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The geometry structures, electronic structures, absorption, and phosphorescence prop-
erties of three heteroleptic cyclometalated iridium(III) complexes have been theoreti-
cally investigated by the density functional theory (DFT) method. The highest occupied
molecular orbital (HOMO) of the three complexes has the similar distributions on two
main ligands. However, the lowest unoccupied molecular orbital (LUMO) of the three
complexes has different distributions on different ligand fragments. Especially for 3, the
LUMO is mainly composed of the picolinate auxiliary ligand. The lowest lying absorp-
tions were calculated to be at 409, 473, and 414 nm for 1–3, respectively. By changing
the conjugation length of the main ligand from 1 to 2, one can tune the emission color
from green to red. The addition of sterically bulky phenolic substituents in 3 also re-
sults in an obvious red shift of the emission wavelength. The calculated results show
that the absorption and emission transition character can be changed by altering the
main ligands. Calculations of ionization potential (IP) and electron affinity (EA) were
used to evaluate the injection abilities of holes and electrons into these complexes. The
theoretical work should provide a suitable guide to the future design and synthesis of
novel phosphorescent materials for use in the organic light-emitting diodes (OLEDs).
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Phosphorescence Properties of Iridium Complexes 75

1. Introduction

Since Forrest et al. used PtOEP as a phosphorescent dopant to greatly improve organic
light-emitting diode (OLED) efficiencies in 1998, a number of heavy metal complexes,
such as iridium, platinum, ruthenium, osmium, copper, etc., have been investigated [1–5].
Among them, iridium(III) complexes have exhibited tremendous potential in the area of
optoelectronic applications, especially as triplet dopant emitters in OLEDs [6–9]. The
high thermal stability and short lifetime in excited states could reduce the probabilities
of triplet–triplet annihilation and increase photoluminescent (PL) quantum efficiencies
[10–13]. Theoretical investigations showed that the highest occupied molecular orbital
(HOMO) of Ir(F2-ppy)2L (L denotes ancillary ligand) complexes consists of a mixture
of phenyl π - and Ir d-orbital, and the lowest unoccupied molecular orbital (LUMO) is
localized largely on the pyridyl π∗-orbital [14,15]. Thus, a generally used strategy to tune
emission color to red relies on the introduction of electron-donating groups to the phenyl
moiety or extending the π -conjugation length of ppy, which can elevate the HOMO energy
levels more than that of LUMO by increasing the dπ composition and therefore narrow
the HOMO–LUMO gaps [16–18]. As is known, the phosphorescence wavelength, quan-
tum yields, and electroluminescent efficiency of phosphorescent complexes are closely
related to the π -conjugation length of the cyclometalated ligand, substitution positions,
and substituent inductive effect. To obtain ideal emitters in OLEDs, the modification of
cyclometalated and/or ancillary ligands is used to tune the emission colors over the entire
visible spectra [19–21]. Recently, Gu et al. [22] have done a theoretical study of complex
FIrpic. Yang et al. have theoretically investigated the phosphorescent properties of a series
of Ir(III) complexes with the different ancillary ligand, including FIrpic, FIrmpic, FIrpca,
and FIrprza [23].

On the basis of the most widely studied complex 1 (FIrpic), we propose two artificial
structures 2 and 3 by altering the main ligand 2-(2,4-difluorophenyl)pyridine moiety. The
electronic structures, charge injection, and transport, and spectral properties of these com-
plexes have been calculated by the density functional theory (DFT) method. It is anticipated
that the theoretical results could provide useful information for these experimentalists in
synthesizing new phosphors in OLED.

2. Computational Details

The ground state geometry for each molecule was optimized by the DFT [24] method with
Becke’s three-parameter hybrid method combined with the Lee–Yang–Parr correlation
functional (denoted as B3LYP) [25,26]. The geometry optimizations of the lowest triplet
states (T1) were performed by unrestricted B3LYP approach. On the basis of the ground-
and excited state equilibrium geometries, the time-dependent DFT (TDDFT) approach
was applied to investigate the absorption and emission spectral properties. The “double-ξ”
quality basis set LANL2DZ [27,28] associated with the pseudopotential was employed on
Ir atom. The 6–31G(d) basis set was used for nonmetal atoms in the gradient optimizations.
Furthermore, the stable configurations of these complexes can be confirmed by frequency
analysis, in which no imaginary frequency was found for all configurations at the energy
minima. In addition, the positive and negative ions with regard to the “electron–hole”
creation are relevant to their use as OLED materials. Thus, ionization potentials (IPs),
electron affinities (EAs), and reorganization energy (λ) were obtained by comparing the
energy levels of neutral molecule with positive ions and negative ions, respectively. All
calculations were performed with the Gaussian 09 software package [29].
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76 D. Han et al.

