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Highly efficient orange-red electroluminescence of
iridium complexes with good electron mobility
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Two iridium complexes with 1-(2,6-bis(trifluoromethyl)pyridin-4-yl)isoquinoline (tfmpiq)
and  4-(2,6-bis(trifluoromethyl)pyridin-4-yl)quinazoline (tfmpqz) main ligands and
tetraphenylimidodiphosphinate (tpip) ancilary ligand were applied in organic light-emitting
diodes (OLEDs). The introducing of quinazoline has greatly influence on the nature of the
complex. The quantum yield and the electron mobility of Ir(tfmpqz),(tpip) are much higher
than that of Ir(tfmpiq),(tpip) (Ir(tfmpiq),(tpip): @: 0.47, p.: 8.93-9.47 x 10° cm? Vs
under the electric field from 1040 (V cm™)" to 1300 (V em™)"?; Ir(tfmpqz),(tpip): @: 0.98,
L 6.44-7.20 x 10 cm® V' s under the electric field from 1040 (V cm™)" to 1300 (V
em™)"?). Besides, the Ir(tfmpqz),(tpip) based device also displayed better performances
than that using Ir(tfmpiq),(tpip). Furthermore, with an europium complex Eu(DBM);phen
(DBM = dibenzoylmethide; phen = 1,10-phenanthroline) as a sensitizer, the device based on
Ir(tfmpqz),(tpip) with a double emissive layers structure of ITO / MoOs (3 nm) / TAPC (50
nm) / Ir(tfmpqz),(tpip) (5 wt%): TcTa (10 nm) / Eu(DBM);phen (0.2 wt%): Ir(tfmpqz),(tpip)
(5 wt%): 26DCzPPy (10 nm) / TmPyPB (50 nm) / LiF (1 nm) / Al (100 nm) displayed best
performances with a maximum luminance of 129 466 cd m™, a maximum current efficiency
and a maximum power efficiency of 62.96 cd A™" and 53.43 Im W', respectively, with low
efficiency roll-off. The current efficiency still remains as high as 58.84 cd A™ at the
brightness of 1 000 cd m™ and 53.27 c¢d A" at the brightness of 5 000 cd m™, respectively.
These results suggest that the Ir(IIl) complexes with quinazoline units are potential
orange-red phosphorescent materials for OLEDs.

guest molecule should be used as a deep trap for the electron and
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Introduction hole in an emitting layer, leading to an enhancement of the
driving voltage. In addition, for red dopants, the self-quenching
The phosphorescent iridium(Ill) complexes have been  and triplet-triplet annihilation are too serious to be ignored

extensively studied in organic light-emitting diodes (OLEDS)  egpecially when the doping concentrations are high. Thus, from
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because of their high quantum efficiency and the wide range of
emission colors.! The strong spin-orbit coupling (SOC) can
promote triplet to ground radiative transition by introducing the
central heavy atom, which leads to a quite high phosphorescence
quantum  efficiency  in Furthermore,  the
phosphorescence of Ir(IIl) complexes generates by the
metal-to-ligand charge transfers (MLCT) and ligand-centered
(LC) transition,” so that it is possible to control the excited state’s
energy level by adjusting ligands via the substituent effect.

Quite high efficiency has been obtained for green
phosphorescent devices, while the highest efficiency that has
been reported for red emitters based devices is still much lower.
Red emission is a crucial monochromatic light and also a pivotal
constituent for the development of full-color display.® While the
design of efficient red-emitting materials is much harder
compared to other colors, which is consistent with the law of
energy gap.* Most of red emitters are subjected to the heavy
concession on the color purity and device efficiency. Because the
characteristic emission is in the spectral zone where eyes are
insensitive, luminosity of red devices is lower. Moreover, the
difference between the host with wide bandgap and the
red-emitting guest with narrow bandgap is quite enormous in the
level of the highest occupied molecular orbital (HOMO) and/or
lowest unoccupied molecular orbital (LUMO). Therefore, the

unusual.

This journal is © The Royal Society of Chemistry 2017

perspective of reality, solving the above issues via the design of
materials or/and the optimization of device is inevitable.’

Since  tris(1-phenylisoquinline)iridium(IIl)  Ir(piq);
bis(1-phenyl-isoquinoline)(acetylacetonato)iridium(IIT)
Ir(piq),(acac) have been synthesized as red PHOLEDs materials
by Y.-J. Su et al. the first time,® many efficient red emitters and
devices have been developed based on isoquinoline derivatives
due to their high electron affinities.” R.-H. Liu and K.-T. Wong
used bulky and halogen substituent to reduce the impact of
self-quenching.® Wong et al. reported a range of red emitters
combining 9-arylcarbazole and triphenylamine in complex
Ir(piq)s(acac).” Wong and Chen groups have suppressed close
packing among the molecules by increasing steric hindrance.'’
In addition, great efforts have been made
2-phenylquinoline  (phq), 2.4-diphenylquinoline,
derivatives and so on."

