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We report the synthesis and characterization of the cationic iridium complexes [Ir(ppy)2(mpoxd)]PF6 (1),
[Ir(dfppy)2(mpoxd)]PF6 (2), [Ir(piq)2(mpoxd)]PF6 (3), and [Ir(pq)2(mpoxd)]PF6 (4) bearing 2-phenylpyridine
(Hppy), 2-(2,4-difluorophenyl)pyridine (Hdfppy), 1-phenylisoquinoline (Hpiq), and 2-phenylquinoline (Hpq)
as cyclometalating ligands and 5-methyl-3-(2-pyridyl)-1,2,4-oxadiazole (mpoxd) as an ancillary ligand. UV–vis-
ible absorption spectra, photoluminescence (PL) emission spectra, and cyclic voltammetric measurements were
obtained to explore the photophysical and electrochemical properties of 1–4. Depending on the nature of the
cyclometalating ligands, the complexes emit yellow-orange to blue light in acetonitrile solution at room temper-
ature. The significant blue shift in the emission spectrumof2 is due to the presence of electron-withdrawingfluo-
rine atoms on Hdfppy, which stabilizes the highest occupied molecular orbital (HOMO) to a greater extent than
in the other complexes. The electrochemical and photophysical properties of the complexes were also calculated
using density functional theory (DFT) and time-dependent DFT simulations. The results indicate that the optical
properties of the complexes can be effectively tuned by selective design of the cyclometalating and ancillary
ligands.
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1. Introduction

Ionic transition metal complexes (iTMCs) have attracted extensive
interest due to their unique photophysical properties [1,2]. Thesemate-
rials have found application in photocatalysis [3], bioimaging [4], solar
cells [5], light-emitting electrochemical cells (LECs) [6–9], and organic
light-emitting diodes (OLEDs) [10]. Recently, LECs incorporating
iTMCs have emerged as promising lighting devices and constitute an al-
ternative to sophisticated organic light-emitting diodes (OLEDs) due to
their low cost of production [11]. LECs are simpler devices than OLEDs
and consist of a single ionic light-emitting layer processed from solution
and placed between twometal electrodes by facile spin coating or print-
ing processes [1]. LECs are also insensitive to the electrode work func-
tion and do not require air-sensitive charge injection layers, which
allows non-rigorous encapsulation of the devices [12]. These benefits
make LECs a favorable electroluminescent device for next-generation,
flat-panel displays and solid-state lighting applications.

iTMCs, which emit light by phosphorescence, exhibit outstanding
photoluminescent quantum yields (PLQYs) in comparison to polymer-
based materials, which emit photons from singlet states and thus have
a maximum internal quantum efficiency of only 25% [13,14]. The ionic
nature of iTMCs leads to solubility in most polar organic solvents or
even aqueous media [15,16]. Moreover, iTMCs possess attractive excit-
ed state properties and show multiple stable oxidation states [17].
iTMCs with superior redox reversibility is required in LEC devices to
transport holes and electrons. During device operation, mobile ions in
the active layer of the LEC move toward the corresponding electrode
under an external bias and assist the injection of holes and electrons
from the anode and cathode, respectively. The transport and recombi-
nation of these charge carriers results in the emission of light at low op-
erating voltages and leads to better power conversion efficiencies [11,
12,18].

Among the reported phosphorescent iTMCs, cyclometalated
iridium(III) complexes are considered the most efficient and versatile
triplet emitters for LECs, because of their excellent thermal stability,
tunable emission color, and relatively short excited state lifetime [19–
26]. Cationic iridium complexes can be easily synthesized and purified
with very high yields, even close to the theoretical yield. Their large li-
gand field splitting and strong spin-orbit coupling produces efficient in-
tersystem crossing from the singlet excited state to the triplet manifold,
which enhances quantum efficiency. Cationic iridium complexes have
the general formula [Ir(C^N)2(N^N)]+, where C^N is an anionic
cyclometalating ligand andN^N is a neutral ancillary ligand. By tailoring
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Scheme 1. Chemical structures of cyclometalating ligands and synthetic routes to
complexes 1–4.
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the structures of the C^N and N^N ligands, the emission color of iridium
complexes can be controlled over the visible spectrum from blue to red
[26–28]. In the archetypical complex, [Ir(ppy)2(bpy)]PF6, the highest
occupied molecular orbital (HOMO) is located on the phenyl rings of
ppy and the iridium ion, whereas the lowest unoccupied molecular or-
bital (LUMO) is centered on the ancillary bpy ligand [9]. Thus, color
tuning can be achieved by changing substituents on the cyclometalating
ligand, which alters the HOMO energy, whereas changes on the ancil-
lary ligand alter the LUMO energy [9].

