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Using 1-(4-(trifluoromethyl)phenyl)isoquinoline (tfmpiq) and 4-(4-(trifluoromethyl)phenyl) quinazoline
(tfmpqz) as the main ligands and pyrazole pyridine derivatives (mepzpy: 2-(3-methyl-1H-pyrazol-5-yl)
pyridine, cf3pzpy: 2-(3-(trifluoromethyl)-1H-pyrazol-5-yl)pyridine) as the ancillary ligands, four iridiu-
m(lll) complexes (PIQ-Ir1-me, PIQ-Ir2-cf3, PQZ-Ir3-me and PQZ-Ir4-cf3) were synthesized and
investigated. Due to the variation of the ligands, these Ir(Ill) complexes showed different emissions
peaking from 602 to 628 nm with the phosphorescence quantum yields of 0.40—0.67. Moreover, applying
these Ir(Ill) complexes as emitters, the organic light-emitting diodes (OLEDs) with the configuration of
ITO/HATCN (hexaazatriphenylenehexacabonitrile, 5 nm)/TAPC (bis[4-(N,N-ditolylamino)-phenyl] cyclo-
hexane, 50 nm)/Ir(Ill) complexes (8 wt%): TCTA (4,4’ ,4"-tri(9-carbazoyl)triphenylamine, 20 nm)/TmPyPB
(1,3,5-tri[(3-pyridyl)-phen-3-yl]benzene, 40 nm)/LiF (1 nm)/Al (100 nm) exhibited good performances.
Especially, the device with orange-red PQZ-Ir4-cf3 emitter obtained the best device performances with
the maximum current efficiency of 40.04 cd A~! and the maximum power efficiency of 33.98 Im W~ For
the pure red complex PQZ-Ir4-me with CIE coordinates at (0.64, 0.34) showed the maximum external
quantum efficiency of 22.3%.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Organic light-emitting diodes (OLEDs) with cyclometalated iri-
dium(Ill) complexes as emitters have an extensive application in
display panel and solid-state lighting in recent years [1—21], which
is owing to their tunable emission colours and high internal
quantum efficiency. To date, a large numbers of high efficient blue
and green OLEDs have been developed by rational molecular design
and the device architectures [22—29]. However, it is remain a great
challenge to get high efficient red Ir(Ill) complexes as dopants in
OLEDs [30—38]. It is well known that the energy gap is very
important for the emission colour of the Ir(Ill) complexes [39—43].
Generally, increasing the m-conjugation of the main ligand in the
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Ir(IlT) complexes can narrow the energy gap and shift the emission
colour to the red region [31,44—48]. For example, Liu et al. reported
two deep-red cyclometalated Ir(Ill) complexes, in which
fluorophenyl-isoquinoline derivatives (fpiq and f>piq) were applied
as the enlarged cyclometalated ligands, respectively [44]. In addi-
tion, Wang et al. reported two thiophenquinolone-based red Ir(III)
complexes and obtained high efficient performances [45]. More-
over, Wang et al. developed high efficient Ir(Ill) complexes with
furo[3,2 -c]pyridine ligand, and by adjusting the m-conjugation of
the C-cheated blocks, the maximum emission peak of the Ir(III)
complexes can be reached to 641 nm [46]. Furthermore, Yang et al.
also reported some deep-red Ir(Ill) complexes based on 4-
phenylthieno[3,2-c]quinolone ligand and phenanthridine de-
rivatives with high external quantum efficiencies [47,48]. Therefore,
it is an efficient strategy to achieve orange-red and red emission by
introducing the enlarged main ligand in the Ir(Ill) complexes and
rational design of the ancillary ligands.