It is well-known that the balance of the electron-hole injection
and transport is necessary for high-efficiency OLEDs using the
Ir(ITl) complexes because both the charge carrier balance
deterioration and nonradioactive quenching processes increase
will cause a serious efficiency roll-off. Since the majority of
hole-transporting materials’ hole mobility is much higher than
the electron-transporting materials’ electron mobility, the OLEDs

and

based on
pyridine
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performances depend on electron transport’s capability.
Therefore, the use of ambipolar host materials is essential to gain
phosphorescent OLEDs with low efficiency roll-off, as well as
the synthesis of dopants with excellent electron mobility.'?

From our previous work, we found that
tetraphenylimidodiphosphinate (tpip) is a good ancillary ligand
for Ir(Ill) complexes due to their four bulky aromatic groups,
leading to an increase of the spatial separation from neighboring
molecules to suppress TTA (triplet-triplet annihilation), TPA
(triplet-polaron annihilation) effectively,' as well as the ability of
Ph,P=O to improve the ability of electron injection and
transportation.'* Moreover, the bulky CF; substituents can affect
the molecular packing and the steric protection surrounding the
metal would restrain the self-quenching impact, and the C-F
bond with low vibrational frequency can reduce radiationless
deactivation rate."” Besides that, nitrogen heterocycle would also
enhance the electron affinity and the electron mobility of the
Ir(III) complexes.

Therefore, aiming to get efficient devices by improving the
electron mobility, both 2,6-bis-trifluoromethyl-pyridine and
quinazoline were introduced to replace the widely used phenyl
and piq units. The complexes Ir(tfmpiq),(tpip) (tfmpiq =
1-(2,6-bis(trifluoromethyl)pyridin-4-yl)isoquinoline) and
Ir(tfmpqz),(tpip) (tfmpqz = 4-(2,6-bis(trifluoromethyl)pyridin-
4-yl)quinazoline) displayed emissions peak at 591 and 588 nm,
respectively. Besides, the devices with both complexes showed
good performances, and the device based on Ir(tfmpqz),(tpip)
displayed better performances than the device based on
Ir(tfmpiq),(tpip) due to the higher photoluminescence (PL)
efficiency and better electron mobility.

Furthermore, aiming to enhance the EL performances based on
Ir(tfmpqz),(tpip), we employed an europium(Ill) complex
Eu(DBM);phen (DBM = dibenzoylmethide; phen =
1,10-phenanthroline) with low-lying highest occupied molecular
orbital (HOMO) and/or lowest unoccupied molecular orbital
(LUMO) levels to sensitize the Ir(Il) complex in an electron
dominant light-emitting layer (EML). Consequently, the device
displayed the best performances with a maximum current
efficiency (#¢max) of 62.96 cd A with low efficiency roll-off.
Because of the low doped concentration (0.2 wt%) of the Eu(IlI)
complex, the cost of this type device for practical application is
not increase greatly from the industrial and economical point of
view.

Results and discussion

Preparation and X-ray crystallography

Scheme 1 shows the chemical structures and synthetic routes of
ligands and Ir(Il[) complexes. The reaction of
2,6-bis(trifluoromethyl)-pyridine with LDA (lithium
diisopropylamide) and B(OPr-i); gave two crude aryl boronic
acids. The corresponding two trifluoromethyl fluorinated
bipyridine ligands (tfmpiq and tfmpqz) were synthesized using
a Suzuki coupling reaction. The tetraphenylimidodiphosphinate
acid (Htpip) and potassium salt (Ktpip) were prepared according
to our previous publications. The iridium complexes were
obtained in two steps with popular methods via Ir(IlI)

2 | J. Mater. Chem. C, 2017, 00, 1-9
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chloro-bridged dimer. Purification of the mixture by silica gel
chromatography provided crude products, which were further
purified by vacuum sublimation. All the new compounds were
fully characterized by 'H NMR, the electrospray ionization mass
spectra (ESI-MS) and elemental analyses
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Scheme 1. Synthetic routes of ligands and the complexes.

Furthermore, The structures of Ir(tfmpiq),(tpip) and
Ir(tfmpqz),(tpip) complexes were proved via the single crystals
and their crystal diagrams are displayded in Fig. 1. The
molecular parameters and atomic coordinates were showed in the
Table S1, Table S2 (Supporting Information), respectively. From
the structures diagram of crystals it can be found that the iridium
atom is embraced by C, N and O atoms from tfmpiq/tfmpqz or
tpip, with a twisted octahedral coordination geometry. For
Ir(tfmpiq),(tpip) and Ir(tfmpqz),(tpip), angles of [O-Ir-O] are
89.94(13)° - 90.64(12)°, and the angle of [C-Ir-N] is 80.06(14)° -
80.72(18)°. The lengths of Ir-C bonds range from 1.992(4) -
2.010(4) A. The Ir-N bonds have the lengths of 2.024(4) -
2.038(3) A. And the lengths of Ir-O bonds are longer a bits,
which are 2.157(3) - 2.167(3) A. These results are similar to the
parameters of the cyclometalated Ir(IlI) complexes that have
been reported.
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(a)Ir(tfmpiq)2(tpip) (b) Ir(tftmpqz)2(tpip)

Fig. 1. The crystal diagrams of Ir(tfmpiq):(tpip) (CCDC No.1536092)
and Ir(tfmpqz).(tpip) (CCDC No.1536093) shown at 30% probability
level. The hydrogen atoms are omitted for clarity.