Recently, iridium complexes have beenmodified to emit light in the
blue region, because few blue emitters based on charged iridium com-
plexes have been reported so far [6]. Moreover, white LECs can be con-
structed from a combination of blue- with green- and red-emitting
iridium complexes [23]. Thus, the design of blue-emitting heteroleptic
iridium complexes is highly desirable. One strategy is to attach electron
withdrawing substituents such as\\F,\\CF3, and\\SO2R to the phenyl
groups of cyclometalating ligands, which stabilizes the HOMO. The sec-
ond tactic is to attach electron donating groups (\\NR2) to the ancillary
ligands, which destabilizes the LUMO. Both approaches widen the
HOMO-LUMO gap resulting in light emission in the blue region.

In this paper, we report the synthesis and photophysical and electro-
chemical properties of a series of cationic iridium complexes,
[Ir(ppy)2(mpoxd)]PF6 (1), [Ir(dfppy)2(mpoxd)]PF6 (2),
[Ir(piq)2(mpoxd)]PF6 (3), and [Ir(pq)2(mpoxd)]PF6 (4) by incorporat-
ing the ancillary 5-methyl-3-(2-pyridyl)-1,2,4-oxadiazole (mpoxd) li-
gand into dichloro-bridged iridium dimers containing the
cyclometalating 2-phenylpyridine (Hppy), 2-(2,4-
difluorophenyl)pyridine (Hdfppy), 1-phenylisoquinoline (Hpiq), and
2-phenylquinoline (Hpq) ligands, respectively. Photoluminescence
(PL) emission spectra demonstrate that the emission color of the com-
plexes can be systematically tuned from yellow-orange to blue by selec-
tive design of the organic ligands. We performed density functional
theory (DFT) and time-dependent DFT (TDDFT) calculations on com-
plexes 1, 2, 3, and 4. The experimental photophysical and electrochem-
ical properties were confirmed by the computations.

2. Experimental section

2.1. Materials and methods

All reactants and solvents were purchased from commercial sources
and used without further purification unless otherwise stated. 1H and
13C NMR spectra were recorded with a Varian Unity Inova 500 MHz
FT-NMR spectrometer in CD2Cl2 with tetramethylsilane (TMS) as inter-
nal standard. Elemental analyses were performed with an Elementar
Vario EL CHN elemental analyzer. Electrospray ionization mass spec-
trometry (ESI-MS) analyses were obtained on an Agilent Q-TOF 6530
MS/MS system using dichloromethane as matrix solvent. Absorption
and photoluminescence (PL) emission spectra of the complexes
(10−5 M) were measured in deaerated acetonitrile solution at room
temperature using an Agilent 8453 spectrophotometer and an F-7000
FL spectrophotometer, respectively. The PLQYs were calculated in ace-
tonitrile solutions with quinine sulfate (Φp = 0.545 in 1 M H2SO4) as
the standard. The PL decay lifetimesweremeasured in acetonitrile solu-
tion using a compact photoluminescence lifetime spectrometer. The
thin film PL spectra were made on quartz substrates by spin coating
the complexes in acetonitrile solution (10−3 M) with a thickness of
about 100 nm. The PL quantum yields of thin films were also calculated
using 9,10-diphenylanthracene (Φp = 0.90 in cyclohexane) as the ex-
ternal reference. Cyclic voltammetry (CV) was performed using an
Ivium potentiostat/galvanostat in acetonitrile solution (10−3 M). A
0.1 M solution of tetrabutylammonium hexafluorophosphate (TBAPF6)
served as supporting electrolyte. Potentials were referenced internally
to the ferricenium/ferrocene (Fc+/Fc) couple at a scan rate of 100 mV
s−1. The electrolytic cell consisted of a glassy carbon working electrode,
platinum wire counter electrode, and Ag/AgCl reference electrode. The
HOMO (EHOMO) and LUMO (ELUMO) energy levels and energy gaps
(Egap) of the iridium complexes were calculated from the oxidation
(Eox) and reduction (Ered) potentials using the empirical formulae [29,
30]: EHOMO = [−e(Eox(vs. Ag/AgCl) − E1/2(Fc+/Fc vs. Ag/AgCl))] − 4.8 eV,
ELUMO = [−e(Ered − E1/2)] − 4.8 eV, and Egap = EHOMO − ELUMO,
where E1/2 (Fc+/Fc vs. Ag/AgCl) is the redox potential of ferrocene (0.43 V).

2.2. Synthesis of cationic iridium complexes

The iridium complexes were prepared by first isolating the μ–
dichloro iridium (III) dimers described by Nonoyama by refluxing
1.0 eq of IrCl3·xH2O with 2.3 eq of the cyclometalating Hppy, Hdfppy,
Hpiq, or Hpq ligands in a mixture of 2–ethoxyethanol and water (3:1
v/v) for 24 h [31]. The [Ir(C^N)2(μ–Cl)]2 dimers were then cleaved
with mpoxd at 60 °C under argon for 18 h to form themonomeric com-
plexes as chloride salts followed by anion metathesis using ammonium
hexafluorophosphate, NH4PF6. The cationic [Ir(C^N)2(N^N)]PF6 com-
plexes were obtained in good yield and characterized by 1H NMR spec-
troscopy (ESI Fig. S1), elemental analysis, and mass spectrometry (ESI,
Fig. S2). The synthetic steps with structures of the cyclometalating li-
gands and cationic complexes are shown in Scheme 1.

