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Abstract
Six cationic iridium(III) complexes bearing different bulky N,N′-chelating ligands were successfully synthesized and char-
acterized by spectroscopic, electrochemical, thermal and photophysical methods. Because the molecular quenching and 
self-aggregation within molecules would deteriorate the device efficiency, the bulky molecules can suppress these problems 
and improve the device performance. The best doped organic light-emitting diodes based on these charged Ir(III) complex 
E1 exhibited Lmax of 26,800 cd/m2, ηL, max of 35.0 cd/A and ηP, max of 18.5 lm/W, which also showed a small efficiency roll-
off in the range of 100 to 1000 cd/m2.
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1  Introduction

Nowadays, some highly efficient organic light-emitting 
diodes have been successfully developed [1, 2]. Plenty 
of research works have been inevitably focused on the 
neutral metal complexes since these molecules are easily 
sublimable and compatible with the hydrophobic matrices 
employed in device fabrication [3, 4]. On the subject of 
charged metal complexes, their poor sublimability and the 
compatibility with hydrophobic hosts should be taken into 
consideration for their OLED fabrication. In any case, the 
charged compounds could exhibit good charge-transport-
ing properties as well as good solubility in polar solvents. 
The power consumed by these OLED devices could be 
relatively low even by applying inert metal electrodes. 
In addition, their exquisite redox stability could notably 
improve the device stability.

In the past, many diimine ligands have been utilized for 
investigating the luminescence properties of the Ru(II) and 
Ir(III) complexes: 2,2′-bipyridine (bpy), 1,10-phenanth-
roline (phen) and (pyrazolyl)pyridine, to name but a few 
[5–7]. The N^N bipyridines are commonly used as ancil-
lary ligand in the charged compounds since they occupy 
the low-energy π*-orbitals in the transition [8].

In this study, neutral 2,2′-bipyridine-based and 2-pyri-
dylazole-based bidentate chelates act as ancillary ligand 
for these charged iridium(III) complexes. To our under-
standing, the light-emitting molecules aggregate within 
the emissive layer causing triplet–triplet annihilation 
(TTA). This phenomenon has an impact on the OLED per-
formance [9, 10]. In view of reducing the aggregation and 
π–π stacking between molecules, we introduced two car-
bazole moieties into the neutral 2,2′-bipyridine to afford 
two bulky N^N ligands L1 and L2.

Besides, Su et  al. demonstrated that the cationic 
iridium(III) complexes bearing ancillary ligands with a 
phenothiazine or a carbazole end-capped alkyl groups 
exhibited aggregation-induced emission (AIE) proper-
ties [11, 12]. Since aggregation-caused quenching (ACQ) 
influences the optical device applications, these AIE-
active complexes could overcome this problem effectively. 
Complexes with 1,2,4-triazole moiety have been developed 
whereas such iridium(III) complexes based on 1,2,3-tria-
zole are much less explored. In this study, we designed 
another N^N ligand, 9-(6-(4-(pyridin-2-yl)-1H-1,2,3-tri-
azol-1-yl)hexyl)-9H-carbazole L3 for the same rationale. 
This ligand with a carbazole end-capped hexyl group could 
reduce the intermolecular π–π stacking in the solid state. 
It is hoped that the iridium(III) complexes possessing this 
ligand will also show the AIE behavior, which is beneficial 
to their electroluminescent performance.

2 � Experimental Section

2.1 � Materials and Instruments

All the chemicals were purchased from Acros or Aldrich and 
used as received unless otherwise specified. THF was dried by 
distillation from sodium with benzophenone as an indicator 
under a nitrogen atmosphere. Separation and purification of 
products were achieved by column chromatography on silica 
gel. TLC was carried out in air using laboratory grade solvents 
as eluents.

The positive-ion fast atom bombardment (FAB) mass 
spectra were recorded in m-nitrobenzyl alcohol matrices on 
a Finngin-MAT SSQ710 mass spectrometer. Infrared spec-
tra were recorded on the Nicolet Magna 550 Series II FTIR 
spectrometer, using KBr pellets for solid state spectroscopy. 
NMR spectra were measured in deuterated solvents as the lock 
and reference on Varian INOVA 400 instrument or Bruker 
AV 400 MHz FT-NMR spectrometer, with 1H and 13C NMR 
chemical shifts quoted relative to Me4Si standard and 31P 
chemical shifts relative to an 85% H3PO4 external reference. 
Electronic absorption spectra were obtained with a Hewlett 
Packard 8453 spectrometer. Solution state photoluminescence 
measurements were obtained by the LS50B fluorescent spec-
trometer. For lifetime measurements, the third harmonics, 
355 nm line of a Q-switched Nd:YAG laser was used as the 
excitation light source. The emission was recorded by using 
a PMT and a HP54522A 500 MHz oscilloscope. The PL 
spectra were measured in CH2Cl2 with a PTI Fluorescence 
Master Series QM1 spectrophotometer. Thermal analysis was 
performed with a Perkin-Elmer TGA6 thermal analyzer. The 
cyclic voltammograms were acquired with a CHI model 600D 
electrochemical station in deoxygenated acetonitrile contain-
ing 0.1 M [Bu4N]PF6 as the supporting electrolyte. A conven-
tional three-electrode configuration consisting of a platinum 
working electrode, a Pt-wire counter electrode and a Ag/AgCl 
reference electrode was used. The polymer films were casted 
on the ITO covered glass. All potentials reported were quoted 
with reference to the ferrocene-ferrocenium (Fc/Fc+) couple 
at a scan rate of 100 mV s−1.

