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The performance of a heteroleptic bis-cyclometalated iridium complex based on 2-(2,3,4-trifluorophenyl)
benzo[d]thiazole [(tfbt)2Ir(acac)] was investigated as a new phosphorescent emitter in OLEDs. The
devices showed very high efficiency at various dopant concentrations and maximum efficiency was
achieved at 6 wt% dopant concentration. A comparison of the performances of phosphorescent OLEDs
with the new emitter versus those with prototype-based (bt)2Ir(acac) emitter revealed a remarkable
improvement of efficiency at all dopant concentrations. These preliminary results obtained with the
tfbt-based emitter indicate that this family of cyclometalated ligands with multi-fluorine functionaliza-
tion is a promising compound for the development of highly emissive complexes.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Phosphorescent materials based on transition-metal complexes
[1–5] have been extensively used to fabricate highly efficient
organic light-emitting diodes (OLEDs) due to the whole utilization
of the singlet and triplet excitons since the early phosphorescent
materials were reported by Ma and Forrest et al. [6,7]. Among
the phosphorescent materials, iridium(III) [Ir(III)] complexes are
considered to be the most promising because they exhibit flourish-
ing merits: (i) high phosphorescent quantum efficiency, (ii) good
thermal stabilities, (iii) facile color tuning, (iv) flexible structural
modifications. Those characteristic features of Ir(III) complexes
are attributed to the efficient spin–orbit coupling from the Ir metal
as well as the strong structural/electronic interactions between the
Ir core and ligands. Besides preliminary red, green, and blue phos-
phorescent materials, yellow/orange phosphorescent materials
which are used to fabricate simple two-element white OLEDs are
also drawing more attention [8–11]. Therefore, high performance
yellow/orange phosphorescent OLEDs are urgently desired. To
obtain high performance phosphorescent devices, this type of
phosphorescent emitters is crucial.
2-Phenylbenzothiazole (bt) is a prevalent ligand framework to
construct typical yellow bis(2-phenylbenzothiozolato-N,C2

0
)irid-

ium(acetylacetonate) [(bt)2Ir(acac)] complexes. As for as Ir–bt type
complex is concerned, its emission wavelength, phosphorescent
quantum yield, phosphorescent lifetime and so on are easily
adjusted by structure modification. For example, Lu and Li et al.
[12,13] reported that fine tuning of emission color of Ir(III) com-
plexes from yellow to red via substituent effect on bt ligand. Our
group demonstrated efficient red phosphorescent OLEDs based
on Ir–bt type complex by elongating conjugate system with the
alkenyl group [14]. Moreover, some functionalized groups such
as carbazole and arylamine were introduced into bt ligand to suc-
cessfully increase phosphorescent quantum yield of corresponding
Ir(III) complexes and further improve device’s efficiency [15–19].
In comparison, a lot of fluorinated compounds used in OLEDs dis-
play prominent properties [20–25]. It’s well known that involve-
ment of C–F bond shows the following advantages: (i) to reduce
the rate of radiationless deactivation and enhance the photolumi-
nescence (PL) efficiency; (ii) to make the complex sublime better
for thin film deposition; (iii) to reduce self-quenching of lumines-
cence by altering the molecular packing; (iv) to sometimes
enhance the electron mobility of the corresponding compound;
(v) to modify the highest occupied molecular orbital and the
lowest unoccupied molecular orbital (HOMO–LUMO) levels and
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further allow the optimization of carrier injection and the tuning of
luminescent color [26]. Therefore, further modification of Ir–bt
type complex with fluorination seems to be a wise choice to obtain
OLEDs with improved device performances although some fluori-
nated Ir–bt type complexes have been used as highly emissive
dopants in OLEDs [27–31].

