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Abstract
Two new iridium(III) complexes were synthesized and fully characterized, [(bo)2Ir(pzpy)] (2a) and [(bo)2Ir(pzpyz)] 
(2b) (where bo = 2-phenylbenzo[d]oxazole, pzpy = 2-(1H-pyrazol-3-yl)pyridine, pzpyz = 2-(1H-pyrazol-3-yl)pyrazine). 
The single crystal structures of 2a-2b have been determined. Considering the relationship between their structures and 
photophysical properties, DFT calculations have been used to further support this inference. These Ir(III) complexes 
emit from the excited state of 3MLCT/3LLCT in the green and yellow region, and the quantum yields in the degassed 
CH2Cl2 solution at room temperature are 35.2% and 46.1%. Theoretical and experimental results show that iridium(III) 
complexes 2a-2b are promising phosphorescent material.
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1. Introduction
Neutral mononuclear cyclometalated iridium com-

plexes have been found to be suitable for use in organic 
light emitting diodes (OLEDs).1–3 The privileged use is due 
to their interesting luminescence properties,4–5 such as 
high quantum yields, long excited-state lifetimes, and tun-
able emission color over the entire visible spectrum.6–7 
Most often, the variation of their emission color was large-
ly governed by the cyclometalated and/or ancillary ligands 
structures. 

2-phenylbenzo[d]oxazole (bo) is one typical ligand 
framework for constructing Ir(III) complexes, and can be 
used to fine-tune the emission color of complexes by judi-
cious modification.8–10 For example, in 2015, we reported 
Ir(bo)2(acac) derivatives with substituents on the benzox-
azole ring and their emissions covered a narrow range 
from 560 to 566 nm.11 The color adjusting by the change of 
cyclometalated ligands structures were not very satisfacto-
ry, although the quantum yield was up to 53.5%. After-
ward, we designed a series of bo-based iridium(III) com-

plexes with different N^O ancillary ligands. They exhibit-
ed a wide range of emission wavelengths (λmax = 531–598 
nm) with high quantum yields (19%–94%).12 The research 
findings showed that the structures of ancillary ligands 
have obvious effect on tuning the emission color of bo-
based iridium(III) complexes. Therefore, we wanted to 
further investigate other types of ancillary ligands. In this 
paper, we design two N^N ancillary ligands (a and b) and 
synthesize two bo-based iridium(III) complexes (2a and 
2b) (Scheme 1). The photophysical and electrochemical 
properties of these complexes were investigated, and the 
lowest energy electronic transitions were analyzed based 
on density functional theory (DFT) and time-dependent 
DFT (TDDFT).

2. Experimental
2. 1. Materials and Instrumentations

2-aminophenol and benzaldehyde were obtained 
from Hebei Guanlang Biotechnology Co., Ltd.. 2-(prop-1-
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en-2-yl)pyridine, 2-(prop-1-en-2-yl)pyrazine and 1,1-di-
methoxy-N,N-dimethylmethanamine were obtained from 
Dayang Chemicals Co., Ltd., SAGECHEM LIMITED and 
Sigma-Aldrich, respectively. IrCl3 ∙ 3H2O was industrial 
products. The target ligands 2-phenylbenzo[d]oxazole (1), 
2-(1H-pyrazol-3-yl)pyridine (a) and 2-(1H-pyrazol-3-yl)
pyrazine (b) were prepared according to the literature 
method.13–15 All commercial chemicals were used without 
further purification unless otherwise stated. Solvents were 
dried and degassed following standard procedures. 1H 
NMR spectra were recorded on a Bruker AM 400 MHz in-
strument. Chemical shifts were reported in ppm relative to 
Me4Si as internal standard. UV-Vis spectra were recorded 
on a Hitachi U3900/3900H spectrophotometer. Fluores-
cence spectra were carried out on a Hitachi F-7000 spectro-
photometer. The FTIR spectra were taken on a Nicolet 
6700 FTIR spectrometer (400-4000 cm-1) with KBr pellets.