2.2 � Preparation of Ligands

Due to their poor solubility in common d-solvents, the N,N′-
ligands L1 and L2 could not be characterized by NMR spec-
trometry. They would be used for metal coordination directly.

2.2.1 � Synthesis of L1

9-(4-Bromophenyl)-9H-carbazole was prepared as reported 
by the literature method [13]. The brominated compound 
(2.5  g, 7.758  mmol) was treated with 2.4  M n-BuLi 
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(3.5 ml, 8.534 mmol), followed by trimethylborate (2.6 ml, 
0.023 mol). The (4-(9H-carbazol-9-yl)phenyl)boronic acid 
(1.2 g, 4.179 mmol) was refluxed with 4,4′-dibromopyri-
dine (440 mg, 1.401 mmol) in a solution of tetrahydrofuran 
(40 ml) and aqueous 2 M Na2CO3 catalyzed by Pd(PPh3)4 
(50 mg). A grey solid precipitated out in the course of reac-
tion, which was filtered and washed with diethyl ether (78%).

2.2.2 � Synthesis of L2

(4-(3,6-Di-tert-butyl-9H-carbazol-9-yl)phenyl)boronic 
acid was prepared using a similar method to that of L1. A 
mixture of (4-(3,6-di-tert-butyl-9H-carbazol-9-yl)phenyl)
boronic acid (1.2 g, 3.005 mmol), 4,4′-dibromopyridine 
(315 mg, 1.002 mmol) and Pd(PPh3)4 (50 mg) was refluxed 
in toluene (40 ml) and 2 M Na2CO3 for 2 days. A pale grey 
powder was obtained (66%).

2.2.3 � Synthesis of L3

Ligand L3 was prepared from the “click” reaction. 
9-(6-Bromohexyl)-9H-carbazole was formed by reacting car-
bazole (4.0 g, 0.024 mol) with 1,6-dibromohexane (5.5 ml, 
0.036 mol). The brominated compound (2.0 g, 6.056 mmol) 
was heated with sodium azide (0.59 g, 9.076 mmol) in 
dimethylsulfoxide solution. A mixture of 9-(6-azidohexyl)-
9H-carbazole (800 mg, 2.736 mmol), 2-ethynylpyridine 
(0.41 ml, 4.104 mmol), CuSO4.5H2O (68 mg, 0.274 mmol) 
and sodium ascorbate (271 mg, 1.368 mmol) was stirred 
in dichloromethane (12 ml) and H2O (9 ml) at room tem-
perature. The ligand L3 was obtained as a pale yellow solid 
(85%).

Spectral data: 1H NMR (CDCl3): δ (ppm) 8.58 (s, 
1H, Ar), 8.14–8.12 (m, 1H, Ar), 8.09 (d, J = 7.6  Hz, 
3H, Ar), 7.81–7.77 (m, 1H, Ar), 7.47–7.43 (m, 2H, Ar), 
7.38 (d, J = 8.0 Hz, 2H, Ar), 7.24–7.20 (m, 3H, Ar), 4.36 
(t, J = 6.9 Hz, 2H, CH2), 4.30 (t, J = 6.9 Hz, 2H, CH2), 
1.92–1.87 (m, 4H, CH2), 1.42–1.39 (m, 4H, CH2). MS 
(MALDI-TOF): m/z 395.20 (M+).

2.3 � Preparation of Iridium(III) Complexes

General Procedures for the Synthesis of Cationic 
Iridium(III) Complexes: Iridium(III) chloro-bridged 
dimers [(ppy)2Ir(μ-Cl)]2 (ppy = 2-phenylpyridine) and 
[(piq)2Ir(μ-Cl)]2 (piq = 2-phenylisoquinoline) were prepared 
according to the literature procedure [17]. The iridium dimer 
was allowed to react with 2.5 molar equivalents of N,N′-
chelating ligands in a solution of dichloromethane (10 ml) 
and methanol (5 ml), and the mixture was heated at 45 °C 
for 24 h. For anion exchange, an excess amount of sodium 
hexafluorophosphate was added and the mixture was stirred 

at room temperature. The charged iridium(III) complexes 
were purified by column chromatography with silica gel.