Here, a novel Ir–bt type complex with multi-fluorine function-
alization, namely (tfbt)2Ir(acac) (tfbt = 2-(2,3,4-trifluorophenyl)
benzo[d]thiazole; acac = acetylacetone), was designed, synthesized
and characterized. The influence of fluorine atoms on the photo-
physical and electrochemical properties of (tfbt)2Ir(acac) complex
was systematically investigated. High efficient yellow phosphores-
cent OLEDs with (tfbt)2Ir(acac) as a new emitter in the conven-
tional device structure were fabricated. Interestingly, the OLEDs
based on fluorinated Ir–bt type complex exhibited superior perfor-
mance compared with the prototype-based (bt)2Ir(acac) doped
device. To the best of our knowledge, these efficiencies were com-
parable to the highest ever reported yellow phosphorescent OLEDs
[29,31–33].
2. Experimental

2.1. Reagents and physical measurements

Commercially available reagents and starting materials were
used for synthesis of the Ir(III) complex without further purifica-
tion. Solvents were purified and dried by standard procedures prior
to use. NMR spectra were recorded on a Bruker AC 500 spectrom-
eter with tetramethylsilane (TMS) as an internal reference. Mass
spectroscopy (MS) was performed on AB SCIEX API 3200 spectrom-
eter. The melting point (mp) was measured on WRS-2A numeral
melting point instrument. UV–vis absorption and PL spectra of
the Ir(III) complex in CH2Cl2 solution of 1.0 � 10�5 mol L�1 were
completed on a PerkinElmer Lambda 900 spectrophotometer and
LS 55 fluorescence spectrophotometer, respectively. Thermogravi-
metric analysis (TGA) was undertaken under nitrogen atmosphere
at a heating rate of 10 �C min�1 on a PerkinElmer Diamond TG-DTA
6300 thermal analyzer. The luminescent lifetime of the Ir(III) com-
plex in CH2Cl2 were detected by a system equipped with a TDS
3052 digital phosphor oscilloscope pulsed Nd:YAG laser with a
Third-Harmonic-Generator (THG) 355 nm output. Cyclic voltam-
metry experiments were conducted using a CHI 660D electrochem-
ical analyzer with a scan rate of 100 mV s�1. All measurements
were carried out at room temperature (RT) unless otherwise
specified.
2.2. Synthesis of the Ir(III) complex

2.2.1. Synthesis of 2-(2,3,4-trifluorophenyl)benzo[d]thiazole
2,3,4-Trifluorobenzoic acid 0.97 g (5.5 mmol) and NMP 5 mL

were charged into the flask, then stirred and heated up to com-
pletely dissolving under nitrogen. Subsequently, PCl3 0.3 mL
(1.8 mmol) was added and then reacted for 0.5 h, and cooled.
2-Aminothiophenol 0.63 g (5 mmol) was then added into the flask
and reacted 3 h under 120 �C. Deionized water was added into
the reaction mixture resulting in dark gray solid, and then adjust
pH to 8 with ammonia and filtrated. Gray product was obtained
by recrystallization with anhydrous ethanol. Yield: 30%. Mp:
153.7–155.0 �C. 1H NMR (500 MHz, CD2Cl2, TMS): d 8.24–8.20 (m,
1 H), 8.13 (d, J = 8.0 Hz, 1 H), 8.03 (d, J = 7.5 Hz, 1 H), 7.61–7.57
(m, 1 H), 7.52–7.48 (m, 1 H), 7.24–7.19 (m, 1 H); 13C NMR
(125 MHz, CD2Cl2, TMS): 166.91, 154.04, 140.48, 140.22, 135.15,
132.22, 129.05, 127.19, 126.52, 126.15, 125.45, 123.67, 123.15,
121.77, 120.38, 120.30, 109.83.
2.2.2. Synthesis of (tfbt)2Ir(acac)
Under N2 atmosphere, a mixture of tfbt 0.504 g (1.9 mmol),

IrCl3�3H2O 0.352 g, (1 mmol), 2-ethoxyethanol and water (16 mL,
3:1, v/v) were heated to 110–120 �C for 24 h. Then the reaction
mixture was cooled to RT and water was added. The orange dimer
was obtained after vacuum filtration and drying.

A mixture of the above resulting dimer, acetylacetone (Hacac)
2.1 mL (2 mmol), sodium carbonate 0.53 g (5 mmol) and
2-ethoxyethanol 12 mL was heated to 110–120 �C for 24 h under
N2 atmosphere. After cooling the mixture to RT and the addition
of water, the resulting precipitate was collected by vacuum filtra-
tion and drying. The orange product was obtained by column chro-
matography on silica gel using petroleum and ethyl acetate as
eluents. Yield: 37%. 1H NMR (500 MHz, CDCl3, TMS): d 7.96 (d,
J = 7.5 Hz, 2 H), 7.90 (d, J = 8.0 Hz, 2 H), 7.461–7.42 (m, 2 H),
5.76–5.73 (t, 2 H), 5.09 (s, 1 H), 1.17 (s, 6 H); 13C NMR (125 MHz,
CDCl3, TMS): 186.23, 149.23, 132.40, 132.36, 127.82, 125.85,
122.51, 119.79, 117.49, 117.37, 101.94, 28.19. MS (ESI): m/z
842.9 [M+Na].

