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hetero-dibenzofuran C^N ligand†
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In this study, three high-efficient green light iridium(III) complexes were designed and synthesized, wherein

2-methyl-8-(2-pyridine) benzofuran [2,3-B] pyridine (MPBFP) is the main ligand and three b-diketone

derivatives, namely 3,7-diethyl-4,6-nondiazone (detd), 2,2,6,6-tetramethyl-3,5-heptyldione (tmd) and

acetylacetone (acac), are ancillary ligands. The thermal stabilities, electrochemical properties, and

electroluminescence (EL) performance of these three complexes, namely (MPBFP)2 Ir(detd),

(MPBFP)2Ir(tmd) and (MPBFP)2Ir(acac), were investigated. The results show that the absorption peaks of

the three complexes range from 260 to 340 nm, and the maximum emission wavelengths are 537 nm,

544 nm and 540 nm, respectively. The LUMO level is �2.18 eV, �2.20 eV, �2.21 eV, and the HOMO level

is �5.30 eV, �5.25 eV, and �5.25 eV, respectively. The thermal decomposition temperatures of each of

the three compounds are 359 �C, 389 �C and 410 �C respectively, with a weight loss of 5%. Green

phosphorescent electroluminescent devices were prepared with the structure of ITO/HAT-CN/TAPC/

TCTA/TCTA:X/Bepp2/LiF/Al, and the three complexes were dispersed in the organic light-emitting layer

as the guest material X. The maximum external quantum efficiency of the devices is 17.2%, 16.7%, and

16.5%, respectively. The maximum brightness is 57 328 cd m�2, 69 267 cd m�2 and 69 267 cd m�2,

respectively. With respect to the EL properties, (MPBFP)2Ir(detd) is the best performer among the three

complexes. The different performances exhibited by these complexes were discussed from the view

point of substituent effect on the b-diketone ligands.
1. Introduction

In recent years, organic light emitting diodes (OLEDs) have
attracted considerable attention due to their wide applications
in the eld of electronics technology,1–3 such as display devices
and solid state lighting. However, several key issues of OLED
panels such as cost, efficiency and lifetime still need to be
optimized before wide market application, among which
organic lighting materials is the most important one. Therefore,
the development of high-efficient, low cost and long-lived
luminescent materials is the focus of numerous studies.
Green light is one of the three primary colors of display systems;
therefore, the demand for high-performance green emitters is
very urgent. In metallic iridium–ligand complexes, electron
jumping energy between the ground state, singlet excited state
and triplet excited state can be utilized simultaneously due to
eering, Beijing Institute of Technology,

bit.edu.cn

LTD, Beijing, 102488, P. R. China
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10
the heavy atom effects and strong spin orbit coupling effects,
which improve the theoretical internal quantum efficiency from
25% to 100%.4–14 Simultaneously, the iridium-containing metal
complexes show strong phosphorescence emission, and their
efficiency and emission properties can be modied by changing
the main C^N ligands and auxiliary ligands.15–17 Recently, Zeng
et al. have designed and synthesized an efficient green-yellow
light iridium complex based on phenyl benzimidazole as the
cyclometalated ligand and pyridine triazole as the ancillary
ligand.18 With 5-methyl-2-phenylpyridine as the main ligand
and 3,7-diethyl-4,6-nondiazone as the auxiliary ligand, Fang
et al. have reported three green phosphorescent metal iridium
complexes with high luminescence performance.19

In this study, we have designed and synthesized a new main
ligand, namely 2-methyl-8-(-pyridyl) coumarone [2,3-B] pyridine
(MPBFP), and then have prepared three new green light-
emitting iridium complexes using MPBFP as C^N type ligand
and three b-diketones, namely 3,7-diethyl-4,6-nondiazone
(detd), 2,2,6,6-tetramethyl-3,5-heptyldione (tmd) and acetylace-
tone (acac), as auxiliary ligands. The obtained metal iridium
complexes, namely (MPBFP)2Ir(detd), (MPBFP)2Ir(tmd) and
(MPBFP)2Ir(acac), were systematically characterized and the
luminescence performance was studied.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis route of 1,2-methyl-8-(2-pyridine)benzofuran
[2,3-B] pyridine (MPBFP).
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2. Experimental procedure
2.1 Chemicals and materials