2. 2. Synthesis of (bo)2Ir(pzpy) (2a)
A mixture of IrCl3 · 3H2O (306 mg) and 2-phenyl-

benzo[d]oxazole (500 mg) in 15 mL of 2-ethoxyethanol 
and H2O (v: v = 2:1) was heated at 120 °C for 12 hours 
under N2. After cooling to room temperature, the yellow 
precipitate was collected by filtration and washed with 
cooled ether and MeOH. After drying, the crude product 
of chlorine bridged dimer complex [(bo)2Ir(μ-Cl)]2 can be 
used in the next step without further purification. This was 
followed by crude chlorine bridged dimer (207 mg), 
2-(1H-pyrazol-3-yl)pyridine (54 mg, 2.2 eq ) and Na2CO3 
(88 mg, 5.0 eq). In 2-ethoxyethanol (10 ml), the mixture 
was heated at 120 °C under N2 for 12 hours. After remov-
ing the solvent, the mixture was poured into water, extract-

ed three times with CH2Cl2, and then evaporated. The res-
idue was purified by flash column chromatography (DCM: 
MeOH = 50: 1) to obtain iridium complex 2a as a yellow 
solid (76 mg, yield: 64.6%). 1H NMR (400 MHz, CDCl3) δ 
7.93 (s, 1H), 7.80–7.67 (m, 4H), 7.56 (dd, J = 17.5, 9.0 Hz, 
2H), 7.31 (d, J = 6.9 Hz, 2H), 7.14 (s, 2H), 6.96 (dd, J = 44.3, 
7.6 Hz, 6H), 6.71 (s, 2H), 6.65 (s, 1H), 5.97 (dd, J = 16.8, 7.8 
Hz, 2H). MS (ESI): m/z = 726.0 [M+]. IR (KBr, cm–1): 
2856(w), 1649(w), 1592(vs), 1520(m), 1448(vs), 1387(s), 
1252(w), 1188(w), 1130(s), 1084(s) 1045(w), 816(w), 
742(m), 474(m). Calcd for C33H21IrN5O2 (%): C 56.34, H 
3.06, N 9.66; Found: C 55.67, H 3.22, N 9.37.

2. 3. Synthesis of (bo)2Ir(pzpyz) (2b)
The complex 2b (70 mg, yield: 59.4%) was obtained 

using 2-(1H-pyrazol-3-yl)pyrazine instead of 2-(1H-pyra-
zol-3-yl)pyridine by a method similar to that of preparing 
2a. 1H NMR (400 MHz, CDCl3) δ 9.04 (s, 1H), 8.22 (d, J = 
2.3 Hz, 1H), 7.92 (s, 1H), 7.82 (dd, J = 16.8, 9.6 Hz, 3H), 
7.69–7.56 (m, 2H), 7.42–7.33 (m, 2H), 7.19 (t, J = 7.8 Hz, 
1H), 7.14–6.91 (m, 5H), 6.88 (s, 1H), 6.74 (d, J = 7.5 Hz, 
1H), 6.65 (d, J = 7.6 Hz, 1H), 6.01 (dd, J = 26.9, 8.0 Hz, 
2H). MS (ESI): m/z = 727.0 [M+]. IR (KBr, cm–1): 2962(m), 
2920(m), 2854(w), 1595(m), 1520(m), 1452(m), 1387(m), 
1335(w), 1259(s), 1092(vs), 1030(vs), 804(vs), 742(m), 
476(w). Calcd for C33H21IrN6O2 (%): C 54.61, H 2.92, N 
11.58; Found: C 54.95, H 3.08, N 11.04.

2. 4. Crystallographic Studies
X-ray diffraction data were collected with an Agilent 

Technologies Gemini A Ultra diffractometer equipped 

Scheme 1. Synthetic routes of Ir(III) complexes 2a–2b.
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with graphite-monochromated Mo Kα radiation (λ = 
0.71073 Å) at room temperature. Data collection and re-
duction were processed with CrysAlisPro software.16 The 
structure was solved and refined using Full-matrix least-
squares based on F2 with program SHELXS-97 and 
SHELXL-9717 within Olex2.18 All non-hydrogen atoms 
were found in alternating difference Fourier syntheses and 
least-squares refinement cycles and, during the final cy-
cles, refined anisotropically. Hydrogen atoms were placed 
in calculated positions and refined as riding atoms with a 
uniform value of Uiso.