E1: Orange powder (36%).
Spectral data: 1H NMR (CDCl3): δ (ppm) 8.92 (s, 2H, 

Ar), 8.11 (d, J = 7.6 Hz, 4H, Ar), 8.06 (d, J = 8.6 Hz, 4H, 
Ar), 8.01 (d, J = 5.8 Hz, Ar, 2H), 7.48–7.45 (m, 4H, Ar), 
7.73–7.70 (m, 6H, Ar), 7.58 (dd, J1 = 5.8 Hz, J2 = 1.7 Hz, 
2H, Ar), 7.46 (d, J = 8.2 Hz, 4H, Ar), 7.38–7.34 (m, 4H, Ar), 
7.28–7.24 (m, 4H, Ar), 7.14–7.10 (m, 2H, Ar), 7.09–7.05 
(m, 2H, Ar), 6.99–6.95 (m, 2H, Ar), 6.37 (d, J = 6.8 Hz, 2H, 
Ar). 13C NMR (CDCl3): δ (ppm) 167.68, 156.41, 150.80, 
150.52, 150.34, 149.11, 143.65, 140.36, 139.97, 138.12, 
134.29, 131.86, 130.82, 129.27, 127.61, 126.18, 125.49, 
124.75, 123.68, 123.09, 122.65, 120.37, 120.30, 119.53, 
109.93. MS (MALDI-TOF): m/z 1284.3 (M+).

E2: Orange powder (29%).
Spectral data: 1H NMR (CDCl3): δ (ppm) 8.91 (s, 2H, 

Ar), 8.11 (s, 4H, Ar), 8.05 (d, J = 7.8 Hz, 4H, Ar), 8.01 (d, 
J = 5.8 Hz, 2H, Ar), 7.91 (d, J = 7.8 Hz, 2H, Ar), 7.77–7.69 
(m, 10H, Ar), 7.59–7.58 (m, 2H, Ar), 7.43–7.38 (m, 8H, 
Ar), 7.11 (t, J = 6.8 Hz, 2H, Ar), 7.05 (t, J = 7.6 Hz, 2H, Ar), 
6.94 (t, J = 7.4 Hz, 2H, Ar), 6.37 (d, J = 7.6 Hz, 2H, Ar), 1.43 
(s, 36H, Ar). 13C NMR (CDCl3): δ (ppm) 167.67, 156.38, 
150.85, 150.58, 150.34, 149.10, 143.64, 143.36, 140.56, 
138.70, 138.13, 133.67, 131.87, 130.81, 129.15, 127.09, 
125.48, 124.75, 123.86, 123.76, 123.63, 122.86, 122.64, 
119.51, 116.24, 109.42 (Ar), 34.75 (CH), 31.61 (CH3). MS 
(MALDI-TOF): m/z 1508.6 (M+).

E3: Yellow powder (29%).
Spectral data: 1H NMR (CDCl3): δ (ppm) 8.87 (s, 1H, 

Ar), 8.25 (d, J = 8.0 Hz, 1H, Ar), 8.11 (d, J = 7.6 Hz, 2H, Ar), 
7.95–7.91 (m, 1H, Ar), 7.86 (d, J = 8.1 Hz, 1H, Ar), 7.74 (d, 
J = 5.0 Hz, 1H, Ar), 7.72–7.68 (m, 1H, Ar), 7.66–7.63 (m, 
1H, Ar), 7.59 (d, J = 8.1 Hz, 1H, Ar), 7.49–7.45 (m, 2H, Ar), 
7.43–7.37 (m, 5H, Ar), 7.25–7.19 (m, 3H, Ar), 7.03–6.99 
(m, 1H, Ar), 6.98–6.95 (m, 1H, Ar), 6.91–6.87 (m, 2H, Ar), 
6.86–6.80 (m, 2H, Ar), 6.28–6.25 (m, 2H, Ar), 4.37–4.34 
(m, 2H, CH2), 4.22–4.19 (m, 2H, CH2), 1.85–1.81 (m, 2H, 
CH2), 1.73–1.69 (m, 2H, CH2), 1.14–1.07 (m, 4H, CH2). MS 
(MALDI-TOF): m/z 1041.3 (M+).