Thermal stability

The thermal stability of the materials is crucial for efficient
OLEDs. If a complex can be applied in practical OLEDs, the
melting point (7},) and decomposition temperature (7;) need to

This journal is © The Royal Society of Chemistry
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be high enough to guarantee that the complex could be deposited
onto the solid face without any decomposition on sublimation.
The scanning calorimetry (DSC) and thermogravimetric analysis
(TGA) curves of Ir(tfmpiq),(tpip) and Ir(tfmpqz),(tpip) are
showed in Fig. S1. From the DSC crves it is can be seen that the
melting points of Ir(tfmpiq),(tpip) and Ir(tfmpqz),(tpip) are
331 °C and 343 °C, respectively. It is can be figured out that there
is no loss was observed below 340 °C in weight from the curves
of TGA, and the decomposition temperature (5% loss of weight)
is 357 °C for Ir(tfmpiq),(tpip) and 354 °C for Ir(tfmpqz),(tpip),
respectively, suggesting that both complexes have the potential
for use in OLEDs. In general, the efficiency of vacuum-deposited
OLEDs is much higher than that of solution-processed devices.

Electrochemical properties and theoretical calculation

The frontier molecular orbitals (FMOs), especially the HOMO
and LUMO, are pretty crucial to the design of device structure.
energy
HOMO/LUMO, the electrochemistry measurements by cyclic

Therefore, aiming to measure levels of the
voltammetry (CV) were adopted with ferrocene as the internal
standard in CH;CN (Fig. S2). The HOMO level was obtained via
the oxidation potential and then the LUMO level was calculated
by the HOMO and the band gap observed from UV-vis
absorption spectra. During the progress of anodic oxidation, an
obvious oxide peak can be observed for all complexes with the
oxidation potential in 1.31-1.51 V, which can be ascribed to the
metal-centered Ir(III)/Ir(IV) oxide couple, consistent with the
cyclometallated Ir(Il) system reported.'® Tr(tfmpiq),(tpip)
exhibits a lower oxidation potential (1.31 V) and HOMO/LUMO
energy levels are -5.94/-3.87 eV. The oxidation potential of
Ir(tfmpiq),(tpip) increases to 1.51 V and the HOMO/LUMO
energy levels are -6.25/-4.14 eV.

Furthermore, it can be observed from the theoretical
calculation that nearly all LUMOs are on tfmpiq/tfmpqz ligands
(94.73-95.11%) and rarely situated on iridium atom
(2.98-3.378%) and tpip ancillary ligand (1.52-2.28%). While
HOMOs are situated on tfmpiq ligands (46.07%), d orbitals on
iridium atom (48.14%) and tpip ancillary ligand (5.79%) for
Ir(tfmpiq),(tpip). For Ir(tfmpqz),(tpip), HOMOs are situated
on tfmpqz ligands (36.88%) and d orbitals of iridium atom
(53.77%) and tpip ancillary ligand (9.35%)."” The introducing of
quinazoline does influence the electron distributions of the
complexes, resulting the decrease of the HOMO and LUMO
level, which lead to the nature differences of Ir(tfmpiq),(tpip)
and Ir(tfmpqz),(tpip). What’s more, the decrease of the LUMO

level is beneficial to trap the electron and broaden the
recombination zone, leading to the improvement of the EL
performances partly.

Photophysical property

The UV-vis absorption and photoluminescence spectra of the two
complexes Ir(tfmpiq),(tpip) and Ir(tfmpqz),(tpip) in CH,Cl,
(5x10° M) are shown in Fig. 2. The broad and intensive
absorption bands below 320 nm are due to the spin-allowed
intraligand 'LC (n-n*) transition of tfmpiq/tfmpqz and tpip
ligands. The weak absorption lasting to 520 nm should be
attributed to the metal-ligand charge transfer band (MLCT),
and/or broad LC absorptions. The strongest emissions peak at
591 and 588 nm in CH,Cl,, produced by the electronic transition
between the lowest triplet excited state and the ground state,
Ir(tfmpiq),(tpip) Ir(tfmpqz)(tpip)
orange-red phosphors. The emissions in the scope of lower

which  makes and
energy around 637 nm may generate by the overlapping
vibrational satellites.'® Furthermore, the complexes show much
high quantum efficiency as 0.47 and 0.98 for Ir(tfmpiq),(tpip)
and Ir(tfmpqz),(tpip), respectively. The differences of the
absorption and emission profiles between Ir(tfmpiq),(tpip) and
Ir(tfmpqz),(tpip) suggest that the introduction of quinazoline
does have an obvious effect, and it can increase the quantum
efficiency greatly. Furthermore, the phosphorescence lifetime (7)
is the crucial factor that determines the rate of triplet-triplet
annihilation in OLEDs. Longer 7 values usually cause greater
triplet-triplet annihilation. The lifetimes of the the complexes are
in the range of microseconds (2.70 and 2.44 ps in CH,Cl,
solution respectively) at room temperature (Fig. S3 and Table 1)
and are indicative of the phosphorescent origin for the excited
states in each case.