Figure 1. (a) The schematic structures for the studied complexes 1–3. (b) Optimized structures of 2
in the ground states (the hydrogen atoms are omitted for clarity).

3. Results and Discussion

3.1. Geometric Structures and Molecular Orbital Properties

The sketch map of the three heteroleptic cyclometalated iridium(III) complexes 1–3 is
presented in Fig. 1(a) and the optimized ground state geometric structure for 2 is shown
in Fig. 1(b) along with the numbering of some key atoms, which can be named as A,
B, and C. The main structural parameters of 1–3 in the ground and lowest triplet states
(T1) are shown in Table 1. These optimized Ir(III) complexes show a distorted octahedral
geometry with two main ligands and one picolinate auxiliary ligand around iridium atom.
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Phosphorescence Properties of Iridium Complexes 77

Table 1. The key optimized geometry parameters for 1–3 in the ground and excited triplet
states

1 2 3

S0 T1 S0 T1 S0 T1

Bond length (Å)
Ir–C1 2.0111 1.9814 2.0008 1.9938 2.0113 1.9895
Ir–C2 2.0130 2.0019 2.0098 2.0073 2.0148 2.0082
Ir–N1 2.0723 2.0888 2.0757 2.0888 2.0722 2.0866
Ir–N2 2.2108 2.2569 2.2127 2.2253 2.2083 2.2350
Ir–N3 2.0621 2.0439 2.0618 2.0299 2.0605 2.0359
Ir–O1 2.1796 2.1673 2.1822 2.1815 2.1840 2.1768

Bond angle (deg)
C1–Ir–N3 80.43 82.06 79.88 81.23 80.63 81.77
C1–Ir–N2 97.60 94.53 95.95 95.83 97.30 96.03
C1–Ir–O1 171.54 168.82 170.44 170.65 171.29 170.33
N1–Ir–N3 175.46 176.17 174.60 175.39 175.32 175.67
C2–Ir–N2 171.00 171.23 171.32 172.16 171.21 171.50

It is seen that the bond lengths of Ir−O1 for 1–3 gradually increase, that is, 2.1796 Å for
1, 2.1822 Å for 2, and 2.1840 Å for 3. Compared with S0 state, their T1 state geometry
structures change slightly. For the three complexes, the Ir−C1, Ir−C2, Ir−N3, and Ir−O1
bond lengths decrease from S0 to T1 state. In contrast, the Ir−N1 and Ir−N2 bond lengths
increase from S0 to T1 state. These dihedral angles also show different change from S0 to
T1 state.

It is known that the frontier molecular orbitals (FMOs) of the ground states (S0) are
very important because they are closely related to spectral properties, especially HOMO and
LUMO. The HOMO and LUMO distribution, energy levels, and energy gaps between the
LUMO and HOMO (�EL–H) of the three complexes 1–3 are plotted in Fig. 2. The calculated
FMO compositions for 1–3 were presented in Tables S1–S3 (supplemental material). For
1, Fig. 2 and Table S1 show that the HOMO, at −5.47 eV, distributes over the d-orbital
of Ir (41%) and the two main ligand moieties (52%), with negligible composition from
ancillary ligand moiety. The HOMOs of 2 and 3 have the similar orbital composition to
that of 1. For 1, the LUMO is localized on one main ligand (26%) and ancillary ligand
(73%). It is different for 2 and 3 that the LUMOs are localized on one main ligand (89%)
and ancillary ligand (95%), respectively. The emission color tuning by grafting various
substituents relies on the fact that the lowest excited state is relatively well described as
a transition from HOMO to LUMO in a given ligand. Therefore, the investigation on the
�EL–H will give some useful information on the variation trend of absorption and emission
spectra. Figure 2 shows that the extended π -conjugation length in 2 can stabilize the LUMO
energy by 0.37 eV and increase the HOMO energy by 0.07 eV, therefore resulting in the
narrow �EL–H (3.31 eV) compared with the 3.75 eV for 1. For 3, the stronger inductive
effect of phenol also leads to the slightly narrow �EL–H (3.69 eV) compared to 1. There
will be an electronic transition from the HOMO to the LUMO or LUMO+1 for 1 in the
lowest singlet transitions. However, for 2 and 3, the HOMO→LUMO transition may be
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78 D. Han et al.