E4: Orange powder (36%).
Spectral data: 1H NMR (CDCl3): δ (ppm) 8.90 (s, 4H, 

Ar), 8.04 (d, J = 8.0 Hz, 2H, Ar), 7.98 (t, J = 8.8 Hz, 8H, 
Ar), 7.83–7.81 (m, 2H, Ar), 7.72 (d, J = 5.8 Hz, 2H, Ar), 
7.69–7.65 (m, 4H, Ar), 7.60–7.55 (m, 6H, Ar), 7.43–7.41 
(m, 2H, Ar), 7.38 (d, J = 6.4 Hz, 2H, Ar), 7.34 (d, J = 8.2 Hz, 
4H, Ar), 7.25–7.21 (m, 4H, Ar), 7.16–7.12 (m, 4H, Ar), 
7.10–7.06 (m, 4H, Ar), 6.89–6.85 (m, 2H, Ar), 6.30–6.28 
(m, 2H, Ar). 13C NMR (CDCl3): δ (ppm) 168.95, 156.33, 
153.82, 150.72, 150.34, 145.67, 140.66, 140.33, 139.90, 
137.15, 134.22, 132.36, 131.68, 130.92, 130.71, 129.27, 
128.69, 127.72, 127.55, 126.89, 126.36, 126.15, 125.45, 
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123.65, 123.05, 122.36, 122.23, 120.32, 120.24, 109.97 
(Ar). MS (MALDI-TOF): m/z 1384.4 (M+).

E5: Orange powder (31%).
Spectral data: 1H NMR (CDCl3): δ (ppm) 8.99–8.96 

(m, 4H, Ar), 8.31 (d, J = 8.0 Hz, 2H, Ar), 8.11 (s, 4H, 
Ar), 8.08 (d, J = 8.6 Hz, 4H, Ar), 7.94–7.92 (m, 2H, Ar), 
7.82 (d, J = 5.8 Hz, 2H, Ar), 7.79–7.75 (m, 8H, Ar), 7.67 
(d, J = 6.4 Hz, 2H, Ar), 7.63–7.61 (m, 2H, Ar), 7.47 (d, 
J = 6.4 Hz, 2H, Ar), 7.44 (s, 8H, Ar), 7.17–7.13 (m, 2H, Ar), 
6.96–6.92 (m, 2H, Ar), 6.38–6.36 (m, 2H, Ar), 1.45 (s, 36H, 
CH3). 13C NMR (CDCl3): δ (ppm) 168.95, 156.35, 153.88, 
150.90, 150.27, 145.66, 143.33, 140.70, 140.59, 138.70, 
137016, 133.67, 132.38, 131.66, 130.90, 129.18, 128.66, 
127.74, 127.10, 126.91, 126.37, 125.48, 123.85, 123.76, 
123.02, 122.32, 122.22, 116.23, 109.44 (Ar), 34.75, 31.99 
(CH3). MS (MALDI-TOF): m/z 1608.6 (M+).

E6: Orange powder (28%).
Spectral data: 1H NMR (CDCl3): δ (ppm) 8.93–8.91 

(m, 2H, Ar), 8.82 (d, J = 8.7 Hz, 1H, Ar), 8.30–8.25 (m, 
2H, Ar), 8.16 (d, J = 8.0 Hz, 1H, Ar), 8.06 (d, J = 7.6 Hz, 
2H, Ar), 7.95–7.91 (m, 1H, Ar), 7.84–7.81 (m, 1H, Ar), 
7.75–7.73 (m, 2H, Ar), 7.57–7.54 (m, 3H, Ar), 7.52–7.48 
(m, 1H, Ar), 7.45–7.39 (m, 3H, Ar), 7.34–7.30 (m, 4H, Ar), 
7.22–7.16 (m, 4H, Ar), 7.12–7.08 (m, 1H, Ar), 7.03–6.98 
(m, 1H, Ar), 6.89–6.85 (m, 1H, Ar), 6.80–6.76 (m, 1H, Ar), 
6.42–6.40 (m, 1H, Ar), 6.27–6.25 (m, 1H, Ar), 4.36–4.26 
(m, 2H, CH2), 4.14–4.04 (m, 2H, CH2), 1.80–1.73 (m, 2H, 
CH2), 1.58–1.51 (m, 2H, CH2), 0.95–0.83 (m, 4H, CH2). MS 
(MALDI-TOF): m/z 1141.3 (M+).

3 � Results and Discussion

3.1 � Synthesis

Ligands L1–L2 were synthesized from the reaction of 
4,4′-dibromo-2,2′-bipyridine and their corresponding car-
bazole boronic acids. The brominated compounds were 
prepared via Ullmann coupling reaction between 1-bromo-
4-iodobenzene and carbazole moieties using CuI/1,10-phen/
NaOH as catalyst. With the treatment of n-butyllithium and 
trimethylborate, followed by 2 M HCl, they were subse-
quently transformed into the boronic acids. Finally, the N,N′-
ligands L1–L2 were obtained by coupling 4,4′-dibromo-2,2′-
bipyridine with (4-(9H-carbazol-9-yl)phenyl)boronic acid 
and (4-(3,6-di-tert-butyl-9H-carbazol-9-yl)phenyl)boronic 
acid in the presence of a catalytic amount of Pd(PPh3)4 
(Scheme 1). The ligands precipitated out in the course of 
reaction, which were purified by filtration and washed with 
ether solution.