Take this into consideration, four orange-red and red Ir(Ill)
complexes PIQ-Ir1-me, PIQ-Ir2-cf3, PQZ-Ir3-me and PQZ-Ir4-cf3
were synthesized and investigated, in which 1-(4-(trifluoromethyl)
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phenyl)isoquinoline (tfmpiq) and 4-(4-(trifluoromethyl)phenyl)qui-
nazoline (tfmpqz) were used as the main ligands, and 2-(3-methyl-
1H-pyrazol-5-yl)pyridine (mepzpy), 2-(3-(trifluoromethyl)-1H-pyr-
azol-5-yl)pyridine (cf3pzpy) were applied as the ancillary ligands,
respectively (Scheme 1). The introduction of tfmpiq and tfmpqz with
a large m-conjugation systems could lead to a narrow energy gap of
the Ir(Ill) complexes, therefore it can shift the emission into the red
region. The with-drawing —CF; group in the main ligand is beneficial
to increase steric hindrance of Ir(Ill) complexes and suppress triplet-
triplet annihilation (TTA) and raise the yield of vacuum sublimation.
Moreover, the lower vibrational frequency of the C—F bond can
reduce the rate of radiationless deactivation, fluorination in the li-
gands can also increase the efficiency of the complexes and devices.
Pyrazole pyridine derivatives (mepzpy and cf3pzpy) were denoted as
ancillary ligands and expected that they can greatly influence the
energy levels of the highest occupied molecular orbit (HOMO) and
the lowest unoccupied molecular orbit (LUMO) of the Ir(Ill) com-
plexes via the introduction of nitrogen atoms and affect the electron
mobility and emission colours of the Ir(Ill) complexes [49—52]. As a
result, the Ir(Ill) complexes exhibit different photoluminescent,
electrochemical and electroluminescent performances due to the
distinct molecular structures. Particularly, the device with PQZ-Ir4-
cf3 emitter showed the maximum current efficiency (9c¢max) of
40.04 cd A~ and the maximum power efficiency (Mp,max) 0f 33.98 Im
W~ with Commission Internationale de 1’Eclairage (CIE) colour
coordinates at (0.58, 0.40).

2. Experimental section

Scheme 1 shows the synthetic route of the Ir(Ill) complexes. The
experimental details and the corresponding methods were clearly
shown in Supporting Information (ESI). The synthesis of the ligands
were according to our previous reports [53,54]. The p-chloro-
bridged dimers [(tfmpiq),Ir(pn-Cl)], and [(tfmpqz)Ir(p-Cl)]; were
obtained according to general synthesis procedure [55]. All Ir(III)
complexes were successfully synthesized by a two-step method
and further purified by sublimation in vacuum [22,56,57]. The
finally Ir(1ll) complexes were characterized by 'H NMR, high reso-
lution mass spectrometer (HRMS).

2.1. General synthesis of the Ir(Ill) complexes

The mixture of main ligand (tfmpiq or tfmpqz) (2.70 mmol) and
IrCl3.3H,0 (0.38 g, 1.08 mmol) were refluxed in 2-ethoxyethanol
(9 mL) and distilled water (3 mL) in N, atmosphere for 24 h. Then
after adding of distilled water (50 mL), the red chloro-bridged
dimmer precipitates ([(tfmpiq),Ir(p-Cl)], or [(tfmpqz),Ir(p-Cl)]2)
were formed and collected, respectively. Then the suspension of the
red chloro-bridged dimmer (0.83 mmol), the different ancillary li-
gands (2.07 mmol) and K»COs3 (0.95 g, 6.90 mmol) were refluxed in
2-ethoxyethanol (10 mL) overnight. Then the mixture was extrac-
ted with DCM (2 x 50 mL) and washed with distilled water (50 mL).
After removing the organic solvent, the red solid was obtained by a
flash silica gel column using petroleum ether (PE)/ethyl acetate
(EA) (V/V=1/5), then the red crystals were formed by further
vacuum sublimation.

PIQ-Ir1-me (yield: 39%). "H NMR (400 MHz, CDCl3) & 8.98—8.90
(m,1H), 8.87(dd,J=6.2,3.4Hz,1H), 8.31 (t,] = 8.7 Hz, 2H), 7.88 (dd,
J=6.4,31Hz, 1H), 7.84 (dd, J = 6.1, 3.3 Hz, 1H), 7.76—7.72 (m, 3H),
7.71-7.69 (m, 2H), 7.67—7.60 (m, 2H), 7.58 (d, J=6.4Hz, 1H), 7.40
(dd, J=8.7, 6.0Hz, 2H), 7.28 (d, J=6.8 Hz, 2H), 7.21 (dd, J=8.4,
1.3 Hz, 1H), 6.86—6.78 (m, 1H), 6.65 (d, J= 1.2 Hz, 1H), 6.49 (s, 1H),
6.47 (s, 1H), 2.28 (s, 3H). HRMS (m/z): calcd for C41Hy7FgIrNs
[M+H]" 896.1800, found 896.1795.