Figure 2. Molecular orbital diagrams and HOMO and LUMO energies for complexes 1–3.

the dominant character. Considering the configuration of OLEDs, proper energy matching
between host and dopants is an essential issue. Different HOMO and LUMO energies will
have a significant effect on hole and electron injection balance and the position of the
recombination zone, as well as device performance, which will be discussed in the next
paragraph.

3.2. Ionization Potentials (IPs) and Electronic Affinities (EAs)

In this section, IPs, EAs, and reorganization energy (λ) have been calculated for complexes
1–3, together with hole extraction potential (HEP) and electron extraction potential (EEP).
The IP and EA can be either for vertical excitations (v; at the geometry of neutral molecule)
or adiabatic excitations (a; optimized structure for both the neutral and charged molecules).
The IPs and EAs are used to evaluate the energy barrier for the injection of holes and
electrons.

In Table 2, the calculated IPs decrease in the following order 1→2→3, which im-
plies that the difficulties of hole injection from the hole-transporting layer (HTL) to these
complexes gradually decrease in the order 1→2→3. The smaller IP for 3 indicates easier
injection of holes into the emitting materials from the HTL. By analysis of the EA value, 2
more easily accepts an electron than 1 and 3, and this trend is also consistent with the order
of LUMO energy levels. The large EA value for 2 indicates easier injection of electrons
into the emitting materials from the electron-transporting layer.
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Phosphorescence Properties of Iridium Complexes 79

Figure 3. Schematic description of internal reorganization energy for hole transfer.

According to the Marcus–Hush model [30–32], the charge (hole or electron) transfer
rate Ket can be expressed by the following formula:

Ket=Aexp( − λ/4kBT ), (1)

where T is the temperature, kB is the Boltzmann constant, and λ is the reorganization
energy. Due to the limited intermolecular charge transfer range in the solid state, the
mobility of charges has been demonstrated to be predominantly related to the internal
reorganization energy λ for OLED materials [33–36]. Thus, at constant temperature, a low
λ value is required for an efficient charge transport process. Herein, we focus on the inner
reorganization energy λi, which is caused by the change of the internal nuclear coordinates
from the reactant A to the product B and vice versa (Fig. 3). It can be expressed by the
following formula:

λi = λ0 + λ1 = (EA
B − EA) + (EB

A − EB), (2)

where EA and EB
Aare the energies of A and B at the optimized geometry of A, respectively;

EA
B and EB are the energies of A and B at the optimized geometry of B, respectively. The

hole and electron injection and transport balance is important to emitting layer materials.

Table 2. Ionization potentials (IPs; eV), electron affinities (EAs; eV), and reorganization
energies (eV) data for complexes 1–3

IPv IPa EAv EAa HEP EEP λhole λelectron

1 6.68 6.55 0.50 0.58 6.38 0.66 0.30 0.16
2 6.52 6.42 0.96 1.04 6.28 1.13 0.24 0.17
3 6.43 6.30 0.41 0.52 6.14 0.64 0.29 0.22
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80 D. Han et al.

Table 3. Selected calculated wavelength (nm), oscillator strength (f ), major contribution,
transition characters, and the available theoretical wavelength (nm) for complexes 1–3 (H

indicates HOMO, L indicates LUMO)

State λ/E f Configuration Assignment Nature Theora

1 S1 409/3.02 0.0304 H→L+1 (48%) d(Ir)+π (A+B)→π∗(A+C) MLCT/LLCT 424
H→L (47%) d(Ir)+π (A+B)→π∗(A+C) MLCT/LLCT

S8 339/3.64 0.0612 H-1→L+2 (83%) d(Ir)+π (B+C)→π∗(B) MLCT/LLCT
S21 297/4.17 0.0582 H-5→L+1 (45%) d(Ir)+π (A)→π∗(A+C) MLCT/LLCT
S26 285/4.34 0.0569 H-1→L +5 (54%) d(Ir)+π (B+C)→π∗(B+C) MLCT/LLCT
S27 283/4.36 0.0739 H-3→L+3 (31%) d(Ir)+π (A+B)→π∗(A+C) MLCT/LLCT