Ligand L3 can be prepared from the “click” reaction 
of alkynes and organic azides in good yield [14]. Firstly, 
the 9-(6-bromohexyl)-9H-carbazole was made by reacting 

carbazole with a stoichiometric amount of 1,6-dibromohex-
ane. The brominated precursor was heated with sodium 
azide in dimethylsulfoxide solution to prepare the 
9-(6-azidohexyl)-9H-carbazole.

As shown in Scheme  2, a slight excess amount of 
sodium ascorbate was used in the Cu(I)-catalyzed azide-
alkyne cycloaddition reaction, which can prevent the 
oxidative homocoupling products formed and also act as 
a reducing agent [15]. The Cu(I)-acetylide intermediate 
was in situ generated from the reaction of 2-ethynylpyri-
dine and copper(II) sulphate, which was promptly treated 
with the 9-(6-azidohexyl)-9H-carbazole at room tempera-
ture [16]. The intermediate formed would undergo cycli-
zation, followed by hydrolysis of copper-carbon bond to 
afford the ligand L3 in high yield. After filtration and wash-
ing with ethanol, the ligand could be used without further 
purification.

Iridium(III) chloro-bridged dimers were prepared accord-
ing to the literature method [17]. The [(ppy)2Ir(μ-Cl)]2 
(ppy = 2-phenylpyridine) and [(piq)2Ir(μ-Cl)]2 (piq = 2-phe-
nylisoquinoline) were readily synthesized from the reaction 
of IrCl3.3H2O and their cyclometalating ligands. The ligands 
prepared would react with the chloro-bridged Ir (III) dimers 
[(C^N)2Ir(μ-Cl)]2 in a solution of dichloromethane and 
methanol (v/v, 2:1) under reflux overnight in the dark con-
dition [18, 19]. Then, an excess amount of sodium hexafluo-
rophosphate was added to the reaction mixture while swirl-
ing at room temperature to produce the compounds E1–E6. 
These charged compounds were purified by silica gel chro-
matography using dichloromethane as eluent (Scheme 3).

3.2 � Photophysical Properties

In this photophysical study, only metal complexes E1–E6 
were subjected to UV–Vis absorption and photolumines-
cence spectroscopies. Their UV–Vis absorption spectra are 
shown in Fig. 1 and the data are summarized in Table 1. The 
absorption bands below 350 nm received contribution from 
spin-allowed π–π* transitions in the cyclometalating ligands. 
In these iridium(III) complexes, the weak and plateau-like 
bands are extended from 350 nm to longer wavelength that 
are suggestive of 1MLCT (metal-to-ligand charge transfer), 
3MLCT and 3π–π* transitions from the ligands. Apparently, 
compounds featuring N,N′-bipyridine ligands (E1–E2 and 
E4–E5) showed a prominent peak at 350–455 nm.

The normalized PL spectra of compounds E1–E6 in 
dichloromethane solution at 298 K and 77 K are presented 
in Figs. 2 and 3, respectively. Most complexes except E3 
emitted orange and red light at room temperature. For com-
pound E3, it emitted blue-green light at room temperature. 
All compounds showed a broad and featureless emission 
peak. It is believed that these emissive excited states may 
result from the 3MLCT or 3LLCT transition [20, 21] (Fig. 4).
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For compounds E1 and E2, they exhibited similar emis-
sion spectra at room temperature and even 77 K, implying 
that the introduction of t-butyl groups on the carbazole moi-
ety in bipyridine ligand have no impact on their emission 
energy. Without regard to the emission, these t-butyl groups 
could prevent the intermolecular π–π stacking and improve 
the solubility of the complex. However, these two complexes 
were significantly blue-shifted at 77 K with respect to their 
emission spectra at room temperature. These hypsochromic 
shifts resulted from the solvent reorganization. For complex 
E3, the emission maximum at 77 K was located at 471 nm 

with a shoulder peak at 502 nm. Upon freezing, the light 
emission may come from a mixing of ligand-centered 3π–π* 
transition and 3MLCT state [22, 23]. Therefore, a fine struc-
tured emission spectrum was observed here.