8000
() = Ir(tfmpiq),(tpip) ®

—— Ir(tfmpqz)(tpip)

e Ir{tfmi), (tpiP)
= Ir(tfmqz),tpip)

8

4000-

Normalized Intensity (a.u)
Relative Intensity (a.u.)

8
8

240 300

540 600 550 700

360 420 480 600 650
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Fig. 2. (a) UV-vis and (b) emission

Ir(tfmpiq),(tpip) and Ir(tfmpgqz),(tpip) complexes in degassed CH,Cl,

absorption spectra  of

solutions (5.0 x 10~ mol L") at room temperature.

Table 1. Physical properties of Ir(tfmpiq),(tpip) and Ir(tfmpqz),(tpip).

Complex T/Ty ¥ (°C) Jabs ) (111) Aem © (nm) oY 79 (us) HOMO/LUMO ? (eV)
Ir(tfmpiq),(tpip) 331/357 358/377/451 591 0.47 2.70 -5.94/-3.87
Ir(tfmpqz),(tpip) 343/354 319/403/468 588 0.98 2.44 -6.25/-4.14

9 T melting temperature, T,: decomposition temperature; ® " © Measured in degassed CH,Cl, solution at a concentration of 5 x 10 mol-L™" at room

temperature; ¥ Measured in degassed CH,Cl, solution at a concentration of 5 x 10° mol-L"' at room temperature emission relative to Ir(ppy); (@ = 0.4);

" From the onset of oxidation potentials of the cyclovoltammetry (CV) diagram using ferrocene as the internal standard and the optical band gap from

the absorption spectra in degassed solution (CH;CN).

This journal is © The Royal Society of Chemistry 2017
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Electron mobility

According to our previous studies, an excellent electron mobility
of emitters could benefit electron transport and improve the
device efficiency.”® To determine the two complexes’ electron
mobility, the transient electroluminescence (TEL) measurement
was carried out via the devices with a structure of ITO
(indium-tin-oxide) / TAPC (1,1-bis[4-[N,N-di(p-tolyl)amino]
phenyl]cyclohexane, 50 nm) / Ir complexes (60 nm)/ Li (1 nm) /
Al (100 nm).>' The Ir complexes act as not only the emissive
layer (EML) but also electron-transport layer. The experimental
results (Fig. 3) indicated that the electron mobility values of
Ir(tfmpiq),(tpip) and Ir(tfmpqz),(tpip) are 6.44-7.20 x 10
em® V' s and 8.93-9.47 x 10 em® V''s™, respectively, under
the electric field from 1040 (V c¢cm™)"? to 1300 (V cm™)'?,
higher than that of Alq; (aluminum 8-hydroxyquinolinate,
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4.74-4.86 x10-6 cm® V' s™V.22 Furthermore, the electron mobility
of the classic red emit Ir(piq),(acac) was also measured under the
same conditions and the values are 5.62-5.92 x 10 cm® V' 57!
under the electric field from 1040 (V cm™)"* to 1300 (V cm™)'?,
lower than that of Ir(tfmpiq),(tpip) and Ir(tfmpqz),(tpip) (Fig.
S4.). Additionally, the electron mobility of Ir(tfmpqz),(tpip) is
better than that of Ir(tfmpiq),(tpip) suggesting that quinzoline
has the strong impact on the enhancement of the electron flow.
The result is exactly fitting our design intent to improve the
electron transport ability of the emitter. The good electron
transport ability of Ir(tfmpiq),(tpip) and Ir(tfmpqz),(tpip) will
reinforce the recombination chance of electrons and holes, so
that their devices may have good performances, especially for
that using Ir(tfmpqz),(tpip).

7 -
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Fig. 3. (a), (b) the transient EL signals for the device structure of ITO/TAPC (50nm)/Ir complexes (60nm) under different applied fields of
Ir(tfmpiq),(tpip) and Ir(tfmpqz).(tpip); (c) electric field dependence of charge electron mobility in the thin films of Ir(tfmpiq),(tpip) and

Ir(tfmpqz),(tpip) and Alqgs.

OLEDs performance

ITO/MoO;

26DCzPPy

TcTa

Fig. 4. Energy level diagram of HOMO and LUMO levels of materials
used in this work and their molecular structures.

