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Experimental section

Materials and measurements

All the organic materials used in this study were obtained commercially and used as received without further 

purification except for Ir(BTBP)2POP, which was synthesized and purified in our laboratory. 1H and 19F 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). The high resolution mass spectra (HR EI-MS) were 

recorded on an Agilent 6540 UHD Accurate-Mass Q-TOF LC/MS. 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 (PL) spectra were measured on a Shimadzu 

UV-3100 and a Hitachi F-4600 spectrophotometer at room temperature, respectively. The luminescence quantum 

efficiencies were calculated by a comparison of the emission intensities (integrated areas) of a standard sample 

fac-Ir(ppy)3 and the unknown samples in deaerated CH2Cl2 solutions of 5 × 10-5 mol L-1.1 Cyclic voltammetry 

measurements were conducted on a MPI-A multifunctional electrochemical and chemiluminescent system (Xi’an 

Remex Analytical Instrument Ltd. Co., China) at room temperature, with a polished Pt plate as the working 
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electrode, platinum thread as the counter electrode and Ag-AgNO3 (0.1 M) in CH3CN as the reference electrode, 

tetra-n-butylammonium perchlorate (0.1 M) was used as the supporting electrolyte, using Fc+/Fc as the internal 

standard, the scan rate was 0.05 V/s.

Syntheses
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Scheme S1. Synthetic routes of ligands and the complex.

Scheme S1 shows the chemical structure of the Ir(BTBP)2POP complex. The cyclometallated ligand (2',6'-

bis(trifluoromethyl)-2,4'-bipyridine, BTBP), cyclometallated Ir(III) chloro-bridged dimer ([(BTBP)2Ir(μ-Cl)]2) and 

the ancillary ligand (HPOP) were synthesized according to our previous report.2 All reactions were performed 

under nitrogen. Solvents were carefully dried and distilled from appropriate drying agents prior to use.

General syntheses of Ir(BTBP)2POP

The chloro-bridged dimer ([(BTBP)2Ir(μ-Cl)]2, 0.2 mmol) and the ancillary potassium salt (KPOP, 0.5 mmol) in 2-

ethoxyethanol (20 mL) was refluxed for 24 h. After the mixture was cooled, the solvent was evaporated at low 

pressure. The crude product was washed by water, and the column chromatography using CH2Cl2 as the eluent 

gave the complex which was further purified again by sublimation in vacuum.

Ir(BTBP)2POP (yield: 53%): 1H NMR (300 MHz, CDCl3) δ 8.70 (d, J = 5.6 Hz, 1H), 8.10 (t, J = 7.9 Hz, 3H), 

8.04 (s, 1H), 7.85 (t, J = 7.7 Hz, 2H), 7.74 (d, J = 7.1 Hz, 2H), 7.57 (dd, J = 10.2, 7.7 Hz, 2H), 7.49 (t, J = 7.3 Hz, 

3H), 7.20 (d, J = 6.6 Hz, 2H), 7.01 (t, J = 6.6 Hz, 1H), 6.63 (d, J = 8.4 Hz, 1H), 6.52 (t, J = 7.4 Hz, 1H). 19F NMR 

(400 MHz, CDCl3) δ -63.60 (s, 3F), -64.12 (s, 3F), -67.28 (s, 3F), -67.44 (s, 3F). HR EI-MS m/z calcd for 

C38H19F12IrN6O2: 1012.1085, found: 1013.1081 [M+H]+. Anal. Calcd. For C38H19F12IrN6O2: C, 45.11; H, 1.89; N, 

8.31. Found: C, 45.06; H, 1.92; N, 8.33.



Thermal stability

200 400 600 800
0

20

40

60

80

100

M
as

s 
(%

)

Temperature (°C)

 TG
 DSC

-1

0

1

2

D
SC

 (m
W

/m
g)

Fig. S1. TG and DSC thermograms of Ir(BTBP)2POP.

The thermal stability of the emitters is important for the stability of OLEDs. The thermal properties of 

Ir(BTBP)2POP were characterized by thermogravimetric (TG) and different scanning calorimetry (DSC) 

measurements under a nitrogen steam. From the DSC curve in Fig. S1 it can be observed that the melting point of 

Ir(BTBP)2POP is as high as 320 °C. The TG curve gives the decomposition temperature (5% loss of weight) of 

382 °C for Ir(BTBP)2POP. Furthermore, the complex can be vacuum evaporated easily without decomposition 

and shows good film-forming ability, which indicates that the complex is potential emitting material for the 

fabrication of stable OLEDs.