At 77 K in a rigid matrix, compounds E4–E6 also dis-
played a vibronic structured emission spectra, confirming 
that they possessed dominant 3MLCT excited states in 
preference to the ligand-centered 3π–π* transitions [24]. 
Interestingly, these compounds containing the same C^N 
ligand (2-phenylisoquinoline) exhibited resembling emis-
sion band shapes with λmax at 580 nm and a shoulder at 

Scheme 1   Synthetic routes for ligands L1–L2 
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Scheme 2   Synthetic routes for ligand L3 

Scheme 3   Synthetic routes for complexes E1–E6 
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E1 E2

E3 E4

E5 E6

Fig. 1   Molecular structures of complexes E1–E6 
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629 nm. It is considered that the emission from these 
three complexes at 77 K was attributed to the interaction 
between metal center and 2-phenylisoquinoline rather 
than the N,N′-ligands (L1-L3).

Furthermore, the photoluminescence quantum yields 
(ΦP) of these six compounds were measured in degassed 
dichloromethane solutions with the excitation wavelength 
at 400 nm. The benchmark fac-Ir(ppy)3 was used as the 
reference standard (ΦP = 0.40). The results are listed in 
the Table 1.

3.3 � Electrochemical Properties

The electrochemical properties of these complexes E1–E6 
were examined by cyclic voltammetry. Ferrocenium/ferro-
cene (Fc/Fc+) couple was employed as the internal standard. 
All these compounds were dissolved in tetrahydrofuran solu-
tion whereas 0.1 M tetrabutylammonium hexafluorophos-
phate was used as the supporting electrolyte. The apparatus 
for measurement equipped with a glassy carbon working 
electrode, a platinum wire counter electrode as well as a 
Ag/Ag+ reference electrode was used. The electrochemical 

Table 1   Photophysical data of 
complexes E1–E6 

[a] Measured in CH2Cl2 at 298 K, extinction coefficients (104 M−1 cm−1) are shown in parentheses. sh = 
shoulder peak
[b] Measured in degassed CH2Cl2 at 298 K relative to fac-Ir(ppy)3 (ΦP = 0.40), λex = 400 nm

Complex λabs [nm] (ε, 
104 M−1 cm−1)

PL 298 K λmax [nm][a] PL 77 K λmax [nm][a] ΦP

E1 289 (4.3),
338 (2.0),
393 (1.7)

598 536 0.11

E2 295 (4.2),
345 (1.8),
409 (1.5)

600 531 0.14

E3 263 (3.3),
294 (1.7),
385 (0.3)

506 471, 502sh 0.18

E4 292 (4.2),
339 (1.0),
384 (0.8)

594 581, 628sh 0.07

E5 295 (3.9),
346 (1.9),
414 (1.2)

604, 617sh 581, 626sh 0.09

E6 264 (3.4)
294 (3.4)
364 (1.3)

604 580, 627sh 0.11
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Fig. 2   UV–Vis absorption of complexes E1–E6 in CH2Cl2 at 298 K
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Fig. 3   Normalized PL spectra of complexes E1–E6 in CH2Cl2 at 
298 K
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performances of E1–E6 are summarized in Table 2. Their 
onset of redox potentials were recorded. The HOMO and 
LUMO energy levels were calculated from their correspond-
ing oxidation and reduction potentials independently.

It is well understood that the energy gap of the 
iridium(III) complexes can be fine-tuned by modifying the 
molecular structure of the ligand [25]. On the whole, the 
HOMO is localized on the d-orbitals of the central iridium 
ion and the π-orbitals of the phenyl part in the cyclometalat-
ing ligands whereas the LUMO is predominantly dispersed 
on the pyridine ring in the ligand [26].

For the iridium(III) complexes, they underwent a revers-
ible oxidation wave in the range of 0.74 and 0.84 V, which 
originated from the Ir(III)/Ir(IV) oxidation. On the other 
hand, these compounds showed an irreversible reduction 
wave under a cathodic sweep. Their reduction potentials 
ranged from − 1.32 to − 1.58 V.

With regard to the preceding CV studies on the cationic 
iridium(III) complexes, the reduction potential is mainly 
attributed to the reduction capability of the N^N ligand [27, 

28]. In this case, the complexes E3 and E6 with ligand L15 
have more negative reduction potentials. Compared to the 
other compounds E1–E2 and E4–E5, the pyridyl-1,2,3-
triazole ligand in E3 and E6 made the reduction potentials 
less positive and then destabilized their LUMO levels. Fur-
thermore, considering the C^N ligands in the complexes, 
compounds E4–E6 bearing 2-phenylisoquinoline ligands 
have less negative reduction potentials than E1–E3 consist-
ing of 2-phenylpyridine.