To confirm our assumption, we researched the single emitting
layer (EML) devices Gl and G2 using Ir(tfmpiq),(tpip) and
Ir(tfmpqz),(tpip) emitters, respectively, with a structure of ITO /

4 | J. Mater. Chem. C, 2017, 00, 1-9
2017

MoOs; (molybdenum oxide, 3 nm) / TAPC (50 nm) / Ir complex
(x wt%): TcTa (4,4°,4”-tris(carbazole-9-yl)triphenylamine, 10
nm) / TmPyPB (1,3,5-tri(m-pyrid-3-yl-phenyl)benzene, 50 nm) /
LiF (1 nm) / Al (100 nm) (Fig. 4). MoOj3; and LiF served as hole-
and electron-injecting interface modified materials, respectively.
TAPC owning high hole mobility (1 x 102 cm®* V' s7) and
high-lying LUMO level (-2.0 eV) was used as hole
transport/electron block layer (HTL/EBL), while TmPyPB with
high electron mobility (1 x 10° c¢cm? V' s') and low-lying
HOMO level (-6.7 eV) was used as electron transport/hole block
layer (ETL/HBL). Ambipolar material 26DCzPPy was chosen as
the host because its' nearly equal electron mobility (z.) and hole
mobility (uy) values (1-8 x 10° cm? V' s at an electric field
between 6.0 x 10° and 1.0 x 10° V cm™), which benefits the
electron-hole balance in the EML.>?* The optimal device
performances are achieved at doping level of 6% and 5% for
Ir(tfmpiq),(tpip) and Ir(tfmpqz),(tpip), respectively.

The EL spectra, luminance-voltage-current density (L-V-J)
curves, current efficiency-luminance (y.-L) curves, power
efficiency-luminance (7,-L) curves for G1 and G2 are shown in
Fig. S5, and the crucial EL data are shown in Table 2. The peaks
of EL emission are 589 and 579 nm for G1 and G2, respectively,
and the emission spectra are almost invariant of the current
density (Fig. S6(a) and Fig. S6(b)) and there is no dependence on
concentration. From the Fig.5(a), it is can be seen that the EL
spectra are almost identical to the PL spectra of the complexes,
suggesting that the devices’ EL emissions come from the triplet
excited states of the phosphors. Apart from the characteristic

This journal is © The Royal Society of Chemistry
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emission of Ir complexes, these devices displayed weak emission
range from 350 nm to 500 nm, which originate from the host
26DCzPPy attributed to the accumulation of holes and electrons
within the EML and few holes/electrons would recombine on
26DCzPPy molecules. And the Commission Internationale de
1’Eclairage (CIE) color coordinates of Gl and G2 are (0.575,
0.414) and (0.532, 0.456), respectively.

For the device G1, a maximum current efficiency (#¢,max) Of
20.13 ¢d A' (3.7 V) with a maximum external quantum
efficiency (EQEn.x) of 82%, a maximum power efficiency
(Mpsmax) of 19.32 Im w- (3.5 V) and a maximum luminance (L)
of 45 902 cd m? were obtained. G2 exhibits much better
performances with a L, of 101 994 cd mZat10.0V,a Hesmax OF
52.68 cd A™', an EQE p, of 16.6%, and a #p,ma, of 42.87 Im W'
Moreover, G2 can remain high efficiency even at relatively high
luminance and the EL efficiency roll-off is rather low. For
instance, the current efficiency for the device G2 still keeps as
high as 46.00 cd A" at the brightness of 1 000 cd m™. The higher
PL efficiency (0.98) and better electron mobility (8.93-9.47 x
10 cm? V's! under the electric field from 1040 (V cm™)"* to
1300 (V. cm™)'  of Ir(tfmpqz),(tpip) than that of
Ir(tfmpiq),(tpip) would increase the device performances
greatly.

Generally, the double-EMLs device could achieve better
performances than the single-EMLs device because a better
balance of carries and a wider recombination zone within EMLs
could be realized by the double-EMLs device.”® Thus, we
researched the double-EML devices G3 and G4 using
Ir(tfmpiq),(tpip) and Ir(tfmpqz),(tpip) emitters, respectively,
with a structure of ITO / MoO; (3 nm) / TAPC (50 nm) / Ir
complex (x wt%): TcTa (10 nm) / Ir complex (x wt%):

26DCzPPy (2,6-bis(3-(carbazol-9-yl)phenyl)pyridine, 10 nm) /
TmPyPB (50 nm) / LiF (1 nm) / Al (100 nm). The optimal device
performances are achieved at doping level of 6% and 5% for
Ir(tfmpiq),(tpip) and Ir(tfmpqz),(tpip), respectively.