2 S1 473/2.61 0.0503 H→L (96%) d(Ir)+π (A+B)→π∗(A) MLCT/LLCT
S5 387/3.19 0.0672 H-1→L+1 (86%) d(Ir)+π (B)→π∗(B) MLCT/LLCT
S13 341/3.62 0.1043 H-4→L (31%) π (B+C)→π∗(A) LLCT
S14 334/3.70 0.0898 H-5→L (52%) d(Ir)+π (A+C)→π∗(A) MLCT/LLCT
S25 298/4.15 0.0916 H-1→L+4 (74%) d(Ir)+π (B)→π∗(A) MLCT/LLCT

3 S1 414/2.99 0.0012 H→L (94%) d(Ir)+π (A+B)→π∗(C) MLCT/LLCT
S8 338/3.66 0.0661 H-1→L+2 (67%) d(Ir)+π (B)→π∗(B) MLCT/LLCT
S18 307/4.02 0.0628 H-5→L (69%) d(Ir)+π (A)→π∗(C) MLCT/LLCT
S25 289/4.28 0.0653 H-4→L+3 (37%) π (C)→π∗(A+C) LLCT
S27 285/4.34 0.1642 H-1→L+5 (28%) d(Ir)+π (B)→π∗(B) MLCT/LLCT

aRef. [23].

The low reorganization energy is necessary for an efficient charge transport process. The
calculated reorganization energies for hole transport (λhole) are obviously larger than elec-
tron transport (λelectron), which indicates that electron-transporting performance of these
complexes is better than the hole-transporting performance. Complex 2 has the best hole
transfer ability with the smallest λhole value with respect to other two complexes. Moreover,
the energy difference between λhole and λelectron for 2 (0.07 eV) is small, which can greatly
improve the charge transfer balance, thus further enhancing the device performance of
OLEDs.

3.3. Absorption Spectra

The absorption properties of complexes 1–3 have been investigated on the basis of the
optimized ground state geometries. The vertical electronic excitation energies, oscillator
strengths (f ), dominant configurations, and their assignments have been listed in Table 3.
The stimulated absorption spectra of the studied complexes based on the TDDFT calcula-
tions are shown in Fig. 4.

Table 3 shows that the calculated lowest lying absorption bands exhibit red shifting in
the following order: 1 (409 nm) → 3 (414 nm) → 2 (473 nm), consistent with the variation
rules of the �EL–H. It can be seen that the calculated value of 409 nm for 1 is in good
agreement with the theoretical result by Yang et al. [23]. As expected, the S1 state comes
from the HOMO→LUMO/LUMO+1 transition for 1, and the HOMO→LUMO transition
contributes to the S0→S1 state for 2 and 3. As a result of the negligible intensity for 3
(0.0012), the S0→S1 transition is probably forbidden and would be practically absent in the
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Phosphorescence Properties of Iridium Complexes 81

Figure 4. Simulated absorption spectra for complexes 1–3.

absorption spectra. From the above discussion on FMO, the calculated 409 nm absorption
for 1 can be described as the d(Ir)+π (A+B)→π∗(A+C) transition with the character of
metal-to-ligand charge transfer (MLCT) and ligand-to-ligand charge transfer (LLCT). The
473 and 414 nm absorptions for 2 and 3 can be contributed by the d(Ir)+π (A+B)→π∗(A)
and d(Ir)+π (A+B)→π∗(C) transition, respectively. For 3, there is a larger absorption peak
at about 285 nm dominated by one intense excitation (f = 0.1642). From Table 3, it can
be seen that all the important transitions with the greatest oscillation strengths are not
attributed by HOMO−LUMO transition.

3.4. Phosphorescence

On the basis of the optimized triplet excited state (T1) geometries, the emission properties
of complexes 1–3 obtained using the TDDFT method are shown in Table 4. The plots of
the molecular orbitals related to emissions of 1–3 are also presented in Fig. 5.