3.4 � Thermal Properties

The thermal stabilities of these charged complexes E1–E6 
were gauged by thermogravimetric analysis. The decom-
position temperature at 5% weight-loss ranges from 324 to 
393 °C, indicating that they are thermally stable upon heat-
ing to 300 °C. Based on the nature of coordination com-
plexes, diamine ligand will dissociate from the metal atom 
in the first place. Compounds E1 and E4 as well as E2 and 
E5 exhibited similar 5%-weight loss temperature, suggestive 
of the dissociation of their N,N′-bipyridine ligands (Fig. 5 
and Table 3).

3.5 � Aggregation‑Induced Emission Enhancement 
Properties

Aggregation-induced emission enhancement (AIEE) is a 
phenomenon in which the substance is weakly emissive or 
almost non-emissive in solution but very emissive in the 
aggregate or solid state. In 2001, Tang et al. reported that 
the luminescence of an organic fluorophore was stronger in 
the aggregate state than that in the solution state [29, 30]. 
This phenomenon is called “Aggregation-Induced Emission” 
(AIE). After this, many researchers have devoted their efforts 
to construct the materials with AIE properties since aggre-
gation-caused quenching (ACQ) will deteriorate the OLED 
performance [31, 32]. In 2002, Park and co-workers reported 
that the nanoparticles exhibited enhanced fluorescence 
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Fig. 4   Normalized PL spectra of complexes E1–E6 in CH2Cl2 at 
77 K

Table 2   Electrochemical studies 
of complexes E1–E6 

[1] Obtained from the onset potential
[2] HOMO = − 4.8–Eox

[3] LUMO = − 4.8–Ered

[4] Eg = LUMO–HOMO

Complex Eox [V][1] Ered [V][1] HOMO [eV][2] LUMO [eV][3] Eg [eV][4]

E1 0.74 − 1.47 − 5.54 − 3.33 2.21
E2 0.84 − 1.45 − 5.64 − 3.35 2.29
E3 0.76 − 1.58 − 5.56 − 3.22 2.34
E4 0.80 − 1.32 − 5.60 − 3.48 2.12
E5 0.83 − 1.34 − 5.63 − 3.46 2.17
E6 0.80 − 1.46 − 5.60 − 3.34 2.26
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emission, defining aggregation-induced emission enhance-
ment (AIEE) [33].

Interestingly, two compounds E2 and E3 exhibited very 
weak emission in solution, but more intense emission in the 
aggregated state. With regard to these characteristics, these 
complexes are expected to perform AIEE behavior.

For the sake of investigating their AIEE features, differ-
ent types of solvent systems were used. Upon excitation at 
380 nm, their AIEE properties were studied by photolumi-
nescence spectroscopy.

For complex E2, different portions of hexane, a poor sol-
vent for this compound, were gradually added to the chloro-
form solutions with the hexane fractions (fh) of 0–90%. The 
concentration was kept at 3.0 × 10–5 mol/L. The emission 
intensity increased dramatically when the hexane content 
was up to 90%. The emission maximum shifted from 600 to 
569 nm and the color changed from weak orange to strong 
yellow (Fig. 6).

As for complex E3, it is very soluble in tetrahydrofuran 
but insoluble in water. After addition of water into the THF 
solution, the compound became aggregated. The PL emis-
sion was very weak when the water content was below 70%. 
Then the luminescence intensity was remarkably enhanced 
when the water content reached 70% (Fig. 7).

This phenomenon is explained by the restriction of 
molecular rotation. The larger structural relaxation as well 

as weakly emissive excited-state intraligand charge trans-
fer (3ILCT) features are responsible for the non-emission 
in solution [34]. In the solid state, the non-radiative pro-
cesses like molecular rotation and vibration, are forcefully 
restricted [35, 36]. Based on the pioneering works, the 
3ILCT can enrich the iridium(III) compounds with AIE 
properties to a certain extent.

For the AIEE-active compound, this aggregation leads 
to less vibrational motion, resulting in the suppression of 
the rate of non-radiative decay. The emission is intensely 
enhanced owing to the restriction of intramolecular rota-
tion of the ligand in the complex. Then it will prevent the 
energy loss from the non-radiative decay and more energy 
will be reserved for light emission.
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Fig. 5   A plot of weight % versus temperature for complex E3 

Table 3   Thermal studies of complexes E1–E6 

[1] Temperature at 5% weight loss

Complex Td [°C][1] Complex Td [°C][1]

E1 351 E4 351
E2 391 E5 393
E3 350 E6 324
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Fig. 6   Emission spectra of E2 in CHCl3/hexane mixture with differ-
ent hexane fractions (0–90%)
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water fractions (0–90%)
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3.6 � Device Performance