2. 5. Computational Method
The geometry of complexes 2a–2b was optimized 

starting from the X-ray data by the DFT (density function-
al theory) method with B3LYP (Becke three-parameter 
Lee-Yang-Parr) hybrid density functional theory and the 
6-31G* basis set. All calculations were carried out with 
Gaussian 09 software package.19

3. Results and Discussion
3. 1. Description of Crystal Structure

The single crystal structures of 2a–2b were obtained 
by X-ray diffraction studies, and ORTEP diagrams are 

shown in Fig. 1. The crystallographic data and structural 
details are given in Table 1. The selected bond lengths and 
bond angles are collected in Table S1.

For the structures of these complexes, the Ir(III) cen-
tre adopts a twisted octahedral geometry, and the C^N li-
gands are in cis-C,C’ and trans-N,N’ configurations. The 
Ir–N average bond lengths of 2a (2.077Å) and 2b (2.100Å) 
are longer than the Ir–C average bond lengths of 2a 
(2.019Å) and 2b (2.041Å), which are reported in other 
iridium complexes.20 Furthermore, the Ir–N bonds be-
tween the iridium and N^N ligands (2.081–2.152 Å) are 
longer than those between the iridium and C^N ligands 
(2.037–2.073Å), consistent with strong trans influence of 
the C^N ligands. The octahedral para-orbital angles range 
from 171.0(5)° to 174.6(5)° for 2a and from 171.9(4)° to 
174.9(4)° for 2b, which is close to a straight line. The met-
ric parameters of the two iridium complexes are similar 
owing to the same cyclometalated ligands and analogous 
ancillary ligands.

Fig. 1. ORTEP view of 2a (up) and 2b (down) with the thermal el-
lipsoids drawn at the 50% probability level. Hydrogen atoms and 
solvent molecules are omitted for clarity.

Table 1. Crystallographic data for complexes 2a–2b.

	 2a	 2b

Empirical formula	 C34H22IrN5O2	 C33H21IrN6O2·H2 O
Mr	 724.76	 743.77
Crystal system	 Monoclinic	 Monoclinic
Space group	 P21/c	 P21/c
Wavelength / Å	 0.7107	 0.7107
X-radiation	 Mo-Kα	 Mo-Kα 
(graphitemonochromator)	
T / K	 293(2)	 293(2)
a (Å)	 11.9035(5)	 11.951(3)
b (Å)	 17.9960(9)	 18.130(6)
c (Å)	 13.7103(7)	 13.742(4)
α (°)	 90	 90
δ (°)	 96.654(4)	 98.00(2)
γ (°)	 90	 90
V (Å3)	 2917.2(2)	 2948.4(15)
Z	 4	 4
Dcalcd (Mg/m3)	 1.650	 1.676
F(000)	 1416	 1456
Absorption 	 4.616	 4.573 
coefficient (mm–1)	
Index ranges	 –14 ≤ h ≤ 11	 –14 ≤ h ≤14
	 –21 ≤ k ≤ 22	 –22 ≤ k ≤ 21
	 –15 ≤ l ≤ 17	 –17 ≤ l ≤ 17
Rint	 0.0484	 0.1096
GOF (F2)	 1.037	 1.028
R1

a, wR2
b (I>2σ(I))	 0.0634, 0.1601	 0.0694, 0.1674

R1
a, wR2

b (all data)	 0.1146, 0.2001	 0.1262, 0.2336
aR1 = ∑||Fo|–|Fc||/∑|Fo|. bwR2 = [∑w(Fo