2.2.1. Synthesis of [Ir(ppy)2(mpoxd)]PF6 (1)
[Ir(ppy)2Cl]2 (108 mg, 0.1 mmol) and mpoxd (37 mg, 0.23 mmol)

were dissolved in dichloromethane (15 mL) and methanol (15 mL).
The mixture was heated to reflux at 60 °C under argon for 18 h. The
chloride solution of the complex was cooled to room temperature and
subjected to ion exchange with solid NH4PF6 (65 mg, 0.4 mmol). The
solvent was removed under reduced pressure after stirring for 1 h at
room temperature. The residue was dissolved in dichloromethane and
filtered to remove insoluble inorganic impurities. The complexwas pre-
cipitated by the addition of diethyl ether to the filtrate, which was then
filtered and dried in a vacuum oven for 24 h. The crude material was
crystallized from an acetonitrile/diethyl ether mixture. Yield: 137 mg,
0.17 mmol, 85%. 1H NMR (500 MHz, CD2Cl2) δ (ppm): 8.50 (d, J =
7.75 Hz, 1H), 8.21–8.14 (m, 1H), 8.01–7.95 (m, 4H), 7.88–7.83 (m,
2H), 7.76–7.70 (m, 2H), 7.60–7.56 (m, 1H), 7.52 (d, J = 5.11 Hz, 1H),
7.22–7.18 (m, 1H), 7.10–7.03 (m, 3H), 6.95–6.89 (m, 2H), 6.34 (d, J =
7.72 Hz, 1H), 6.26 (d, J = 7.62 Hz, 1H), 2.01 (s, 3H). 13C NMR
(126 MHz, CD2Cl2) δ (ppm): 168.3, 167.6, 151.9, 149.9, 146.6, 144.3,



Fig. 1. Structures of heteroleptic iridium complexes 1–4 bearing the oxadiazole ancillary
ligand.
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139.2, 132.7, 131.8, 131.2, 126.3, 125.4, 123.7, 120.5, 11.8. Anal. Calcd
(%) for C30H23N5OPF6Ir: C, 44.67; H, 2.87; N, 8.68. Found: C, 44.70; H,
2.86; N, 8.75. ESI-MS (m/z): 662.12 [M-PF6]+.

2.2.2. Synthesis of [Ir(dfppy)2(mpoxd)]PF6 (2)
The complex was prepared by the above procedure by replacing

[Ir(ppy)2Cl]2 with [Ir(dfppy)2Cl]2 (122 mg, 0.1 mmol). Yield: 142 mg,
0.16 mmol, 81%. 1H NMR (500 MHz, CD2Cl2) δ (ppm): 8.55 (d, J =
7.86 Hz, 1H), 8.37–8.33 (m, 2H), 8.28–8.20 (m, 1H), 8.07 (d, J = 5 Hz,
1H), 7.99–7.86 (m, 3H), 7.78–7.60 (m, 1H), 7.49 (d, J = 5.04 Hz, 1H),
7.30–7.27 (m, 1H), 7.17–7.13 (m, 1H), 6.67–6.63 (m, 2H), 5.77 (d, J =
8.37 Hz, 1H), 5.66 (d, J = 8.51 Hz, 1H), 2.21 (s, 3H). 13C NMR
(126 MHz, CD2Cl2) δ (ppm): 181.3, 169.7, 163.9, 160.9, 160.4, 151.7,
150.4, 141.2, 131.2, 126.7, 124.6, 117.1, 110.6, 12.3. Anal. Calcd (%) for
C30H19N5OPF10Ir: C, 41.01; H, 2.18; N, 7.97. Found: C, 41.09; H, 2.14; N,
7.85. ESI-MS (m/z): 734.08 [M-PF6]+.