Iridium trichloride hydrate (IrCl3$H2O, Ir > 54% by weight) was
purchased from Guiyan platinum Co., Ltd. Bromine, tert-butyl
nitrite, triuoromesylate and 2,3-dimethoxybenzene boric acid
(AR), were purchased from Shanghai Macklin Bio-technology
Co., Ltd. acac, tmd, and detd were purchased from Beijing
Yanhua Lumen Technology Co., Ltd. Bis(triphenylphosphine)
palladium chloride (palladium mass fraction 15%) was
purchased from Beijing Zhongsheng Huateng technology Co.,
LTD. Ethylene glycol ether (AR) was purchased from Nanjing
Opchi Pharmaceutical Co., LTD. N-Closuccinimide was
purchased from Shanghai Kangkuo Chemical Co., LTD. 4-Tri-
phenylphosphine palladium (AR) was purchased from Shanxi
Ruike new materials Co., LTD. The regents were used as
received unless otherwise stated.
2.2 Synthesis of the C^N ligand

Main ligand MPBFP was synthesized according to the method
shown in Scheme 1.
2.3 Preparation of metal complexes

Three iridium(III) complexes were prepared according to the
procedure displaced in Scheme 2, in which MPBFP is the main
Scheme 2 Preparation of the chlorine-bridging dimer (MPBFP)4Ir2Cl2
and three target metal complexes, namely (MPBFP)2Ir(detd),
(MPBFP)2Ir(tmd) and (MPBFP)2Ir(acac).

© 2021 The Author(s). Published by the Royal Society of Chemistry
ligand and three diketone derivatives, namely detd, tmd and
acac, are ancillary ligands.
3. Results and discussion
3.1 Thermo gravimetric analysis

In order to investigate the thermal stability of the three
complexes, thermo gravimetric analysis (TGA) was conducted
using a NETZSCH instruments TG 209 F3 Tarsus from 20 �C to
800 �C at a heating rate of 20 �C min�1 under nitrogen atmo-
sphere, and the result is shown in Fig. 1.

The temperatures at which compounds (MPBFP)2Ir(detd),
(MPBFP)2Ir(tmd) and (MPBFP)2Ir(acac) 5% weight loss are 359,
389 and 410 �C, respectively, indicating that the three
complexes have high thermal stabilities (>350 �C), which is
a very important requirement for the evaporation process in
OLED device preparation. Among the three compounds,
(MPBFP)2Ir(acac) displays the best thermal stability (410 �C),
followed by (MPBFP)2Ir(tmd) (389 �C), and (MPBFP)2Ir(detd)
exhibits the lowest stability (359 �C). This may be related to the
substituent effects on the b-diketone ligands. For example, detd
has two pentyl groups in the molecular structure, tmd has two
tert-butyl groups in the molecular structure, and acac has two
methyl groups on the diketone's backbone. Pentyl groups in
detd are long and so hydrocarbon chains, which are good for
solubility and easy to degrade under high temperature via C–H
bond homolysis. Tert-butyl andmethyl groups aremuch smaller
and rigid; therefore, (MPBFP)2Ir(tmd) and (MPBFP)2Ir(acac)
showed better thermal stability.
3.2 Single crystal structure

Single crystals of iridium complex (MPBFP)2Ir(detd) were
prepared by the co-volatilization of a mixture of dichloro-
methane and heptane. The (MPBFP)2Ir(detd) crystal informa-
tion was obtained on a Bruker APEXII DUO X-ray single crystal
diffractometer and the single crystal structure, ellipsoid
(hydrogen atoms omitted), is shown in Fig. 2.
Fig. 1 The TGA curves of the three complexes: (a) (MPBFP)2Ir(detd), (b)
(MPBFP)2Ir(tmd), and (c) (MPBFP)2Ir(acac).

RSC Adv., 2021, 11, 11004–11010 | 11005
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Fig. 2 (MPBFP)2Ir(detd) single crystal structure ellipsoid, CCDC
deposition number: 2024173.
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The related parameters of crystals, and the data of the bond
length and bond angle are summarized in the ESI.† The central
iridium is in a hexahedral octahedral conguration, sur-
rounded by C and N atoms of the MPBFP ligand and O atoms of
diketone, which is consistent with the reported parameter of
metal iridium complexes in literature.20,21
Fig. 3 The absorption spectra (I) and fluorescence spectra (II) of the thr
Ir(acac). The measuring conditions are in dichloromethane with a conce

Fig. 4 Oxidation and reduction potential curves of the three iridium co
Ir(detd), (b) (MPBFP)2Ir(tmd), (c) (MPBFP)2Ir(acac). All measurements wer
energy of 4.8 eV is the reference.