2.3. Device fabrication and EL measurements

OLEDs were fabricated through vacuum deposition of the mate-
rials at about 3 � 10�4 Pa onto ITO-coated glass substrates with a
sheet resistance of 25X sq�1. The ITO-coated substrates were rou-
tinely cleaned by ultrasonic treatment in solvent and then cleaned
by exposure to a UV–ozone ambient. All organic layers were depos-
ited in succession without breaking vacuum. The devices were pre-
pared with the following structures of ITO/NPB (45 nm)/TCTA
(6 nm)/CBP: x wt% (tfbt)2Ir(acac) (10 nm)/Bepp2 (35 nm)/LiF
(1 nm)/Al, in which NPB [4,40-bis[N-(1-naphthyl)-N-phenyl-amino]-
biphenyl], TCTA [tris(4-(9H-carbazol-9-yl)phenyl)amine], CBP
(4,40-N,N0-dicarbazolebiphenyl), Bepp2 [bis(2-(2-hydroxyphenyl)-p
yridine)beryllium)] were used as hole transporting layer, electron
blocking layer, host, and electron transporting layer, respectively,
and LiF/Al as the composite cathode. Deposition rates and thick-
nesses of the layers were monitored in situ using oscillating quartz
monitors. EL spectra were measured with OPT-2000 spectropho-
tometer. The luminance–current–voltage (L–I–V) characteristics
were measured with a Keithley model 2400 power supply combined
with a ST-900M spot photometer. All measurements were carried
out at RT under ambient conditions.
3. Results and discussion

3.1. Synthesis and characterization

The complex (tfbt)2Ir(acac) was synthesized by reaction of tfbt
with IrCl3�3H2O involving two steps according to the procedure
previously reported [34]. Subsequently, it was purified by column
chromatography to reach the sufficient purity for usability in
OLEDs. The synthetic pathway was depicted in Scheme 1. The
ligand tfbt were smoothly synthesized by condensation reaction
of 2-aminothiophenol with 2,3,4-trifluorobenzoic acid, and then
purified via recrystallization with ethanol in moderate yield. The
compounds tfbt and (tfbt)2 Ir(acac) were evidenced by MS, 1H
NMR and 13C NMR.

3.2. Photophysical properties

The UV–vis absorption and PL spectra of (tfbt)2Ir(acac) in CH2Cl2
are depicted in Fig. 1 and exhibit the typical features of most Ir(III)
complexes. Notably, the highest energy bands at 250–370 nm was
assigned to spin-allowed 1p–p⁄ transitions mostly localized on the
cyclometalated tfbt ligand while the broad weak absorption bands



Scheme 1. The synthetic routes of complex (tfbt)2Ir(acac).

Fig. 1. UV–vis absorption and PL spectra of (tfbt)2Ir(acac) in CH2Cl2. Inset: the
phosphorescent emissive lifetime curve of (tfbt)2Ir(acac) in degassed CH2Cl2.

Fig. 2. TGA trace of (tfbt)2Ir(acac) measured at a heating rate of 10 �C min�1 under
nitrogen atmosphere.

Fig. 3. CV curves of (tfbt)2Ir(acac) in CH2Cl2 with a scan rate of 100 mV s�1.
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at 380–500 nm were attributed to an admixture of spin-allowed
metal-to-ligand (1MLCT) transition and spin-forbidden metal-to-
ligand (3MLCT) transition, respectively. When excited with
365 nm light, (tfbt)2Ir(acac) exhibited strong RT yellow phospho-
rescence with emission peak at 543 nm and shoulder peak at
578 nm, which could be assigned to predominantly 3MLCT state
radiative transitions. The emission quantum yields (up) of
(tfbt)2Ir(acac) in solution are determined as 0.56 with (ppy)2Ir(acac)
(up = 0.34) as reference. The up value of (tfbt)2Ir(acac) is much
higher than (bt)2Ir(acac) (up = 0.26) [34], suggesting that the chem-
ical modification of (bt)2Ir(acac) with multi-fluorine functionaliza-
tion could greatly enhance the phosphorescence efficiency in
solution.