2.2.3. Synthesis of [Ir(piq)2(mpoxd)]PF6 (3)
The complex was prepared from [Ir(piq)2Cl]2 (127 mg, 0.1 mmol)

and mpoxd (37 mg, 0.23 mmol). Yield: 144 mg, 0.16 mmol, 79%. 1H
NMR (500 MHz, CD2Cl2) δ (ppm): 8.99–8.94 (m, 2H), 8.54 (d, J =
7.80 Hz, 1H), 8.34 (d, J = 8.01 Hz, 1H), 8.29 (d, J = 8.01 Hz, 1H),
8.20–8.14 (m, 1H), 8.01–7.95 (m, 2H), 7.89–7.80 (m, 6H), 7.58–7.52
(m, 2H), 7.45–7.38 (m, 2H), 7.19–7.12 (m, 2H), 6.91–6.87 (m, 2H),
6.36 (d, J = 7.73 Hz, 1H), 6.21 (d, J = 7.67 Hz, 1H), 1.95 (s, 3H). 13C
NMR (126 MHz, CD2Cl2) δ (ppm): 180.9, 170.1, 168.9, 151.7, 149.8,
146.1, 144.3, 140.4, 137.9, 133.4, 130.2, 129.8, 129.6, 128.2, 127.4,
126.9, 126.4, 123.4, 122.9, 110.6, 11.5. Anal. Calcd (%) for
C38H27N5OPF6Ir: C, 50.33; H, 3.00; N, 7.72. Found: C, 50.36; H, 3.09; N,
7.63. ESI-MS (m/z): 762.18 [M-PF6]+.

2.2.4. Synthesis of [Ir(pq)2(mpoxd)]PF6 (4)
This complex was prepared from [Ir(pq)2Cl]2 (127 mg, 0.1 mmol)

and mpoxd (37 mg, 0.23 mmol). Yield: 140 mg, 0.15 mmol, 77%. 1H
NMR (500 MHz, CD2Cl2) δ (ppm): 8.38 (d, J = 8.60 Hz, 1H), 8.32 (d,
J = 8.87 Hz, 1H), 8.25–8.17 (m, 3H), 8.07–7.96 (m, 4H), 7.85 (t, J =
8.12 Hz and 8.12 Hz, 2H), 7.64–7.58 (m, 1H), 7.56 (d, J = 8.83 Hz, 1H),
7.51–7.33 (m, 2H), 7.24–7.16 (m, 3H), 7.08–6.98 (m, 2H), 6.88–6.83
(m, 2H), 6.62 (d, J = 7.79 Hz, 1H), 6.56 (d, J = 6.77 Hz, 1H), 2.27 (s,
3H). 13C NMR (126 MHz, CD2Cl2) δ (ppm): 180.7, 170.1, 169.6, 157.8,
151.7, 147.6, 144.4, 140.5, 137.9, 129.6, 128.2, 128.1, 127.5, 127.3,
126.9, 126.3, 123.4, 120.4, 118.6, 13.8. Anal. Calcd (%) for
C38H27N5OPF6Ir: C, 50.33; H, 3.00; N, 7.72. Found: C, 50.35; H, 3.04; N,
7.79. ESI-MS (m/z): 762.18 [M-PF6]+.

2.3. Quantum chemical calculations

The calculations in thisworkwere obtained using theGaussian 09 ab
initio/DFT quantum chemical program [32]. Geometry optimization and
vibrational frequency analysis of the complexes were performed
employing a hybrid B3LYP [33–35] exchange and correlation functional.
We used 6-31G(d,p) basis functions for the H, C, N, O, and F atoms and a
“double-ξ” quality basis set (LanL2DZ) and ECP [36–38] for the Ir atom.
Theoretical singlet equilibrium structures were obtained when the
maximum internal forces acting on all atoms and the stress were less
than 4.5 × 10−4 eV Å−1 and 1.01 × 10−3 kbar, respectively. Minima
were confirmed by the presence of all positive values in the harmonic
vibrational frequency analysis. We simulated UV–vis absorption spectra
with the pre-optimized structures using the TDDFT formalism. Acetoni-
trile solvent was mimicked by using the polarizable continuum model
[39,40] in the TDDFT simulations. Phosphorescence emission data
were obtained by the employing self-consistent-field energy difference
(ΔSCF) method. The methods and basis sets used in this study have
been shown to give reliable results for transition metal complexes [41].
3. Results and discussion

3.1. Synthesis and characterization

Cationic iridium complexes were synthesized by reaction of the cor-
responding dichloro-bridged iridium dimer, [Ir(C^N)2(μ–Cl)]2, with
2.3 eq of mpoxd followed by ion exchange with NH4PF6. Purification
of crude products gave the desired complexes, [Ir(C^N)2(N^N)]PF6, in
good yields. The structures of complexes 1–4 are shown in Fig. 1. All
complexeswere fully characterized by 1HNMR spectroscopy, elemental
analysis, and mass spectrometry (see Experimental section and Figs.
S1–S2).

3.2. Quantum chemical calculations

DFT and TDDFT studies arewidely used to explain the experimental-
ly observed electrochemical and photophysical behavior of transition
metal complexes [42]. In this study, we performed DFT/TDDFT simula-
tions of the four Ir complexes to gain insight into their structural, elec-
tronic, electrochemical, and photophysical properties. All complexes
have pseudo-octahedral coordination geometry around the metal cen-
ter. The optimized geometries of the complexes 1 and 2 are depicted
in Fig. 2; those of complexes 3 and 4 are depicted in Fig. S3. The impor-
tant geometrical parameters around themetal center are given in Table
1. The bond lengths between the carbon atoms of the cyclometalating
ligands and Ir (Ir-C4/Ir-C5) in complexes 1 and 2 are slightly longer
than those in complexes 3 and 4 and range from 2.001 to 2.019 Å. The
Ir-N3/Ir-N6 bond distances in complexes 1, 2, and 3 equal approximate-
ly 2.085 Å, whereas these distances are elongated in complex 4 (ca.
2.13 Å). The distances of Ir\\N bonds to the ancillary ligands are slightly
longer and range from 2.243 to 2.276 Å in complexes 1–3 and from
2.313 to 2.316 Å in 4. The phenylpyridine bond angles with Ir (N3-Ir-
C4/C5-Ir-N6) are approximately 80° and do not change significantly
from complex 1 to 4. The ancillary ligand bond angles with Ir (N1-Ir-
N2) are approximately 74°.