2–Fc
2)2/∑w(Fo

2)]1/2

3. 2. Electronic Absorption Spectra
The UV-Vis absorption spectra of 2a–2b were re-

corded at room temperature in CH2Cl2 solutions, as shown 
in Fig. 2, and the data are summarized in Table 2. All of the 
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complexes exhibit intense absorption bands in the ultravi-
olet region at wavelengths below 310 nm, which are as-
signed to the spin-allowed π–π* transitions on the CÙN 
main ligands and the N^N ancillary ligands. The weaker 
absorption bands in the range 350–450 nm are likely at-
tributed to metal-to-ligand charge-transfer transitions 
(1MLCT and 3MLCT).21–22 Compared with complex 2a, 
complex 2b has a red-shifted, which may be caused by the 
ancillary ligand. This speculation will be confirmed by 
electrochemical analysis and DTF calculations.

be 35.2% and 46.1% with reference to fac-Ir(ppy)3 (Φ =  
0.40).25 

3. 4. Theoretical Calculations
Density functional theory (DFT) and time-depen-

dent DFT (TD DFT) calculations have been performed on 
the complexes 2a–2b to obtain an insight into the lowest 
energy electron transition. The most representative molec-
ular front orbital diagram of these complexes is shown in 
Fig. 4. The calculated spin-allowed electron transitions are 
provided in Table 3 and compared with the experimental 
absorption spectra data. The electron density distribution 
data are summarized in Table S2.

As shown in Fig. 4, the HOMOs of these complexes 
are mainly located on the metal center and C^N ligands. 
Meanwhile, the LUMO of 2a is mostly dominated on C^N 
ligands, while LUMO of 2b is mainly located on the whole 
ancillary ligands. In addition, the LUMO+1s of these com-
plexes are primarily centered on the C^N main ligands, 
while HOMO-1s are delocalized over the metal center, 
C^N ligands and ancillary ligands. The theoretical calcula-
tion of DFT shows that the lowest energy spin-allowed 
transitions of 2a–2b come from HOMO→LUMO/
LUMO+1 and HOMO→LUMO+1/HOMO–1→LUMO 
transitions (Table 3), and therefore attributed to met-
al-to-ligand charge transfer transition and ligand-to-li-
gand π–π* transition. These calculations support the pho-
tophysical properties discussed above.

Fig. 2. UV-Vis absorption spectra of 2a–2b, recorded in CH2Cl2 at 
room temperature.

Table 2. Photophysical and electrochemical data of complexes 2a–2b.

Complex	 Absorptiona	 Emissiona	 Φem
b	 Eox

a	 HOMOc	 HOMOd

	 λabs (nm)	 λem (nm)	 (%)	 (V)	 (eV)	 (eV)

2a	 229, 240, 295	 518, 547(sh)	 35.2	 1.57	 –6.37	 –5.44
2b	 228, 295, 308(sh)	 529, 552 	 46.1	 1.62	 –6.42	 –5.54

aData were collected from degassed CH2Cl2 solutions at room temperature.  bfac-Ir(ppy)3 as referenced standard (0.4).25  cHOMO energies are de-
duced from the equation HOMO = ‒ (Eox+ 4.8 eV).  dObtained from theoretical calculations.

3. 3. Emission Properties

The photoluminescence emission spectra of iridium 
complexes 2a–2b in degassed CH2Cl2 solution at room 
temperature and corresponding data are described in Fig. 
3 and Table 2, respectively. Complex 2a exhibits green 
phosphorescence with the broad emission maxima peak at 
518 nm and a shoulder peak at 547 nm, whereas 2b is yel-
low emissive with the broad emission maxima peak at 
529–552 nm. For their emission, the excited state of 2a is 
attributed to the mixing of 3MLCT and 3LC,23 while that of 
2b is mainly attributed to 3MLCT.24 As expected, the emis-
sion band of 2b has red-shifted with respect to 2a due to 
different ancillary ligands, which is consistent with ab-
sorption analysis. In addition, the quantum yields of 2a 
and 2b in solution at room temperature were measured to 