The very short phosphorescent lifetime (sp) of (tfbt)2Ir(acac) in
degassed CH2Cl2 at RT (inset of Fig. 1) is obtained with 0.37 ls,
which is much shorter than those of popular (ppy)2Ir(acac) (ca.
1.6 ls) and (bt)2Ir(acac) (ca. 1.8 ls) [35].

The thermal stability of (tfbt)2Ir(acac) was evaluated by TGA
under N2 atmosphere with a scanning rate of 10 �C min�1, as indi-
cated in Fig. 2. Complex (tfbt)2Ir(acac) was thermally stable up to
305 �C with 5% weight loss, indicating that this Ir(III) complex
showed excellent thermal stability which prevented the degrada-
tion of the emitting layer by current-induced Joule heat resulted
from the operation of OLEDs.
3.3. Electrochemical properties

The electrochemical properties of (tfbt)2Ir(acac) was investi-
gated by CV method in a three-electrode cell using ferrocene as
the internal standard. HOMO and LUMO energy levels were esti-
mated according to the electrochemical performance and UV–vis
absorption spectrum. As shown in Fig. 3, (tfbt)2Ir(acac) showed a
reversible redox process over the anodic and cathodic range. The
CV curves remained unchanged under multiple successive poten-
tial scans, suggesting its excellent stability against electrochemical
oxidation and reduction. Complex (tfbt)2Ir(acac) exhibited the first
oxidation potential with 1.50 V, and its HOMO energy level was
calculated to be 5.80 eV relative to the value of 4.30 eV for fer-
rocene with respect to the zero vacuum level. Then LUMO energy
level was obtained to be 3.37 eV from the HOMO energy level value
and the absorption edge data. The HOMO and LUMO energy levels
are summarized in Table 1.



Table 1
Photophysical, thermal and electrochemical characteristics of (tfbt)2Ir(acac).

Ir-complex kabs (nm) kem (nm) up s (ls) Td (�C) HOMO (eV) LUMO (eV) Eg (eV)

(tfbt)2Ir(acac) 320, 392, 430 542 (580) 0.56 0.37 305 5.80 3.37 2.43

Fig. 4. Chemical structure of the different materials and energy levels of the yellow OLEDs investigated in this study.
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3.4. Electrophosphorescent properties

In order to investigate the electrophosphorescent properties of
(tfbt)2Ir(acac) as phosphor, devices with the structure of ITO/NPB
(45 nm)/TCTA (6 nm)/CBP: x wt% (tfbt)2Ir(acac) (10 nm)/Bepp2
(35 nm)/LiF (1 nm)/Al were fabricated by high vacuum thermal
evaporation on pre-cleaned ITO glass substrates as shown in
Fig. 4. To determine the optimum doping concentration, four con-
centrations were investigated (2, 4, 6 and 9 wt%). The representa-
tive EL performance data of the triplet emitter are summarized
in Table 2.

The EL spectra of (tfbt)2Ir(acac)-doped devices under the volt-
age of 6 V are showed in Fig. 5. EL spectra of 6 wt% (tfbt)2Ir
(acac)-doped devices under the different voltage are also included
in inset of Fig. 5. EL spectra showed a dominant yellow emission at
544 nm with the shoulder peak of 581 nm from (tfbt)2Ir(acac)
without any other residual emission from host and/or adjacent lay-
ers, indicating effective energy transfer from the host to the
dopant. Only inconspicuous emission from CBP was observed in
the 6 wt% (tfbt)2Ir(acac)-doped device under the low voltage. The
EL spectra did not show any critical color shift with the doping
concentrations and voltages, and the Commission International
de L’Eclairage (CIE) coordinates (1931) remained almost constant
at all concentrations (0.48, 0.50). The short triplet excited state life-
time of (tfbt)2Ir(acac) (ca. 0.37 ls) is beneficial to the remarkable
color stability. The balance charge injection could also induce good
color stability in the device.