The Kohn–Shamorbitals of the four iridium complexes are displayed
in Fig. 3. From the electron density distribution, it is clear that the
highest occupied molecular orbital (HOMO) is localized mainly on the
metal center and ancillary ligand and partly on the cyclometalating

Image of Fig. 1


Fig. 2. Optimized molecular structures of complexes 1 and 2 obtained at the B3LYP/6-31G(d,p)/LanL2DZ level of theory. Hydrogen atoms are omitted for clarity.
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ligands. The lowest unoccupied molecular orbital (LUMO) is localized
mainly on the cyclometalating ligands and partly on the ancillary ligand.
From the calculated HOMO and LUMO eigenvalues, it is evident that the
HOMO and LUMO of complex 2 are stabilized relative to complex 1. The
HOMO and LUMO stabilization is attributed to the electron-withdraw-
ing nature of the fluorine substituents. Stabilization of the HOMO ener-
gy in 2 explains themore positive oxidation potential (1.36 V) observed
experimentally for this complex relative to that of 1 (1.04 V). Because
complexes 3 and 4 do not vary structurally to a large extent, their
HOMO and LUMO eigenvalues are similar. The HOMO, LUMO, and
HOMO-LUMO difference energies of the four complexes (Table 2) are
in excellent agreement with the electrochemical data obtained by CV.
In this study, we calculated each LUMO energy by summing the
HOMO energy and the corresponding first excitation energy.

Fig. 4 shows the simulated UV–visible absorption spectra of the four
iridium complexes in acetonitrile and the corresponding photophysical
data fromTable 3. The TDDFT simulations reproduce themain bands ob-
served in the experimental spectra. The most intense singlet transition
in the low energy region is located at 395 and 369 nm for complexes 1
and 2 and at 460 and 451 nm for complexes 3 and 4, respectively.
These low energy absorptions are assigned to metal-to-ligand charge
transfer (MLCT). The hypsochromic shift for complex 2 relative to 1 is
arises from the increased HOMO-LUMO energy difference upon fluorine
substitution of the cyclometalating ligands (vide supra). The absorption
maxima in the high energy region arise predominantly from the HOMO
to LUMO + 1 transition. Complexes 3 and 4 show a considerable
bathochromic shift relative to complexes 1 and 2 in their absorption
spectra. The most intense absorptions for 1 and 2 occur near 290 nm,
whereas those for 3 and 4 fall beyond 320 nm. The intense transitions
Table 1
Important bond lengths (Å) and bond angles (degrees) for all four Ir complexes in their
most stable conformations. The numbering of the atoms is shown in Fig. 5.

1 2 3 4

Bond lengths
Ir-N1 2.269 2.262 2.257 2.316
Ir-N2 2.253 2.243 2.276 2.313
Ir-N3 2.085 2.083 2.085 2.138
Ir-C4 2.019 2.017 2.007 2.007
Ir-C5 2.015 2.012 2.012 2.001
Ir-N6 2.084 2.083 2.086 2.133

Bond angles
N1-Ir-N2 74.6 74.8 74.2 73.1
N3-Ir-C4 80.1 80.2 79.4 79.7
C5-Ir-N6 80.2 80.3 79.3 79.8
in the high energy region are assigned to ligand π→ π* charge transfers.
The UV–visible absorption spectra and corresponding oscillator
strengths of the four complexes and presented in Fig. S4. We employed
theΔSCFmethod to obtain the phosphorescence emission data given in
Table 3. The phosphorescence emission maxima occur at 582, 565, 592,
and 571 nm for complexes 1, 2, 3, and 4, respectively. The calculated
emission values are in excellent agreement with the experimental
data. The absorption and emission spectra are blue shifted on going
from complex 1 to 2 and also from complex 3 to 4.