The electroluminescence properties of these iridium(III) 
complexes were investigated. A series of doped multilayer 
OLEDs with configurations of ITO/PEDOT (indium tin 
oxide/poly(3,4-ethylenedioxythiophene, 40 nm)/PVK:OXD-
7:compound (poly(N-vinylcarbazole)-1,3-bis[2-(4-tert-
butylphenyl)-1,3,4-oxadiazo-5-yl]benzene–metal complex, 
(7:3:x wt%))/TmPyPb (1,3,5-tri[(3-pyridyl)-phen-3-yl]
benzene, 50 nm)/LiF (1 nm)/Al (100 nm) were fabricated 
in which PEDOT was employed as a hole-injection layer 
and to smooth the ITO surface. PVK was used as the elec-
tron-blocking layer to accomplish the charge balance in the 
emissive layer [37] whereas OXD-7 acts as the electron-
transporting material [38].

As summarized in Table 4, the devices based on com-
pounds E1–E6 were optimized. All of the devices D1–D3 
containing 2-phenylpyridine ligands showed better efficien-
cies than those D4–D6 bearing 2-phenylisoquinoline ligands. 
Device D1 based on complex E1 exhibited maximum lumi-
nance (Lmax) of 26,800 cd/m2, current efficiency (ηL, max) 
of 35.0 cd/A and power efficiency (ηP, max) of 18.5 lm/W, 
which was much higher than device D2 based on complex 
E2. As shown in Fig. 8, the device D1 gave a greenish yel-
low emission peaking at 535 nm with the CIE coordinates 
of (0.38, 0.56), which was significantly blue-shifted than 
D2. It was noteworthy that the device D1 exhibited a small 
efficiency roll-off and maintained current efficiencies of 
33.4 and 30.8 cd/A, respectively at 100 and 1000 cd/m2. 
This may be attributed to the sufficient triplet energy levels 
between Ir(ppy) core and ligand L1 resulting in a complete 
energy transfer within the complex. However, the poor solu-
bility of complex E1 is not beneficial for device fabrication. 
Complex E2 bearing two tert-butyl groups on 3,6-position 
of 9-phenyl-9H-carbazole moieties in the device D2 can 
improve the solubility itself and tune the energy band gap. It 
showed a yellow emission with a maximum at 555 nm, Lmax 
of 39,200 cd/m2, current efficiency (ηL, max) of 27.7 cd/A and 
power efficiency (ηP, max) of 11.7 lm/W (Fig. 9).

4 � Concluding Remarks

Aggregation in the solid state causes self-quenching, which 
deteriorate the OLED performance. As mentioned above, 
the charged iridium(III) complexes reported by Su and co-
workers exhibited AIE properties, which could overcome 
the problems on aggregation-caused quenching. In order to 
suppress the triplet–triplet annihilation and π–π stacking, 
some bulky ancillary ligands were introduced into our cati-
onic iridium(III) complexes and their EL performance was 
investigated.

Most compounds except E3 showed red emission at 
room temperature and significantly blue-shifted bands at 
77 K in the solid matrices. Interestingly, compounds E2 
and E3 showed AIEE properties. They were weakly emis-
sive in the “good” solvent. The addition of “poor” solvent 
resulted in strong emission. As is known, it is difficult to 
obtain the charged metal complexes with good EL per-
formance. It was found that attaching the bulky groups 
on the ancillary ligand can alleviate the problems of self-
quenching in the solid state and improve the solubility of 

Table 4   EL performance of the 
charged Ir(III) complexes.[a]

[a] Von is the turn-on voltage at 1 cd/m2, Lmax is the maximum luminance, ηL, max and ηP, max is the max-
imum current efficiency and power efficiency, respectively. CIE is the Commission International de 
l’eclairage Coordinates

λem [nm] Von [V] Lmax [cd/m2] ηL, max [cd/A] ηP, max [lm/W] CIE [x, y]

E1 (7 wt%) 535 4.8 26,800 35.0 18.5 (0.38, 0.56)
E2 (5 wt%) 555 6.0 39,200 27.7 11.7 (0.44, 0.54)
E3 (5 wt%) 484sh, 512 4.0 19,180 22.5 14.0 (0.18, 0.48)
E4 (2 wt%) 590, 631sh 5.8 7800 9.4 4.6 (0.59, 0.39)
E5 (1 wt%) 592, 632sh 4.8 8350 10.3 6.0 (0.60, 0.39)
E6 (5 wt%) 590sh, 632 5.0 5305 8.5 4.6 (0.60, 0.38)
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Fig. 8   Normalized EL spectra of the devices D1–D6 
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the complex. Among these charged metal complexes, E1 
exhibited Lmax of 26,800 cd/m2, ηL, max of 35.0 cd/A and 
ηP, max of 18.5 lm/W with a small efficiency roll-off sug-
gesting that introducing the bulky moieties would alter the 
device efficiency significantly.
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