PIQ-Ir2-cf3 (yield: 40%). "H NMR (400 MHz, CDCl3) & 8.98—8.92
(m, 1H), 8.88 (dd, J=6.2, 3.4 Hz, 1H), 8.35—8.26 (m, 2H), 7.90 (dd,
J=6.3, 3.3Hz, 1H), 7.87—-7.82 (m, 1H), 7.78 (dd, ] = 9.0, 5.4 Hz, 3H),
7.76—7.72 (m, 3H), 7.68 (d, J=6.4Hz, 1H), 7.49 (dd, J=9.1, 6.0 Hz,
2H),7.42 (d,] = 6.4 Hz,1H), 7.29 (t,] = 7.7 Hz, 2H), 7.22 (d, ] = 7.2 Hz,
1H), 7.04—6.95 (m, 2H), 6.67 (s, 1H), 6.43 (s, 1H). HRMS (m/z): calcd
for C41H24FgIrNs [I\/H—H]Jr 950.1517, found 950.1514.

PQZ-Ir3-me (yield: 38%). '"H NMR (400 MHz, CDCl3) 3 8.89 (d,
J=8.5Hz, 1H), 8.82 (d, J= 8.6 Hz, 1H), 8.47 (dd, ] = 8.4, 2.9 Hz, 2H),
8.43 (s, 1H), 8.32 (s, 1H), 8.12 (d, J = 8.3 Hz, 1H), 8.07 (d, = 7.9 Hz,
1H), 7.97—7.91 (m, 2H), 7.87—7.76 (m, 2H), 7.68 (s, 2H), 7.46 (d,
J=5.4Hz, 1H), 7.35 (d, ] = 7.2 Hz, 1H), 7.28 (s, 1H), 6.88 (s, 1H), 6.79
(s,1H), 6.63 (s, 1H), 6.49 (s, 1H), 2.30 (d, = 10.0 Hz, 3H). HRMS (m/
2): caled for C3gHpsFgIrN; [M-+H]+ 898.1705, found 898.1701.

PQZ-Ir4-cf3 (yield: 32%). "H NMR (400 MHz, CDCl3) 5 8.86 (dd,
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Scheme 1. Synthetic route of the Ir(Ill) complexes.
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Fig. 1. ORTEP diagrams of PIQ-Ir2-cf3 (CCDC No. 1819970), PQZ-Ir3-me (CCDC No. 1822137) and PQZ-Ir4-cf3 (CCDC No. 1822164) complexes with the atom-numbering schemes.

Hydrogen atoms are omitted for clarity. Ellipsoids are drawn at the 50% probability level.

J=144, 8.6Hz, 2H), 848 (dd, J=18.3, 8.5Hz, 2H), 8.38 (d,
J=9.4Hz, 2H), 814 (d, J=8.2Hz, 1H), 8.07 (d, J=8.1Hz, 1H),
7.99-7.92 (m, 2H), 7.88—7.78 (m, 2H), 7.78—7.72 (m, 2H), 7.52 (d,
J=5.5Hz, 1H), 7.38 (d, J= 8.5 Hz, 1H), 7.28 (s, 1H), 7.03—6.93 (m,
2H), 6.82 (s, 1H), 6.60 (s, 1H). HRMS (m/z): calcd for C3gHa2FglrNy
[M+H]" 952.1422, found 952.1420.

3. Results and discussion
3.1. Complexes characterization

The molecular structures of PIQ-Ir2-cf3, PQZ-Ir3-me and PQZ-
Ir4-cf3 complexes were also determined by X-ray crystallography.

3.1.1. X-ray crystallographic analysis

The single crystals of PIQ-Ir2-cf3, PQZ-Ir3-me and PQZ-Ir4-cf3
complexes were shown in Fig. 1, and the corresponding crystal
information were displayed in Table 1. The selected bond lengths of
the crystals were clearly depicted in Tables S1-S3 (ESI). The metal

iridium atom adopts a three-dimensional spatial structure with
two C'N main ligands and one N'N ancillary ligand. More interest-
ingly, the bond lengths of Ir1—N4 (2.120 (4) A) and Ir1-N5 (2.173
(4) A) in ancillary ligand of PIQ-Ir2-cf3 complex are longer than
those of Ir1—N1 (2.041 (4) A) and Ir1-N2 (2.039 (4) A) in main
ligand, respectively. And the others exhibited the similarity. This
phenomenon is attributed to the carbons' sigma donation (trans
effect) of the Ir(Ill) complexes [58—61].