Photophysical property
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Fig. S2. Normalized UV-vis absorption and emission spectra of Ir(BTBP)2POP in degassed CH2Cl2 solutions (5 × 

10-5 mol·L-1) at room temperature and 77 K.



The UV-vis absorption spectra of the Ir(BTBP)2POP complex in degassed CH2Cl2 at 5 × 10-5 mol·L-1 is shown 

in Fig. S2 and the physical data are listed in Table S1. The intense bands at high energy (230-350 nm) are assigned 

to the spin-allowed ligand-centered 1LC (π-π*) transition of the cyclometalated primary ligand (BTBP) and the 

ancillary ligand. The relatively weak absorption bands at lower energies extending into the spectral region (350-

500 nm) are attributed to the mixing of the spin-allowed singlet metal-to-ligand charge-transfer (1MLCT) and 

triplet metal-to-ligand charge-transfer (3MLCT) states, or LLCT (ligand-to-ligand charge-transfer) transition 

through strong spin–orbit coupling of iridium atoms.3 Photoluminescence measurements were conducted in 

deaerated CH2Cl2 solutions at room temperature and 77 K (Fig. S2 and Table S1). Under the excitation of 393 nm, 

Ir(BTBP)2POP complex emitted green phosphorescence in CH2Cl2
 at room temperature with the peak maxima at 

503 nm. Moreover, the quantum yield of the complex in solution is 88.25%. 

As shown in Fig. S2, the structured emission at 77 K reveals that the mixing between the 3MLCT and the LLCT 

levels is so effective that an almost ligand-centered emission is observed upon freezing of the matrix. The rigidity 

of the solvent dramatically affects the stabilization of the charge-transfer states, which shift to higher energy at low 

temperature, and the electronic mixing of the two states decreases. 

The phosphorescence lifetime (τ) is the crucial factor that determines the rate of triplet-triplet annihilation in 

OLEDs. Longer τ values usually cause greater triplet-triplet annihilation.4 The lifetimes of Ir(BTBP)2POP is in 

the range of microseconds (2.86 μs in CH2Cl2 solution) at room temperature (Table S1) and is indicative of the 

phosphorescent origin for the excited states.

Table S1.  Physical data of Ir(BTBP)2POP.

em 
c)

(nm)Complex
Tm/Td a)

(°C)

abs
 b)

(nm)
298 K 77 K

Фp 
d)

(%)

 e)

(s)

HOMO/LUMO f)

(eV)

Ir(BTBP)2POP 320/382 238, 258, 393 503 494, 521 88.25 2.86 -5.93/-2.76

a) Tm: melting temperature, Td: decomposition temperature; b) Measured in degassed CH2Cl2 solution at a concentration of 5 × 10-5 

mol·L-1 at room temperature; c) Measured in degassed CH2Cl2 solution at a concentration of 5 × 10-5 mol·L-1 at 298 and 77 K, 

respectively; d) Measured in degassed CH2Cl2 solution at room temperature using fac-Ir(ppy)3 as the standard sample (Φ = 0.4). e) 

Measured in degassed CH2Cl2 solution at a concentration of 5 × 10-5 mol·L-1 at room temperature; f) 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 (CH2Cl2: CH3CN = 1: 1).

Since Ir(BTBP)2POP existed in films in OLEDs, the UV-vis absorption and emission spectra of the complex in 

films of different host materials with different doping concentration (0, 6, 8, 10, 100 wt%) were carried out and 

shown in Fig. S3. From the UV-vis absorption spectra of Ir(BTBP)2POP in films of mCP (Fig. S3 (a)) and PPO21 

(Fig. S3 (b)) with different doping concentration, it can be figured out that the absorption peaks at lower energies 

extending into the spectral region (360-500 nm) rise as the doping concentration increases, and the absorption 

spectra are similar to those in degassed solution (Fig. S2) when the films are consisted of Ir(BTBP)2POP with 100 

wt% doping concentration. On the other hand, the intense bands at high energy (230-360 nm) of the absorption 

spectra in the films with the doping concentration of 6, 8 and 10 wt% are similar, which are attributed to the 

mixing of the relevant absorption bands of host materials and Ir(BTBP)2POP.