3.3. Photophysical properties

The photophysical properties of complexes 1–4 are summarized in
Table 4 and shown in Fig. 5. The UV–visible spectra in Fig. 5 show
broad and intense absorption bands in the high energy region from
200 to 300 nm. These bands are assigned to 1π\\π* ligand-centered
(LC) transitions, which vary in energy due to the presence of different
cyclometalating ligands. Less intense absorption bands at 300 to
400 nm are assigned to spin-allowed metal-to-ligand (1MLCT) and li-
gand-to-ligand (1LLCT) charge transfer transitions. Bands observed in
the visible region beyond 400 nm are assigned to 3MLCT, 3LLCT, and
LC 3π\\π* transitions of the complexes [43]. The spin-forbidden triplet
transitions, which display substantial intensity, are partially allowed
by mixing with the higher lying 1MLCT transitions due to the strong
spin-orbit coupling of the heavy iridium atom [44,45]. The absorption
spectrum of 2 in the lower energy region is blue-shifted by 36 nm rela-
tive to that of 3 due to the presence of electron-withdrawing fluorine
atomson the cyclometalating ligandof the former complex. The extend-
ed conjugation of the cyclometalating ligands in complexes 3 and 4
shifts their absorption bands to longerwavelengths in the visible region.

PL emission spectra of the complexes were recorded in acetonitrile
solution as shown in Fig. 6. The emission spectra display broad, struc-
tured and featureless peaks that range 421 to 621 nm and depend on
the identity of cyclometalating ligand. The emission spectrum of 1
shows a broad band centered at 575 nm, which yields yellow emission.
The featureless character of the band is indicative of emission from the
3MLCT excited state [46,47]. It is noteworthy that complex 2 shows a
strong blue emissionwith amaximumcentered at 453nmand shoulder
peaks at 487 and 514 nm. Replacement of ppy by dfppy produces much
more structured emission spectrum, which indicates that the emissive
excited states of 2 have predominant LC 3π(C^N)–π*(C^N) character
other than 3MLCT or 3LLCT characters [44,45,47–49]. The blue shift in
the emission spectrum of 2 can be explained by the electron-withdraw-
ing nature of fluorine atoms on the cyclometalating ligands. Electron-

Image of Fig. 2


Fig. 3. The electron density distribution from HOMO-1 to LUMO + 1 for complexes 1–4 (isosurface: 0.02 e Å−3) obtained from DFT calculations.
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withdrawing substituents reduce the electron density on iridium and
lower the HOMO energy level of 2. Complex 3 likewise shows a struc-
tured emission profile, which indicates a similar emissive mechanism
for the two complexes. The emission spectrum of 3 is red-shifted with
a maximum at 589 nm and a shoulder at 621 nm in the yellow-orange
region of the spectrum. The red-shift in the PL emission spectrum of
complex 3 is due to the electron donating nature of isoquinolinemoiety
as a result of an increased π-conjugation, which leads to the destabiliza-
tion of HOMO to large extent than complexes 1, 2, and 4. The emission
spectrum of 4 exhibits a sharp peak at 561 nm in the yellow region.
The PL emissionwas blue shifted for complex 4 as compared to complex
3 due to the stabilization of the HOMO energy level as predicted by DFT
calculations and thereby increase the energy gap between HOMO and
LUMO energy levels.

In dilute acetonitrile solution, complexes 1–4 give PLQYs of 0.09,
0.12, 0.31, and 0.07, respectively. The excited state lifetime (τ) in
degassed acetonitrile solutions are 34.63 ns, 44 ns, 0.51 μs, and
10.75 ns for complexes 1–4, respectively (Fig. S5). The excited state life-
time of complex 3 is much longer than that of other complexes indicat-
ing the emissive excited state of complex 3 has pronounced LC 3π–π*
character [1,49]. For the further evidence of predominant 3LC character
of the T1 excited state, the radiative decay rate constant (Kr) of the com-
plexes was calculated from the experimental PLQY (Φ) value and excit-
ed state lifetime (τ), according to the equation Kr = Φτ\\1. A smaller
value of Kr usually designates a stronger LC character in the triplet
Table 2
Calculated energy levels of the frontier molecular orbitals andHLG values of the four com-
plexes in acetonitrile. All energies are given in eV.

Complex HOMO LUMOa HLG

1 −5.72 −3.06 2.66
2 −6.04 −3.13 2.91
3 −5.69 −3.06 2.63
4 −5.73 −3.06 2.67

a The LUMO level was taken from the sum of the HOMO level and the TDDFT transition
energy.
excited state of complexes [49]. It is evident from the equation that
the longer excited state lifetime of the complexes, smaller will be the
Kr value, confirming a less pronounced 3MLCT character of its emissive
excited state. The calculated radiative decay rates (Kr) of complexes
1–4 are 2.83 × 106, 2.69 × 106, 0.61 × 106, 6.61 × 106 s\\1, respectively,
whereas their respective nonradiative decay rates (Knr) are 1.04 × 107,
2.0 × 107, 0.14 × 107, and 8.64 × 107 s\\1. The smaller Kr value of com-
plex 3 thus affirms that the emissive excited state must have stronger
LC 3π–π* character [49].