3.1.2. Thermal property

The Ir(Ill) complexes with good thermal properties are very
important for the OLEDs fabrication. If a complex can be applied in
practical OLEDs, the decomposition temperature (Tq) need to be
high enough to guarantee that the complex could be deposited onto
the solid face without any decomposition on sublimation. From the
recorded thermogravimetric analysis (TGA) curves of the Ir(IIl)
complexes in Fig. 2 it can be observed that all complexes have high
Tgs range from 379 to 393 °C (with 5% loss of weight, Table 2),
which are beneficial for their OLEDs application.

Table 1
Crystal information of PIQ-Ir2-cf3, PQZ-Ir3-me and PQZ-Ir4-cf3 complexes.

PIQ-Ir2-cf3 PQZ-Ir3-me PQZ-Ir4-cf3
Formula C41H23FglrNg C39H24FgIrN, C39H31FglrN,
Formula weight 948.84 896.85 950.83
T (K) 296 (2) 296 (2) 296 (2)
Wavelength (A) 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Monoclinic
Space group Q2lc P24/n P24/c
a(A) 22.792 (5) 12.0808 (18) 19.3754 (15)
b (A) 12.154 (3) 15.430 (2) 14.2393 (11)
c(A) 25.929 (7) 18.858 (3) 13.1682 (10)
o (deg) 90.00 90.00 90.00
8 (deg) 93.894 (5) 103.163 (3) 94.6480 (10)
v (deg) 90.00 90.00 90.00
V (A3) 7166 (3) 3423.0 (9) 3621.1 (5)
V4 8 4 4
Pealed (g/cm?) 1.759 1.740 1.744
w (Mo Ke) (mm~") 3.812 3.974 3.774
F (000) 3696 1752 1848
Range of transm factors (deg) 1.791-25.009 1.724—25.000 1.054-25.010
Reflns collected 19753 18795 19789

Unique(Rin) 6333 (0.0611)
RS, wRS [1>2s(1)] 0.0340, 0.0683
RS, wR} (all data) 0.0552, 0.0764
GOF on F? 0.977

CCDC No. 1819970

6021 (0.0723)
0.0409, 0.0903 0.0372, 0.0985
0.0687, 0.1049 0.0478, 0.1053
0.988 1.096
1822137 1822164

6382 (0.0293)

R§ = 3||Fo| — |Fel|/=Fo|. WRS = [Sw(F3 — F2[w(F3)]'F.
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m— P1Q-Ir1-me
m— PIQ-Ir2-cf3
— PQZ-Ir3-me
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Fig. 2. The TGA curves of the Ir(Ill) complexes.

3.2. Photophysical properties

Fig. 3 showed the UV/vis absorption spectra of the Ir(Ill) complexes
in degassed dichloromethane (DCM) (107> M) at room temperature
(RT), and the corresponding data are also summarized in Table 2. The
Ir(Il1) complexes showed similar absorption spectra ranged from 250
to 600 nm. The high-lying absorptions under 350 nm are mainly
ascribed to w-m* transitions of the ligands. While the lower absorp-
tions (400—600 nm) are attributed to the 'MLCT and >MLCT (metal-
to-ligand charge transfer) excited states or LLCT (ligand-to-ligand
charge transfer) transition coming from spin-orbit coupling effect of
iridium atom. Obviously, compared with the Ir(Ill) complexes PIQ-
Irl1-me and PIQ-Ir2-cf3 that using 1-(4-(trifluoromethyl)phenyl)-
isoquinoline as the main ligand, the Ir(Ill) complexes PQZ-Ir3-me and
PQZ-Ir4-cf3 based on 4-(4-(trifluoromethyl)phenyl)quinazoline
main ligand exhibited more red-shifted absorption peaks between
450 and 600 nm, which indicated that it is an efficient method to
obtain red-shifted absorption by introducing nitrogen atom into the
main ligand of the Ir(Ill) complexes.

Fig. 3 also shows the photoluminescence (PL) spectra of the
Ir(Ill) complexes in DCM (10~>M) at RT. All Ir(lll) complexes
exhibited emissions peaks from 602 to 628 nm (Table 2), which are
in the orange-red and red region. Obviously, PIQ-Ir2-cf3 and PQZ-
Ir4-cf3 with trifluoromethyl unit in the ancillary ligands displayed
blue-shifted emission peaked at 604 and 602 nm, while PIQ-Ir1-
me and PQZ-Ir3-me with ancillary ligands attached methyl
group showed red-shifted PL emission at 608 and 628 nm,
respectively, which indicated that the different substituents in the
ancillary ligands have a great effect on the emission.