The luminance–current–voltage (L–I–V) characteristics of
(tfbt)2Ir(acac)-doped devices are plotted in Fig. 6. All devices
exhibited low turn-on voltages of ca. 3.0 V (defined as bias at a
luminance of 1 cd m�2). The device with 4 wt% (tfbt)2Ir(acac)-
doped concentration achieved the maximum luminance of
107,372 cd m�2 at the voltage of 10 V. Fig. 7 shows current effi-
ciency–current density characteristics of the devices at various
concentrations. The device efficiency varied with the doping con-
centration of (tfbt)2Ir(acac). The device with 6 wt% doping concen-
tration exhibited a peak current efficiency of 60.3 cd A�1,
corresponding to the peak power efficiency of 47.3 lmW�1 at a
current density of 1.0 mA cm�2. At extremely high luminance of
10,000 cd m�2 (20.3 mA cm�2 and 5.9 V), the 6 wt% (tfbt)2Ir
(acac)-based device still possessed current efficiency of
49.3 cd A�1, and power efficiency of 26.2 lmW�1. To the best of
our knowledge, these efficiencies were comparable to the highest
ever reported yellow/orange phosphorescent OLEDs [29,31–33].
Based on the respective HOMO/LUMO levels of (tfbt)2Ir(acac), the
host and the hole/electron-transporting layers (as shown in



Fig. 6. L–I–V characteristics of (tfbt)2Ir(acac)-doped devices.

Fig. 7. Current efficiency–current density curves of (tfbt)2Ir(acac)-doped devices.

Table 2
Summary of performances of the fabricated phosphorescent OLEDs.

Ir-complexes Ratio (%) Vturn-on
a (V) kEL

b (nm) Lmax
c (cd m�2) gLd (cd A�1) gpe (lmW�1)

(tfbt)2Ir(acac) 2 3.1 543 (581) 42,092 42.7 33.5
4 3.1 544 (581) 107,372 54.8 43.0
6 2.9 544 (581) 100,726 60.3 47.3
9 2.9 543 (580) 84,628 50.7 38.8

(bt)2Ir(acac) 4 4.5 558 (599) 34,800 40.7 21.3
6 4.2 557 (600) 35,820 52.0 22.9
9 4.3 557 (599) 31,800 42.9 19.1

a Turn-on voltage at a brightness of 1 cd m�2.
b Maxium emission wavelength. Values in parentheses are shoulder peaks.
c Maximum luminance.
d Maximum current efficiency.
e Maximum power efficiency.

Fig. 5. EL spectra of (tfbt)2Ir(acac)-doped devices under the voltage of 6 V. Inset: EL
spectra of 6 wt% (tfbt)2Ir(acac)-doped device under the different voltage.
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Fig. 4), efficiency of phosphorescent OLEDs was assumed to result
from the good hole/electron carrier-recombination balance in the
phosphorescent OLEDs. The observable efficiency roll-off of about
40% at 100 mA cm�2 may be due to triplet–triplet annihilation
and triplet–polaron annihilation [36,37].

To compare the performance of this new emitter (tfbt)2Ir(acac)
with well known yellow dopants, a similar device was fabricated
with the heteroleptic complex (bt)2Ir(acac) and tested in the same
conditions. The (bt)2Ir(acac)-doped device exhibited general effi-
ciencies with a turn-on voltage of 2.9–3.1 V, a maximum current
efficiency of 52.0 cd A�1 and a peak power efficiency of
22.9 lmW�1 (see Table 2). The whole EL performances of the
(tfbt)2Ir(acac)-doped device greatly surpassed those of (bt)2Ir
(acac)-doped devices largely derived from excellent photophysical
properties of (tfbt)2Ir(acac).
4. Conclusions

In conclusion, the performances of a heteroleptic bis-
cyclometalated complex with 2-(2,3,4-trifluorophenyl)benzo[d]
thiazole ligand as the new emitter in phosphorescent OLEDs had
been investigated in detail. The devices showed very high effi-
ciency at various dopant concentrations and maximum efficiencies
(60.3 cd A�1 and 47.3 lmW�1) had been achieved at 6 wt% dopant
concentration. Stable yellow electrophosphorescence from the
device was achieved due to short lifetime of (tfbt)2Ir(acac) and
charge-injection balance. A comparison of the performances of
phosphorescent OLEDs with the new emitter versus those of
prototype-based (bt)2Ir(acac) emitter revealed a significant
improvement of efficiency at all dopant concentrations. These pre-
liminary results obtained with the tfbt-based emitter indicated
that this family of cyclometalated ligand is promising for the devel-
opment of highly emissive phosphorescent complexes.
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