The EL spectra, luminance-voltage-current density (L-V-J)
curves, current efficiency-luminance (y.-L) curves, power
efficiency-luminance (7,-L) curves for G3 and G4 are shown in
Fig. 5, and the crucial EL data are shown in Table 2. The peaks
of EL emission are 588 and 580 nm for G3 and G4, respectively,
and the emission spectra are almost invariant of the current
density (Fig. S6(c) and Fig. S6(d)) and there is no dependence on
concentration. The CIE color coordinates of G3 and G4 are
(0.579, 0.412) and (0.535, 0.453), respectively. From the Fig.
5(a), it is can be seen that the EL spectra are almost identical to
the PL spectra of the complexes, and the weak emissions in the
range of 350-500 nm were observed in the EL spectra of
double-EML devices caused by the emission of TcTa peaked at
385 nm.

Compared with the single-EML devices, bot double-EML
devices displayed better EL performances and lower efficiency
roll-off. For the device G3, a 7 max of 22.39 cd A’ (3.9 V) with
an EQE , of 10.3%, a 7, max of 18.75 Im w! (3.7 V) and a L,
of 54 426 cd m? were obtained. G4 exhibited much better
performances with a L, of 125 572 cd m? (9.6 V), a ¢ max Of
57.19 cd A™, an EQE pyy of 18.7%, and a 1, max of 42.76 Im W™
Moreover, G4 can remain high efficiency even at relatively high
luminance and the EL efficiency roll-off is rather low. For
instance, the current efficiency for the device G4 still keeps as
high as 54.19 c¢d A" at the brightness of 1 000 cd m™ and 48.17
cd A" at the brightness of 5 000 cd m™, respectively, suggesting
that the complex is a promising material in OLEDs.
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Fig. 5. Characteristics of double-EML devices G3 and G4: (a) electroluminescence spectra ( 100 mA); (b) luminance — voltage — current density (L — V'

—J) curves; (c) current efficiency — luminance (7. — L) curves; (d) power efficiency — luminance (77, — L) curves.
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Because Ir(tfmpqz),(tpip) based device showed high
efficiency, further work was done to increase its performances. A
wide band gap trivalent europium complex Eu(DBM);phen
(DBM = dibenzoylmethide, phen = 1,10-phenanthroline) was
selected as a sensitizer codoped into the electron dominant EML
of the double-EMLs devices because that Eu(DBM);phen can
function as electron trappers due to its low-lying energy levels,
which are helpful in balancing holes and electrons and in
broadening recombination zone. Furthermore, the matched triplet
energy of Eu(DBM);phen is instrumental in facilitating energy
transfer from host to emitter.” The device G5 with a structure of
ITO / MoO; (3 nm) / TAPC (50 nm) / Ir(tfmpqz),(tpip) (5%):
TcTa (10 nm) / Eu(DBM);phen (y%): Ir(tfmpqz),(tpip) (5%):
26DCzPPy (10 nm) / TmPyPB (50 nm) / LiF (1 nm) / Al (100
nm) displayed better performances. The EL spectrum, L-V-J, 5.-L
and 7,-L curves for G5 are show in Fig. 6, and the key EL data
are also showed in Table 2. The device performances are the best
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at y = 0.2 wt% with a maximum luminance of 129 466 cd m™
(10 V), a maximum current efficiency of 62.96 cd A', a
maximum external quantum efficiency of 20.2%, and a
maximum power efficiency of 53.43 Im W' (3.7 V). In addition,
the current efficiency for the device G5 still remain as high as
58.84 cd A at the brightness of 1 000 cd m™ and 53.27 cd A™' at
the brightness of 5 000 cd m™, respectively.

From the device performances, it is can be concluded that the
introduction of 2,6-bis-trifluoromethyl-pyridine and quinazoline
has definitely improved the electron mobility of the iridium
complexes. As a result, the recombination chance of electrons
and holes has been strengthened, which is beneficial to the
improvement of OLEDs’ performances. The devices structure of
double EMLs is also useful for the better device efficiency due to
the broad exciton formation zone. Furthermore, the efficiency
based on Ir(tfmpqz),(tpip) has been risen greatly thanks to the
sensitizer Eu(DBM);phen.
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Fig. 6. Characteristics of the device G5: (a) electroluminescence spectra (100 mA); (b) luminance — voltage — current density (L — V= J) curves; (c)

current efficiency — luminance (7. — L) curves; (d) power efficiency — luminance (7, — L) curves.

Table 2. EL performances of G1 — G5.

device Viarn-on Linax® e, max 9 7c,L1000 9 EQFE max b TJp.max & CIE(x,y)
(V) (cd m?) (cdA™) (cdA™) (%) (Im W)
Gl 32 45902 20.13 19.32 8.2 16.61 0.575,0.414
G2 3.6 101994 52.68 46.00 16.6 42.87 0.532,0.456
G3 3.5 54426 22.39 17.27 103 18.03 0.579,0.412
G4 3.9 125572 57.19 54.19 18.7 42.76 0.535,0.453
G5 34 129466 62.96 58.84 20.2 53.43 0.545,0.450