Furthermore, the Ir(Ill) complexes showed high phosphorescence
quantum yields in the range of 0.40—0.67. It is observed that though

= PIQ-Irl-me
m— PIQ-Ir2-cf3
— PQZ-Ir3-me

Normalized UV Intensity (a.u.)
Normalized PL Intensity (a.u.)

300 400 500 600 700
Wavelength (nm)

Fig. 3. Normalized UV/vis absorption and emission spectra of the Ir(Ill) complexes in
dilute DCM (10> M) at RT.

colour, the photoluminescence efficiencies of PQZ-Ir3-me
(®pL=0.60) and PQZ-Ir4-cf3 (dp. = 0.67) are higher than that of
PIQ-Ir1-me (®p. = 0.40) and PIQ-Ir2-cf3 (¥p; = 0.41), which indi-
cated that the different main ligands have a great influence on their
®p; and one more N atom in the main ligand can improve the PL
efficiency greatly. According to the reported reference [62], one more
N electronegative atom in the main ligand tfmpqz of iridium com-
plex disturbs the electron density of the ligand, resulting in a
decrease in the energy band gap of iridium complex and the bath-
ochromic shift. Therefore, the N electronegative atom effect of
tfmpqz in iridium complex have facilitated improved ®p; than the
iridium complex based on tfmpiq. Generally, the excited lifetime (7)
of Ir(Ill) complexes is also important for determining of triplet-triplet
annihilation (TTA) effect [63,64]. In this case, the 7, values of four
Ir(1ll) complexes measured in DCM ranged from 2.06 to 2.21 ps(Ta-
ble 2). All these results clearly demonstrated that the four novel
Ir(1ll) complexes are efficient candidates in OLEDs applications.

3.3. Electrochemical property and theoretical calculations

It is well known that the HOMO and LUMO energy levels (Eyomo/
Erumo) are significant for the OLEDs device design and fabrication.
Therefore, to calculate the Egyomo/ELumo Values of these complexes,
cyclic voltammetry (CV) properties were measured and displayed in
Fig. S1 (ESI). According to the oxidation potentials of the Ir(IIl)
complexes recorded by the CV curves and the empirical equation:
Exomo =- (Eox + 4.8) eV, Erumo = E2P" + Enowmo. their Exomo and
Erumo values can be calculated, respectively. And the CV data are
collected in Table 2 and Table S4 (ESI). Compared to the Ir(Ill) com-
plexes PIQ-Ir1-me and PQZ-Ir3-me with mepzpy as the ancillary

the change of the main ligand has no obvious effect on their emission ligand, PIQ-Ir2-cf3 and PQZ-Ir4-cf3 complexes with

Table 2

Photophysical data of the Ir(Ill) complexes.
Complexes T4 (°C) UV® (nm) PL (nm)* Dp,” Tp° (Ks) Enomo (eV)! Erumo (eV)©
PIQ-Ir1-me 380 281,386,453 608 0.40 212 —5.49 —-3.24
PIQ-Ir2-cf3 393 276,380,452 604 0.41 221 —5.72 —3.47
PQZ-Ir3-me 379 282,321,474 628 0.60 2.06 —5.51 —-3.53
PQZ-Ir4-cf3 383 272,404,464 602 0.67 2.09 —5.97 -3.99

3 Measured in degassed DCM (10~ M) at RT.

Measured in degassed DCM (10~> M) in N, atmosphere.
Calculated from empirical equation: Eyomo = - (Eox+ 4.8) eV.

b
C
d
€ Calculated from Ejymo = EZ”* + Enomo-

Measured in degassed DCM (107°M) in N, atmosphere according to the equation of ®; = ‘br(rﬁArls/n,z-Aslr).
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Fig. 4. Theoretical (red) and experimental (black, determined by cyclic voltammetry
measurement) HOMO/LUMO energy levels of the Ir(Ill) complexes. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

trifluoromethyl group in the ancillary ligands own a relative low
Eyomo Values, which indicated that the introduction of with-
drawing trifluoromethyl group to the ancillary ligand takes a great
impact on electrochemical properties of Ir(Ill) complexes. The re-
sults are also agree with the emission peaks sequence of these
complexes.

