non-doped phosphorescent OLEDs.
ensity-voltage-luminance and (d) current efficiency-luminance-power efficiency char-



Table 3
Summary of electroluminescence performances for OLEDs.

Device Vturn-on
[a] (V) Lmax

[b] (cd m�2, V) hc
[b] (cd A�1) hp

[c] (lm W�1) lEL (nm) CIE[(x,y), V]

N1 3.8 8728, 7.0 13.8, 12.3 10.3, 8.0 537 (0.36, 0.57), 6.5
N2 3.6 7883, 6.8 13.7, 11.8 10.7, 7.9 540 (0.38, 0.55), 6.5
N3 3.2 10770, 6.2 18.6, 16.9 16.2, 12.6 6 533 (0.34, 0.57), 6.5
A 2.7 11000, 6.8 28.3, 21.9 33.4, 17.0 494 (0.31, 0.54), 7.0
B 2.8 10570, 7.2 24.2, 21.6 21.1, 16.8 495 (0.31, 0.54), 7.0
C 2.6 12640, 6.6 32.9, 24.2 39.6, 19.3 495 (0.30, 0.54), 7.0

a Defined as the bias at a brightness of 1 cd m�2.
b Maximum power efficiency, then the values at 1000 cd m�2.
c Maximum current efficiency, then the values at 1000 cd m�2.
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3.3.2. Doped green eletrophosphorecense
To further understand the effect of the substituents on the

performance of doped devices, the OLEDs that use them as the
dopants have been fabricated. The devices were fabricated under
the identical conditions and consisted of ITO/TAPC (30 nm)/TCTA
(5 nm)/POAPF:Ir complexes 1e3 (10%, 30 nm)/TmPyPB (35 nm)/LiF
(0.5 nm)/Mg:Ag (120 nm, 15:1). Because of the great carrier
transport abilities and well matched triplet energy gaps (Fig. S4),
POAPF is selected as the optimized triplet host for complexes 1e3.
Each of the complexes was thus blended into the 2,7-
bis(diphenylphosphoryl)-9-(4-diphenylamino)phenyl-90-phenyl-
fluorene (POAPF) as the emitter, with the ratio of POAPF (90 wt%):Ir
complexes 1e3 (10 wt%). The EL spectra, the current densi-
tyevoltageeluminance characteristics and the efficiency curves are
presented in Fig. 4. The main EL data have been collected in Table 3.

There are no additional emission peaks from POAPF in these
devices, indicating an effective energy transfer from the host to
dopant. It is observed that the device C with complex 3 as emitter
exhibits the best EL efficiencies among all the doped devices. The
device C exhibits excellent EL performance with hc, max of
32.9 cd A�1 and hp, max of 39.6 lm W�1, however, the hc and hp are
24.2 cd A�1 and 19.3 lmW�1 at the luminance reaches 1000 cdm�2,
Fig. 4. (a) The general structure and (b) EL spectra of OLEDs A, B, and C. (c) Current density-v
for OLEDs AeC.
indicating its significant efficiency decrease in the doped device.
Compared with the non-doped EL devices using complexes 1e3 as
emitting layers, the doped devices exhibit the lower driving volt-
ages. It is likely due to the facilitation of hole and electron injection
when POAPF was employed as the host material. In addition, we
found that the doped devices show red-shifted EL spectra
compared with those of the non-doped ones, which should be
caused by the strong intermolecular interactions of the phosphors
in the non-doped devices. This is further supported by the obtained
EL data for the non-doped devices N1-10, N2-10 and N3-10, which
exhibit slight bathochromic shifts in EL spectra. For the practical
applications, the EL devices showing the low efficiency roll-off are
highly desired. As shown in Table 2, we believe that the introduc-
tion of tert-butyl units into ligands is an efficient way to con-
struction of non-doped phosphors accompanied by low efficiency
roll-off values, but may be not suitable for phosphorescent dop-
ants enjoying little efficiency roll-off feature.

4. Conclusions

In summary, we have demonstrated a design strategy of efficient
iridium(III) complexes by incorporating different size of substituent
oltage-luminance and (d) current efficiency-luminance-power efficiency characteristics
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into the PBI ligand. Three green phosphorescent iridium(III) com-
plexes 1, 2, and 3 were synthesized and characterized with the
PLQYs of 12.4%, 8.4%, and 15.3% in the neat films, respectively. The
PLQY of the complex 3 improves with little affect on the nature of
the emitting triplet state and its maximum emission wavelength.
Furthermore, with this new phosphors design, the non-doped de-
vice based on complex 3 exhibits the Lmax, hc, max, and hp, max of
10770 cd m�2, 18.6 cd A�1, and 16.2 lm W�1, respectively, which is
higher than those of parent complexes 1 and 2. The great im-
provements of EL efficiencies could be attributed to reducing
intermolecular interaction in solid state by introduction of bulky
substituents on the cyclometalated ligand. Even at a high bright-
ness of 1000 cd m�2, its hc is still as high as 16.9 cd A�1 and hp of
12.6 lmW�1, exhibiting the low efficiency roll-off. Given the simple
molecular structure of iridium(III) complex, the high EL efficiency
and low efficiency roll-off for non-doped device, our research
provides a simple and promising strategy to develop highly effi-
cient phosphors suitable for non-doped OLEDs.
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