The PL emission spectra of complexes 1–4 in neat films is shown in
Fig. 7. The PL spectra of complexes in neat film are almost identical to
those in solutions. Compared with their solution spectra, the PL spectra
in neat films of all the complexes are significantly red shifted to 579 nm
for complex 1, 460, 517 nm for complex 2, 602, 627 nm for complex 3
and 595 nm for complex 4. Like PL spectra in solution, the emission
spectra of complexes 2 and 3 in neat film also exhibit vibronically
Fig. 4. Simulated UV–visible absorption spectra of the four complexes obtained at the
B3LYP/6-31G(d,p)/LanL2DZ level of theory.

Image of Fig. 3
Image of Fig. 4


Table 3
Simulated absorption wavelengths (λcal), oscillator strengths (f), and coefficients of con-
figuration interaction (CI) with the dominant contribution to each transition for the four
complexes. The calculated emission wavelengths (λemission) are obtained by the ΔSCF
method. H and L denote HOMO and LUMO, respectively.

Complex Transition λcal

(nm)
f CI

coefficient
Dominant
contribution (%)

λemission

(nm)

1 S0 ➔ S1 467 0.0008 0.7036 H ➔ L (99) 582
S0 ➔ S2 395 0.0603 0.6963 H ➔ L + 1 (97)
S0 ➔ S3 380 0.0003 0.6908 H ➔ L + 2 (95)
S0 ➔ S4 368 0.0130 0.6598 H − 1 ➔ L (87)
S0 ➔ S5 363 0.0074 0.6110 H-2 ➔ L (75)

2 S0 ➔ S1 426 0.0009 0.7021 H ➔ L (99) 565
S0 ➔ S2 369 0.0572 0.6917 H ➔ L + 1 (96)
S0 ➔ S3 361 0.0058 0.6743 H-1 ➔ L (91)
S0 ➔ S4 356 0.0022 0.6788 H ➔ L + 2 (92)
S0 ➔ S5 351 0.0033 0.6037 H-2 ➔ L (73)

3 S0 ➔ S1 471 0.0104 0.7021 H ➔ L (99) 592
S0 ➔ S2 460 0.0881 0.6985 H ➔ L + 1 (98)
S0 ➔ S3 433 0.0008 0.6968 H ➔ L + 2 (97)
S0 ➔ S4 393 0.0113 0.6932 H-1 ➔ L (96)
S0 ➔ S5 381 0.0064 0.6701 H-2 ➔ L (90)

4 S0 ➔ S1 464 0.0041 0.6878 H ➔ L (95) 571
S0 ➔ S2 451 0.0546 0.5117 H ➔ L + 1 (52)
S0 ➔ S3 442 0.0102 0.4970 H ➔ L + 2 (49)
S0 ➔ S4 377 0.0131 0.6737 H-1 ➔ L (91)
S0 ➔ S5 363 0.0251 0.6259 H-1 ➔ L + 1 (78)

Fig. 5. UV–visible absorption spectra of cationic iridium complexes 1–4 in acetonitrile
solution at room temperature.
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structured emission peaks, indicating similar emissive mechanism in
both solution and film state and the emission has been assigned to LC
3π–π* state. The red shift and broadened PL spectra with long tails ex-
tending to 850 nm are due to the strong intermolecular interactions in
neat films than in the solution [49]. The PLQYs of neat films of com-
plexes 1–4 were also measured and shown in Table 4. The PLQY values
of complexes in neatfilms are 0.06, 0.05, 0.12, and0.03 for complexes 1–
4, respectively, which decreases significantly as compared to that in so-
lution owing to the severe excited-state quenching in neat films [49].

3.4. Electrochemical properties

Cyclic voltammetry was used to investigate the electrochemical
properties and energy levels of the complexes. Fig. 8 displays the cyclic
voltammograms of complexes 1–4with redox potentials reported rela-
tive to the 0.2 mM ferricenium/ferrocene (Fc+/Fc) couple in 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF6) in acetonitrile.
Electrochemical data are summarized in Table 4. All complexes show
an irreversible oxidation process at potentials of 1.04, 1.36, 1.03, and
1.05 V for 1, 2, 3, and 4, respectively. It is assumed that the oxidation
of metal ion in mononuclear biscyclometalated iridium complexes are
reversible, analogous to the oxidation of Ir(III)\\Ir(IV), whereas the
Table 4
Photophysical and electrochemical properties of cationic iridium complexes 1–4.