) Viumeon: turn-on voltage recorded at a luminance of 1 ¢d m?>. ® Ly, maximum luminance. © 7.,my: maximum current efficiency. ¥ 7. 1s000: current

efficiency at 1 000 cd m™. © 7. 110000: current efficiency at 10 000 cd m™. ? EQE,: maximum external quantum efficiency. £ 7,,m: maximum power

efficiency.
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Conclusions

In conclusion, we have prepared two bis-cyclometalatted iridium
Ir(tfmpiq),(tpip) and Ir(tfmpqz),(tpip) with
1-(2,6-bis(trifluoromethyl)pyridin-4-yl)isoquinoline (tfmpiq)
and 4-(2,6-bis(trifluoromethyl)pyridin-4-yl)quinazoline (tfmpqz)

complexes

as the main ligands and tetraphenylimidodiphosphinate (tpip)
as the ancilary ligand. Both complexes emit orange-red
phosphorescence with high quantum efficiency and good
electron mobility, Ir(tfmpqz),(tpip) especially. Through the
comparison with the device using Ir(tfmpiq),(tpip), the device
using Ir(tfmpqz),(tpip) displays better EL performances and
lower efficiency roll-off. Furthermore the device based on
Ir(tfmpqz),(tpip) with Eu(DBM);phen as sensitizer shows
better performances with a Ly, of 129 466 cd m?, a Nemax OF
62.96 cd A™', an EQE . of 20.2% and a #, pqy 0f 53.43 Im W,
respectively. The results suggest that the Ir(IlI) complexes with
quinazoline units are potential
materials for OLEDs.

orange-red phosphorescent

Experimental section
General information

'H NMR spectra were measured on a Bruker AM 500
spectrometer. Electrospray ionization mass spectra (ESI-MS)
were obtained with ESI-MS (LCQ Fleet, Thermo Fisher
Scientific). Elemental analyses for C, H and N were performed
on an Elementar Vario MICRO analyzer. TG-DSC measurements
were carried out on a DSC 823e analyzer (METTLER). UV-vis
absorption and photoluminescence spectra were measured on a
Shimadzu UV-3100 and a Hitachi F-4600 spectrophotometer at
room temperature, respectively.  Cyclic  voltammetry
measurements were conducted on a MPI-A multifunctional
electrochemical and chemiluminescent system at room
temperature using Fc'/Fc as the internal standard and scan rate of

0.05Vs™
X-ray crystallography

X-ray crystallographic measurements of the single crystals were
carried out on a Bruker SMART CCD diffractometer (Bruker
Daltonic Inc.) using monochromated Mo Ka radiation (A =
0.71073 A) at room temperature. Cell parameters were retrieved
using SMART software and refined using SAINT ** program in
order to reduce the highly redundant data sets. Data were
collected using a narrow-frame method with scan width of 0.30°
in @ and an exposure time of 5 s per frame. Absorption
corrections were applied using SADABS *° supplied by Bruker.
The structures were solved by Patterson methods and refined by
full-matrix ~ least-squares on F°> using the program
SHELXS-2014.° The positions of metal atoms and their first
coordination spheres were located from direct-methods E-maps,
other non-hydrogen atoms were found in alternating difference
Fourier syntheses and least-squares refinement cycles and during
the final cycles refined anisotropically. Hydrogen atoms were
placed in calculated position and refined as riding atoms with a
uniform value of Us,.

This journal is © The Royal Society of Chemistry 2017

OLEDs fabrication and measurement

All OLEDs were fabricated on the pre-patterned ITO-coated
glass substrate with a sheet resistance of 15 Q sq”'. The
deposition rate for organic compounds is 1-2 A s™'. The phosphor
and host were co-evaporated from two separate sources. The
cathode consisting of LiF/Al was deposited by evaporation of
LiF with a deposition rate of 0.1 A s and then by evaporation of
Al metal with a rate of 3 A s, The effective area of the emitting
diode is 0.1 cm’. The characteristics of the devices were
measured with a computer controlled KEITHLEY 2400 source
meter with a calibrated silicon diode in air without device
encapsulation. On the basis of the uncorrected PL and EL spectra,
the CIE coordinates were calculated using a test program of the
spectra scan PR650 spectrophotometer.

Syntheses

All the reagents were used with commercial grade. The ligands
and complexes were synthesized under nitrogen atmosphere and
the synthetic routes were listed in Scheme 1.

General syntheses of ligands. A stirred solution of
2,6-bis-(trifluoromethyl)pyridine (0.22 g, 10mmol) in diethyl
ether (20 mL) was cooled to -78 °C. LDA (lithium
diisopropylamide, 6.0 mL, 10 mmol) was added over 20 min and
stirred for 1 h, and then B(OPr-i); (2.89mL,12.4mmol) was
added. The mixture was warmed to room temperature and stirred
for another 1 h. The pH was adjusted to 10 by the slow addition
of 10% aqueous NaOH solution (20 mL). After 1 hour, the
organic phase was acidified to pH = 4 by the dropwise addition
of 3 N HCI. The extraction with ethyl acetate and evaporation of
the organic phase gave the crude corresponding aryl boronic
acids. 1-Chloroisoquinoline / 4-Chloroquinazoline (10 mmol)
and  bis(diphenylphosphion)  ferrocene  palladium  (II)
dichloromethane (0.3 mmol) and the boronic acids were added in
S0mL THF. After 20 mL of aqueous 2 N K,COs was delivered,
the reaction mixture was heated at 70 °C for 1 day under an
nitrogen atmosphere. The mixture was poured into water and
extracted with CH,Cl, (10 mL x 3 times). Finally, silica column
purification (PE:EA = 10:1 ) gave the
1-(2,6-bis(trifluoromethyl)pyridin-4-yl)isoquinoline and
4-(2,6-bis(trifluoromethyl)pyridin-4-yl)quinazoline.