Moreover, density functional theory (DFT) calculations were
conducted to further research the orbital distributions of the Ir(III)
complexes. Fig. 4 clearly showed their optimized HOMO and LUMO
structures, and the HOMO and LUMO distributions of each frag-
ment of Ir(Ill) complexes are displayed in Table S5 (ESI). Similarly
with other reported Ir(Ill) complexes, the LUMOs are mainly scat-
tered in main ligands (tfmpiq or tfmpqz) with a high proportion
(93.20%—95.19%) (Table S5), but the HOMOs distributions have a
great dependence on the ancillary ligands. For example, the HOMOs
of the Ir(Ill) complexes (PIQ-Ir1-me and PQZ-Ir3-me) are mainly
located in metal iridium atom and mepzpy ancillary ligand, and
mepzpy own the HOMO energy proportion of 35.89% and 63.95%,
respectively. While the Ir(Ill) complexes PIQ-Ir2-cf3 and PQZ-Ir4-
cf3 with cf3pzpy as ancillary ligand have the similar HOMOs dis-
tributions into the main ligands and iridium atoms with the almost
same proportion. Due to the contributions of different ancillary li-
gands to the HOMO energies levels, the Ir(Ill) complexes display
distinct PL emissions, and PQZ-Ir3-me complex exhibited the

18eV Haev
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maximum PL emission at 628 nm. Moreover, the ancillary ligand
mepzpy of PQZ-Ir3-me complexes accounted for a largest HOMO
energy proportion, but cf3pzpy of PIQ-Ir2-cf3 and PQZ-Ir4-cf3
complexes have almost no HOMO energy distributions. This also
explain why PQZ-Ir3-me complex could achieve the maximum PL
emission at 628 nm. Therefore, it is important for the Ir(Ill) com-
plexes to obtain red-shifted PL emissions by the introduction of
nitrogen atom into the main ligand and rational design of the
ancillary ligands with a large HOMO energy proportions. These
results indicate that different ancillary ligands could take a distinct
influence on the HOMO energy levels of the Ir(Ill) complexes and
further influence the PL emissions in various degree, which are well
matched with our design strategy.

3.4. Electroluminescent property

To explore the electroluminescence properties of the Ir(Ill)
complexes, the OLEDs with the structure of ITO/HATCN (hexaaza-
triphenylenehexacabonitrile, 5 nm)/TAPC (bis[4-(N,N-ditolylamino)-
phenyl]cyclohexane, 50 nm)/Ir complexes (8 wt%): TCTA (4,4',4"-
tri(9-carbazoyl)triphenylamine, = 20 nm)/TmPyPB  (1,3,5-tri[(3-
pyridyl)-phen-3-yl]benzene, 40 nm)/LiF (1 nm)/Al (100 nm) were
fabricated (Scheme 2). Conveniently, the devices with PIQ-Ir1-me,
PIQ-Ir2-cf3, PQZ-Ir3-me and PQZ-Ir4-cf3 complexes as dopants are
named G1, G2, G3 and G4, respectively. HATCN and TAPC were
applied as hole-injection layer and hole-transporting layer, while LiF
and TmPyPB were utilized as electron-injection and electron-
transporting layer, respectively. In addition, TCTA was applied as
host material owing to its good hole-transporting ability.

Fig. 5 depicts the EL spectra, luminance (L) versus voltage (V),
current efficiency (n¢) versus luminance, and external quantum
efficiency (EQE) versus luminance properties of the devices, and the
important EL data of devices G1- G4 were summarized in Table 3.
Fig. 5a clearly depicted that the EL emissions for device G1 - G4
showed a little blue-shifted main peaks at 592—618 nmat the
optimized 8 wt% doping concentration compared with the PL
emissions of these Ir(Ill) complexes in DCM at RT. Furthermore, all
devices exhibited weak emission peaks of the host material at
397 nm, which is attributed to incomplete energy transfer between
the host material and the Ir(Ill) complexes. The CIE coordinates of
the G1 - G4 devices were calculated at (0.63, 0.36), (0.60, 0.36),
(0.64, 0.34) and (0.58, 0.40), respectively, exhibiting orange-red and
red emissions.