11006 | RSC Adv., 2021, 11, 11004–11010
3.3 UV-visible absorption and photoluminescence spectra

Fig. 3 shows the UV-vis absorption and uorescence spectra of
the three iridium complexes in the solution. It can be seen from
Fig. 3(I) that iridium complexes, (MPBFP)2Ir(detd), (MPBFP)2-
Ir(tmd) and (MPBFP)2Ir(acac), all show strong absorption in the
range of 260–340 nm, attributable to the electronic p–p* tran-
sition of MPBFP. Moreover, it is known that the weak absorp-
tion around 450–500 nm is a characteristic peak of Ir(III)
complexes, meaning the spin allowed singlet transition with
a charge transfer character from themetal to the ligand pyridine
unit (1MLCT), and slightly allowed the triplet transition from
the metal d orbital to the ligand P* orbital induced by the
strong spin–orbit coupling effects of heavy iridium atom
(3MLCT).

Fluorescence spectroscopy of the three complexes, namely
(MPBFP)2Ir(detd), (MPBFP)2Ir(tmd) and (MPBFP)2Ir(acac), are
displaced in Fig. 3(II). The maximum emission wavelengths of
(MPBFP)2Ir(detd), (MPBFP)2Ir(tmd) and (MPBFP)2Ir(acac) are
537 nm, 544 nm and 540 nm, respectively, when excited at
260 nm wavelength. The shis of emission peak may be due to
the substituent effects on the diketone ancillary ligand. As
mentioned above, the difference of the three ancillary ligands is
the alkyl groups on the diketone's backbone: detd has two
ee complexes: (a) (MPBFP)2Ir(detd), (b) (MPBFP)2Ir(tmd), (c) (MPBFP)2-
ntration of 1 � 10�5 M, respectively.

mplexes. (I) Oxidation potential, (II) reduction potential, (a) (MPBFP)2-
e performed in methylene chloride solution with ferrocene the Fermi

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Electrochemical properties of the three iridium complexes:
(a) (MPBFP)2Ir(detd), (b) (MPBFP)2Ir(tmd), (c) (MPBFP)2Ir(acac)

a

Samples Ered/V Eoxd/V EFe/V LUMO/eV Eg/eV HOMO/eV

a �1.84 1.28 0.78 �2.18 3.12 �5.30
b �1.92 1.13 0.68 �2.20 3.05 �5.25
c �1.80 1.24 0.79 �2.21 3.04 �5.25

a Ered, reducing potential; Eoxd, oxidation potential; LUMO, minimum
unoccupied orbital domain; Eg, energy difference between the ground
state and the excited state; HOMO, highest occupied orbital domain.
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pentyl groups, tmd has two tert-butyl groups, while acac has two
methyl groups. The three kinds of alkyl groups (R) displace
different electronic and steric effects for the diketone ligands
and MPBFP ligands. The wavelength shi is the result of the
combined effect of these two interactions. This indicates that
we can adjust the emission wavelength by changing the
substituent groups.
3.4 Electro chemical properties

Fig. 4 shows oxidation and reduction potential curves of the
three iridium complexes. The oxidation potentials of
(MPBFP)2Ir(detd), (MPBFP)2Ir(tmd) and (MPBFP)2Ir(acac) are
Fig. 5 Electroluminescence spectra of (MPBFP)2Ir(detd) under various d
organic light-emitting layer of the electroluminescent devices: (a) 10 wt
539 nm, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
1.28 V, 1.13 V, 1.24 V, respectively. The corresponding reduction
potentials of them three are �1.84 V, �1.92 V, and �1.80 V. The
oxidation of metallic iridium complexes usually occurs at the
metal-center d electron, and the reduction potential is derived
from the reduction of pyridine units in phenylpyridine ligands.
The results of the oxidation and reduction potential data of the
three iridium complexes are summarized in Table 1. For the
three iridium complexes, their HOMO and LUMO electron
density distributions are similar; however, because of different
substituent groups R, their HOMO and LUMO energy levels
show some subtle difference, for example, DHOMOmax is 0.05 eV
and DLUMOmax is 0.03 eV. Energy difference between the ground
state and the excited state is consistent with the spectrum
result.

3.5 Electroluminescence performance

To investigate the electroluminescence (EL) properties of the
three materials, they were used as dopants to prepare OLED
devices. The guest material iridium complexes doped with the
host material TCTA with concentrations varying from 10 wt%,
12 wt% to 15 wt%, Bebp2 as the electron transport material, and
LiF:Al forming a double cathode.

Fig. 5 shows the electroluminescence spectra of (MPBFP)2-
Ir(detd) under various drive voltages at different doping weight
percentages dispersed in the organic light-emitting layer of the
rive voltages at different doping weight percentages dispersed in the
% (b) 12 wt% (c) 15 wt%. The emission peaks are 538 nm, 539 nm and

RSC Adv., 2021, 11, 11004–11010 | 11007
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Fig. 6 EL properties of the fabricated OLED devices with (MPBFP)2Ir(detd) as dopants, (a) current density � current efficiency curve, (b)
brightness � current efficiency curve, (c) current density � external quantum efficiency curve, (d) brightness � external quantum efficiency
curve, (e) current density� power efficiency curve, (f) brightness� power efficiency curve, (g) brightness� power efficiency� current efficiency
curve, (h) voltage � current density � brightness curve.