The emission spectra of films with different doping concentration of Ir(BTBP)2POP (6, 8, 10, 100 wt%) were 

measured under the excitation of 393 nm, which were also depicted in Fig. S3. Films of 6, 8 and 10 wt% doping 

concentration have almost the same emission spectra with a maximum peak (496 – 498 nm) similar to the EL 

spectra of OLEDs. The absence of mCP or PPO21 emission suggests a complete energy transfer from the host to 

the dopant excited by photons. A peak maxima at 516 nm was found in the emission spectrum of the film of 

Ir(BTBP)2POP without doping, which was red shifted compared with the PL spectrum in degassed solution at 

room temperature caused by the interactions of molecules in the solid state.
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Fig. S3. Normalized UV-vis absorption and emission spectra of Ir(BTBP)2POP in films of mCP (a) and PPO21 (b) 

with different doping concentration.



Electrochemical properties and theoretical calculation
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Fig. S4. Cyclic voltammogram curve (left) and contour plots of HOMO/LUMO with theoretical (black) and 

experimental (red) energy levels (right) of Ir(BTBP)2POP.

The redox properties and HOMO/LUMO energy levels of the dopants are relative to the charge transport ability 

and the OLED structure. In order to calculate the HOMO and LUMO energy levels of the complex, the 

electrochemical properties of Ir(BTBP)2POP were measured by cyclic voltammetry in deaerated solution (CH2Cl2: 

CH3CN = 1: 1) (Fig. S5 (left)). The HOMO level was calculated from the oxidation peak potential (Eox) and the 

band gap (Eg) was calculated from the UV-vis absorption edges.8 Then the LUMO level was determined according 

to the equation LUMO = HOMO + Eg. The electrochemical data are collected in Table S4.The cyclic 

voltammograms of the complex in the positive range show strong oxidation peaks, while the reduction peaks are 

not obvious, demonstrating that the redox process of the complex is not reversible completely, which is also 

observed in related Ir(III) complexes containing oxadiazole units.9 In the negative potential scan rang the complex 

exhibits quasi-reversible oxidation and reduction process due to the 1,3,4-oxadiazol substituent suggesting the 

electron-transporting and electron trapping characteristics. From Fig. S5 and Table S4, it can be observed that the 

HOMO and LUMO levels of Ir(BTBP)2POP are -5.58 eV and -2.76 eV, respectively. 

For providing further study of the electronic structures of the complex, the theoretical calculation was performed 

on optimized geometries in CH2Cl2. The calculations on the ground electronic states of the complexes were carried 

out using density functional theory (DFT) and time-dependent DFT (TD-DFT) at the B3LYP level.10 The basis set 

used for C, H, N, O, F and S atoms was 6-31G(d, p) while the LanL2DZ basis set was used for Ir atoms.11 The 

solvent effect of CH2Cl2 was taken into consideration using conductor-like polarizable continuum model (C-

PCM).12 All these calculations were performed with Gaussian 09.13 QMForge program was used to give accurate 



percentage data of FMOs. Contour plots of the frontier molecular orbitals (FMOs) are shown in Fig. S5 (right). 

The energies and percentage composition of ligand and metal orbitals are shown in Table S5.The results are 

helpful for the assignment of the electron transition characteristics and the discussion on the photophysical 

variations. According to Fig. S5 (right) and Table S5, it is obviously that the HOMO corresponds to a mixture of 

the d orbitals of Ir (15.56 %) and the π orbitals of the phenyl ring of the ancillary ligand (77.69 %) with minor 

contribution from the BTBP ligand (6.75 %). The oxidation processes occurred with metal centered orbitals and a 

contribution from the phenyl ring of ancillary ligands.19 On the other hand, the LUMO level of Ir(BTBP)2POP is 

mainly located on the primary ligand (BTBP) with the composition of 94.38 %, while the ratio on the ancillary 

ligand is as low as 2.75 %.

Table S2. Electrochemical data of Ir(BTBP)2POP.

Complex Eox (V) a) Ered (V) HOMO (eV) b) LUMO (eV) Eg (eV)

Ir(BTBP)2POP 0.95 -1.34 -5.58 -2.76 2.82

a) Oxidation potential measured in solution at 0.05 mV/s.

b) The HOMO energy levels were calculated from the equation: HOMO (eV) = Eox - E+
Fc

+
/Fc + 4.8.

Table S3. Percentage distributions of HOMO and LUMO in Ir(BTBP)2POP.

Composition (%)
Complex Orbital

Energy/eV  

(Calculated)

Egap/eV

(Calculated) Ir BTBP LX

HOMO -5.517 15.56 6.75 77.69
Ir(BTBP)2POP

LUMO -2.065
3.451

2.86 94.38 2.75



Fig. S5. 19F NMR spectrum of Ir(BTBP)2POP.
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