Fig. 3. The emission spectra of 2a–2b in CH2Cl2 at room temperature.
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3. 5. Electrochemical Properties

The electrochemical properties of 2a–2b were stud-
ied by cyclic voltammetry and shown in Fig. 5. The corre-

sponding electrochemical data and estimated HOMO en-
ergy levels are summarized in Table 2. The complexes 2a–
2b exhibit quasi-reversible oxidation peaks at 1.57 V and 
1.62 V, respectively. From DFT calculations (Table S2), 
HOMO is mainly located on Ir ions (47.77% for 2a and 
46.90% for 2b) and C^N ligands (40.97% for 2a and 
44.91% for 2b). Thus, their oxidation processes are as-
signed to Ir (III) to Ir (IV) and some contributions of the 
C^N ligands.26 Based on the oxidation potential, the 
HOMO energy is derived from the equation EHOMO = – 
(Eox + 4.8 eV), and the trend is consistent with the theoret-
ical calculations (Table 2). From these results, it can be 
seen that because of the different number of nitrogen at-
oms in the ancillary ligands, the HOMO level of 2b is more 
stable than that of the analogue 2a, and the oxidation pro-
cess of 2b is more difficult than that of 2a. 

4. Conclusions
In summary, the syntheses, characterization, as well 

as electrochemical, spectroscopic and photophysical prop-

Table 3. Main experimental and calculated optical transitions for 2a–2b.

Complex	 Orbital Excitations	 Transition	 Character	 Oscillation 	 Calcd	 Exptl
				    Strength	 (nm)	 (nm)

2a	 HOMO → LUMO	 MLCT/LLCT	 dπIr/πbo→ π*
bo	 0.0802	 408	 407

	 HOMO → LUMO+1	 MLCT/LLCT	 dπIr/πbo→ π*
bo	 0.0401	 393	

2b	 HOMO→LUMO+1	 MLCT/LLCT	 dπIr/πbo→ π*
bo	 0.0242	 403	 372

	 HOMO–1→LUMO	 MLCT/LLCT	 dπIr/πbo/πpzpyz→ π*
pzpyz	 0.0225	 397	

Fig. 4. The frontier molecular orbital energy-level diagrams of 2a–2b from DFT calculations.

Fig. 5. Cyclic voltammograms for 2a–2b in CH2Cl2 solution con-
taining n-Bu4NClO4 (0.1 M) at a sweep rate of 100 mV/s.
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erties of two new bo-based iridium(III) complexes are re-
ported. The room-temperature phosphorescence of these 
complexes is tunable from green to yellow depending on 
the different ancillary ligands. It was also found that as the 
number of nitrogen atoms increased on the ancillary li-
gands, the quantum yields became larger and emission be-
came brighter. The DFT calculated results are in good 
agreement with the actual absorption spectra, indicating 
that the lowest absorption is assigned to the MLCT/LLCT 
transition. These results will facilitate the design of new 
bo-based iridium(III) complexes for highly efficient 
OLEDs.
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Povzetek
Sintetizirali in karakterizirali smo dve novi kompleksni spojini Ir(III): [(bo)2Ir(pzpy)] (2a) in [(bo)2Ir(pzpyz)] (2b) (bo 
= 2-fenilbenzo[d]oksazol, pzpy = 2-(1H-pyrazol-3-yl)piridin, pzpyz = 2-(1H-pirazol-3-yl)pirazine). Spojinama smo z 
rentgensko strukturno analizo monokristalov določili kristalni strukturi. DFT izračune smo uporabili za interpretacijo 
lastnosti spojin v povezavi z njunima strukturama. Kompleksa Ir(III) imata prehod iz vzbujenega stanja 3MLCT/3LLCT 
v zelenem in rumenem območju s kvantnima izkoristkoma v raztopini CH2Cl2 pri sobni temperaturi 35,2% in 46,1%. 
Rezultati teoretičnih izračunov in eksperimentalni podatki kažejo, da sta kompleksa Ir(III) (2a in 2b) obetajoča fosfo-
rescenčna materiala.
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