11008 | RSC Adv., 2021, 11, 11004–11010 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Electroluminescence performance of the fabricated OLED devices with dopants of (MPBFP)2Ir(detd), (MPBFP)2Ir(tmd), (MPBFP)2Ir(acac)

Dopant
Doping
concentration (wt%)

Bri maxf

(mA cm�2)
EQEa

max/%
CEb max
(cd A�1)

PEc max
(lm W�1)

CIEd

(x, y)e Peak max/nm

(MPBFP)2Ir(detd) 10 48 470 @ 8 V 16.1 @ 2.8 V 60.7 @ 2.8 V 68.1 @ 2.8 V (0.39, 0.58) 538
12 54 505 @ 8 V 17.0 @ 2.8 V 64.4 @ 2.8 V 72.3 @ 2.8 V (0.39, 0.58) 539
15 57 328 @ 8 V 17.2 @ 2.8 V 64.5 @ 2.8 V 72.4 @ 2.8 V (0.39, 0.58) 539

(MPBFP)2Ir(tmd) 10 63 863 @ 8 V 15.7 @ 2.8 V 58.9 @ 2.8 V 66.0 @ 2.8 V (0.40, 0.58) 544
12 70 965 @ 8 V 16.3 @ 2.8 V 61.3 @ 2.8 V 68.7 @ 2.8 V (0.40, 0.57) 544
15 69 267 @ 8 V 16.7 @ 2.8 V 62.2 @ 2.8 V 69.8 @ 2.8 V (0.40, 0.57) 545

(MPBFP)2Ir(acac) 10 55 287 @ 7.5 V 15.5 @ 3.1 V 58.9 @ 3.1 V 66.0 @ 3.1 V (0.38, 0.57) 540
12 52 179 @ 7.5 V 16.3 @ 3.0 V 60.7 @ 3.0 V 66.6 @ 3.0 V (0.38, 0.56) 539
15 55 750 @ 7.5 V 16.5 @ 3.0 V 61.7 @ 3.0 V 64.6 @ 3.0 V (0.40, 0.57) 541

a Maximum external quantum efficiency. b Maximum current efficiency. c Power efficiency. d Commission Internationale de l'Eclairage. e The CIE
values are measured at 5 V. f The number aer @ indicates the corresponding voltage value.
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electroluminescent devices. The devices emit green light with
an EL spectrum peak at 537 nm. It should also be noted that
there is a weak signal between 400 and 450 nm on the EL
spectra for all devices, and they were attributed to the emission
of the host material TCTA residue, which is the result of inef-
cient energy transfer from the host material to the dopant
materials. By increasing the dopant concentration from 10% to
15%, the emission from the host materials decreased (Fig. 6).

Fig. 6 illustrates the EL properties of the fabricated OLED
devices with (MPBFP)2Ir(detd) as dopants. EL performance of
the devices prepared with (MPBFP)2Ir(detd), (MPBFP)2Ir(tmd)
and (MPBFP)2Ir(acac) at doping concentrations of 10%, 12%
and 15% are summarized in Table 2, where the CIE was
measured under a voltage of 5 V. From the data mentioned
above, we can draw a few conclusions: for example, doping
concentration has no effect on CIE values, 15 wt% is an
appropriate ratio among the three, and (MPBFP)2Ir(detd)
performs better than the other two iridium complexes. The
15 wt% (MPBFP)2Ir(detd) device performed the highest value for
external quantum efficiency of 17.2%, with current efficiency of
64.5 cd A�1 and power efficiency of 72.4 lmW�1. This result can
be explained by the substituent effects on the b-diketone
ancillary ligand. The detd has two pentyl groups, which can
effectively reduce the interchain interaction between the dye
molecules in the process of evaporation, and thus reduce the
aggregation quenching effects for the OLED devices.
4. Conclusions

We have designed and synthesized a new main ligand MPBFP,
and then complexed it with three b-diketone auxiliary ligands to
obtain three new metal iridium complexes, namely (MPBFP)2-
Ir(detd), (MPBFP)2Ir(tmd) and (MPBFP)2Ir(acac). The three
metal complexes of iridium are soluble in organic solvents and
suitable for the solution method to prepare OLED devices.
Studies on thermal stability, photophysical properties and
electrochemical properties show that the modication of the
substituent groups on the auxiliary ligand can change HOMO
and LUMO energy levels and emission wavelengths.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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