1-(2,6-Bis(trifluoromethyl)pyridin-4-yl)isoquinoline. 40%
yield. "H NMR (400 MHz, CDCl;) 6 8.69 (d, J = 5.6 Hz, 1H),
8.26 (s, 2H), 8.00 (d, J = 8.3 Hz, 1H), 7.94 (dd, J = 8.5, 0.8 Hz,
1H), 7.81 (ddd, J = 8.2, 5.9, 1.2 Hz, 2H), 7.69 (ddd, J = 8.3, 6.9,
1.2Hz, 1H). MS(ESI) m/z caled for CsHgF¢N,": 352.06 [M]",
found: 353.06 [M+H]".

4-(2,6-Bis(trifluoromethyl)pyridin-4-yl)quinazoline. ~ 30%
yield. "H NMR (400 MHz, CDCly) § 9.49 (S, 1H),8.30 (S, 2H),
8.27 (d, J = 8.5 Hz, 1H),8.06 (ddd, J = 8.4, 6.9, 1.3Hz, 1H),7.96
(dd, J = 8.4, 0.6Hz, 1H),7.78 (ddd, J = 8.3, 7.0, 1.1 Hz, 1H). MS
(ESI) m/z caled. for CysH,FgN; [M]™: 343.05, found
344.06[M+H]".

General syntheses of iridium complexes. A mixture of IrCl;
(1 mmol) and tfmpiq or tfmpqz (2.5 mmol) in 2-ethoxyethanol
and water (20 mL, 3:1, v/v) was refluxed for 24 h. After cooling,
the solid precipitate was filtered to give the crude cyclometalated
Ir(ITl) chloro-bridged dimer. Then, the slurry of crude
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chloro-bridged dimer (0.2 mmol) and Ktpip (0.5 mmol) in
2-ethoxyethanol (20 mL) was refluxed for 24 h. The solvent was
evaporated at low pressure and the mixture was poured into
water and extracted with CH,Cl, (10 mL x 3 times), and then
chromatographed to give complexes Ir(tfmpiq),(tpip) and
Ir(tfmpqz),(tpip), which were further purified by sublimation in
vacuum.

Ir(tfmpiq),(tpip). 46% yield. "H NMR (400 MHz, CDCI3) §
8.89 (d, J = 6.6 Hz, 2H), 8.71 (d, J = 8.6 Hz, 2H), 8.51 (s, 2H),
7.85-7.59 (m, 10H), 7.44-7.30 (m, 6H), 6.93 (ddd, J
=16.7,11.8,6.7 Hz, 6H), 6.67 (td, J = 7.4,1.3 Hz, 2H), 6.49 (td, J
= 7.7,3.3 Hz, 4H). MS(ESI) m/z calcd for CssH34F12IrNsO,P,:
1291.16 [M]*, found 1292.17 [M+H]". Anal. Calcd. For
Cs4H3,FIrN;0,P,: C 52.05, H 2.65, N 5.42. Found: C 51.95, H
2.71,N 5.45.

Ir(tfmpqz),(tpip). 27% yield. '"H NMR (400 MHz, CDCI3) ¢
9.69 (s, 2H), 8.61 (d, J = 11.7 Hz, 4H), 7.93 (d, J = 5.7 Hz, 4H),
7.88-7.82 (m, 2H), 7.71 (dd, J = 11.6, 7.3 Hz, 4H), 7.40 (d, J =
6.8 Hz, 6H), 6.96 (dd, J = 12.3, 7.5 Hz, 4H), 6.64 (t,J=7.1 Hz,
2H), 6.53 (d, J = 6.9 Hz, 4H). MS(ESI) m/z caled for
Cs4Hy,F LIrN;0,P,: 1293.15 [M], found 1294.17 [M+H]". Anal.
Caled. For Cs4H3,F ,IrN;0,P,: C 50.11, H 2.49, N 7.58. Found:
C4994,H2.97, N7.71.
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Two orange-red iridium complexes with high quantum yields and good
electron mobility were applied in efficient OLEDs showing a maximum
luminance of 129 466 cd m? a maximum current efficiency and a
maximum power efficiency of 62.96 c¢d A’ and 53.43 Im W',

respectively, with low efficiency roll-off.
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