Complex UV λabs
a [nm] Room temperature emission

PL λmax
b (nm) Φp

c

CH3CN Film CH3CN Film

1 252, 266, 384, 406 575 579 0.09 0.06

2 243, 255, 306, 362, 400 453, 487 460, 517 0.12 0.05

3 210, 233, 269, 288, 353, 375, 436 589, 621 602, 627 0.31 0.12

4 213, 260, 276, 340, 428 561 595 0.07 0.03

a Absorbance measured in 1.0 × 10−5 M acetonitrile solution.
b Maximum emission wavelength, measured in acetonitrile solution at 1.0 × 10−5 M and in
c Φp was measured versus quinine sulfate (Φp = 0.545 in 1 M H2SO4) and 9,10-diphenylan
d Excited state lifetime measured in acetonitrile solution along with calculated radiative and
e Measured in 1.0 × 10−3 M acetonitrile solution; potentials were quoted versus Fc+/Fc (Fc
irreversibility increases as the contribution to HOMO of the
cyclometalating phenyl group increases [50]. Therefore, the
irreversiblity in the oxidation process of complexes 1–4 could be attrib-
uted to σ\\bond orbital due to one electron abstraction from
Ir(dπ)\\σ(C\\) orbitals which in turn leads to dramatic weakening of
Ir\\C\\bond. It is noted that the oxidation potential of 2 is shifted in
the positive direction by 330 mV, which indicates that complex 2 has
a lower HOMO energy than the others due to the presence of elec-
tron-withdrawing fluorine atoms on the cyclometalating ligands. Be-
sides, irreversible peaks observed at around 0.55 V are probably due
to the presence of unavoidable impurities at electrode surfaces during
electrochemical reaction. The complexes exhibit second oxidation
waves at 1.39, 1.40, and 1.44 V for complexes 1, 3, and 4, respectively,
whichmight be due to the oxidation of cyclometalated ligands. Irrevers-
ible reduction peaks are observed for all complexes at potentials of
−1.77,−1.72,−1.62, and−1.63 V for complexes 1, 2, 3, and 4, respec-
tively. From DFT calculations, it is confirmed that the reduction waves
are due to reduction of the ancillary ligand with a slight contribution
from the cyclometalating ligands. The reduction potential of Complex
3 is anodically shifted due to the electron donating nature of fused phe-
nyl ring attached to pyridine moiety (isoquinoline moiety) that act to
stabilize the LUMO and results narrower energy gap for 3 than com-
plexes 1, 2, and 4. In addition, all complexes 1–4 exhibit second reduc-
tion waves at −2.23, −2.18, −2.01, and −2.02 V, respectively,
assigned to the reduction of cyclometalated ligands [51]. The HOMO
and LUMO energies of complexes 1–4 were calculated from their
Electrochemical datae

τd Kr (×106) s\\1 Knr (×107) s\\1 Eox [V] Ered [V] △Eredox

34.63 ns 2.83 2.6 0.55
1.04
1.39

−1.77
−2.23

2.81

44 ns 2.69 2.0 0.54 1.36 −1.72
−2.18

3.08

0.51 μs 0.61 0.14 0.55 1.03 1.40 −1.62
−2.01

2.65

10.75 ns 6.61 8.64 0.60 1.05 1.44 −1.63
−2.02

2.68

neat films.
thracene (Φp = 0.90 in cyclohexane).
nonradiative decay rates.
is ferrocene).

Image of Fig. 5


Fig. 6. Photoluminescence emission spectra of cationic iridium complexes 1–4 in
acetonitrile.

Fig. 8. Cyclic voltammograms of complexes 1–4. Potentials are reported versus Fc+/Fc
(ferricenium/ferrocene).
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corresponding oxidation and reduction potentials using the empirical
relations given in the Experimental Section. The calculatedHOMO ener-
gies are −5.41, −5.73, −5.40, and −5.42 eV, and the LUMO energies
are−2.60,−2.65,−2.75, and−2.69 eV for complexes 1–4, respective-
ly. The electrochemical energy gaps (Egap = EHOMO − ELUMO) of com-
plexes 1–4 are 2.81, 3.08, 2.65, and 2.68 eV, respectively. The greater
energy gap of 2 arises from stabilization of the HOMO and destabiliza-
tion of the LUMO owing to the presence of electron-withdrawing fluo-
rine atoms on the cyclometalating ligands.

4. Conclusions

A series of cationic iridium complexes with oxadiazole-based ancil-
lary ligand have been synthesized and characterized through studies
of their spectroscopic, photophysical, and electrochemical properties.
The effect of different cyclometalating ligands on the optical properties
of the complexes has been studied and compared. By appropriate selec-
tion of cyclometalating ligands, the photophysical properties of cationic
iridium complexes in solution can be tuned from the yellow-orange to
blue region of the visible spectrum. The PLQYs of the complexes have
been measured which show a high quantum yield of 0.31 for complex
3 in acetonitrile solution. Use of the cyclometalating dfppy ligand in
complex 2 resulted in an increased energy gap by HOMO stabilization,
thereby shifting emission to the blue region. Density functional theory
Fig. 7. Photoluminescence emission spectra of cationic iridium complexes 1–4 in neat
films.
(DFT) and time-dependent DFT (TDDFT) calculations performed on
complexes 1–4 corroborated the results of the photophysical and elec-
trochemical experiments. This work has therefore established that the
synthesized complexes with high PLQYs and good color tunability can
be act as a promising material in LEC devices for solid-state lighting
applications.
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