Due to their similar molecular structures, it is found that the

NC CN

v
N\ ,N
N. N.
e OLOCL
J\r x >
HATCN TAPC

TmPyPB

TCTA

Scheme 2. The OLEDs device structure and their molecular structures used in this work.
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Fig. 5. Characteristics of devices with configuration of ITO/HATCN (5 nm)/TAPC (50 nm)/TCTA: Ir(Ill) complexes (20 nm, 8 wt%)/TmPyPB (40 nm)/LiF (1 nm)/Al (100 nm): (a) EL

spectra; (b) L-V curves; (c)n-L curves; (d) EQE -L curves for G1-G4.

Table 3

Key EL data of devices G1- G4.
Devices (8 wt%) Von (V)? AgL (nm) Lmax (cd miz)b Mc,max (cd AiI)C Mp,max (Im Wil)d EQEmax (%)° CIE (xy)
G1 3.7 603 6343 23.52 19.43 139 (0.63,0.36)
G2 35 599 7023 23.99 20.36 14.2 (0.60,0.36)
G3 35 618 11156 31.15 26.44 223 (0.64,0.34)
G4 33 592 17745 40.04 33.98 16.8 (0.58,0.40)

3 Turn-on voltage, the driving voltage at 1cd m~2.
Maximum luminance.

Current efficiency.

Power efficiency.

External quantum efficiency calculated within visible spectrum region.

o an o

device performances are mainly determined by the phosphores-
cence quantum yield (®pr) of the Ir(Ill) complexes and possible
better electron mobility of tfmpqz based complexes, which have
another N atom in the main ligand. For example, From Fig. 5b-d, it is
observed that the device G1 doping with PIQ-Irl-me complex
(®p.=0.40) shows the lowest device performances with the
maximum luminance (Lmax) of 6343 cd m2, the maximum current
efficiency (7¢max) of 23.52 cd A~ the maximum external quantum
efficiency (EQEmax) of 13.9% and the maximum power efficiency
(1p,max) of 19.43 Im W1, Due to the almost same ®p; of PIQ-Ir2-cf3
complex (®p; = 0.41), the G2 device exhibit the Lyax of 7023 cd m 2,
the Nemax of 23.99 cd A, the EQEmax of 14.2% and the npmax of
20.36 Im W~ Because the PQZ-Ir4-cf3 complex has the highest
®pp of 0.67, the device G4 shows the best performances with the
Linax 0f 17,745 cd m 2, the 7c max 0f 40.04 cd A~ the EQEax of 16.8%
and the 7 max of 33.98 Im W™, Due to the little lower ®p of PQZ-
Ir3-me complex (®p.=0.60), the device G3 also exhibited the
relatively lower device performances with the ¢ max 0f 31.15 cd Al
the 7pmax of 26.44 Im W1 the EQEmax of 22.3% and the L.y of

11,156 cd m~2. It is worth noting that though the G3 device shows a
relatively lower current efficiency than that of device G4, the
maximum external quantum efficiency is the highest (22.3%),
which is mainly due to the red-shifted EL emission. In general, most
photo-detectors used in OLEDs research are sensitive to the green
light and the EL emission in red region always show lower current
efficiency value [65]. Obviously, the Ir(Ill) complexes with tfmpqz
as main ligands have a good advantage on OLEDs performances,
such as lower turn-on voltage, higher luminance and current effi-
ciency, which proves that the importance of nitrogen atoms in the
main ligand.

4. Conclusion

In summary, with 1-(4-(trifluoromethyl)phenyl)isoquinoline
(tfmpiq) and 4-(4-(trifluoromethyl)phenyl)quinazoline (tfmpqz) as
the main ligands and pyrazole pyridine derivatives as the ancillary
ligands, four orange-red and red Ir(Ill) complexes with quantum
yields up to 0.67 were synthesized, respectively. The devices doping
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with these Ir(Ill) complexes as emitters showed the EL emission
peaks at 592—618 nm. Furthermore, the device using PQZ-Ir4-cf3
complex as dopant achieved the best performances with the
maximum current efficiency of 40.04cdA~! and the maximum
power efficiency of 33.98 Im W™, respectively. For the pure red
complex PQZ-Ir3-me with CIE coordinates at (0.64, 0.34), its device
showed the maximum external quantum efficiency of 22.3%. This
research found that the Ir(Ill) complexes have a red-shifted PL
emissions and improved OLEDs performances by introduction of
nitrogen atoms into main ligand and pyrazole pyridine derivatives
as ancillary ligands, which suggests an efficient method to obtain
highly efficient orange-red and red Ir(Ill) complexes for OLEDs.
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