Table 4 shows that the calculated lowest energy emissions are localized at 544 (2.27 eV),
786 (1.57 eV), and 573 (2.16 eV) nm for 1–3, respectively. The predicted emission wave-
length deviates from the experimental result by 44 nm for 1 [37]. The reason for the
large difference of emission may be attributed to the limitations of the TDDFT method
as shown by Katarzyna Świderek et al. [38], that is, high-energy excitations are not de-
scribed by the TDDFT method. The oscillator strengths for phosphorescent emissions
are also zero due to the without-spin-orbit coupling (SOC) effect in TDDFT results.
One possible reason is that the excited state geometry we used here was optimized in
the gas phase, and another reason is the limited dimensions of the basis set. For these
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82 D. Han et al.

Table 4. Calculated emission wavelengths (nm)/energies (eV) and dominant orbital emis-
sions from TDDFT results for complexes 1–3 (H indicates HOMO, L indicates LUMO)

λ

(nm)/E
(eV) Configuration Assign Exptl.a

1 544/2.27 L→H (73%) LMCT/LLCT/ILCT 500 nm
[π∗(A)→d(Ir)+π (A+C)]

L→H-2 (18%) LMCT/LLCT/ILCT
L→H-2 (18%) [π∗(A)→d(Ir)+π (A+C)]

2 786/1.57 L→H (56%) LMCT/LLCT/ILCT
[π∗(A)→d(Ir)+π (A+C)]

L→H-1 (35%) LMCT/LLCT/ILCT
[π∗(A)→d(Ir)+π (A+B)]

3 573/2.16 L→H (64%) LMCT/LLCT/ILCT
[π∗(A+B)→d(Ir)+π (A+B)]

L→H-1 (23%) LMCT/LLCT/ILCT
[π∗(A+B)→d(Ir)+π (A+B)]

aRef. [37].

emissions of 1–3, the configurations are contributed by the LUMO→HOMO−n (n = 0,
1, 2). For example, the phosphorescence emission at 786 nm of 2 is mainly from the
transitions of LUMO→HOMO(56%) and LUMO→HOMO-1(35%) configuration. For
the three complexes, their emission transition characters are assigned to LMCT(ligand-
to-metal charge transfer)/LLCT(ligand-to-ligand charge transfer)/ILCT(intraligand charge
transfer). For example, the emission of 2 has LMCT/LLCT/ILCT[π∗(A)→d(Ir)+π (A+C)]
and LMCT/LLCT/ILCT[π∗(A)→d(Ir)+π (A+B)] characters as shown in Fig. 5. The cal-
culated Stokes shifts between the lowest-lying absorptions and emissions are 0.48, 0.67,
0.56 eV for 1–3, respectively. In these complexes, the main ligand has strong chelate inter-
action with the center metal Ir atom. The general metalcentered (MC) excited state can be
greatly destabilized and, consequently, reduce the deactivation through this process. It is
obvious that the frontier molecular orbital compositions are responsible for the emissions.
The transition characters of the other complexes have also been analyzed and listed in
Table 4.

The emission quantum yield (�) can be affected by the competition between kr (radia-
tive decay rate) and knr (nonradiative decay rate), that is, � = kr/(kr+ knr). Hence, to increase
the quantum yield, kr should be increased and knr should be decreased simultaneously or
respectively [39,40]. A larger 3MLCT composition and thus the intersystem crossing (ISC)
can increase the phosphorescence quantum efficiencies. The direct involvement of the d(Ir)
orbital enhances the first-order SOC in the T1→S0 transition, resulting in a drastic decrease
of the radiative lifetime and an increased nonradiative rate constant. The calculated 3MLCT
contributions are 30.24%, 30.45%, and 27.87% for 1, 2, and 3, respectively. Besides, it is
also known that the phosphorescence quantum efficiencies are inversely proportional to the
�ES1−T1 [41]. A minimal �ES1−T1 is required for enhancing the ISC rate, leading to the
increased kr. The �ES1−T1 for complexes 1–3 are 0.399, 0.713, and 0.582 eV, respectively.
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Phosphorescence Properties of Iridium Complexes 83

Figure 5. Transitions responsible for the emissions at 544, 786, and 573 nm for complexes 1–3,
respectively.

4. Conclusions

In this study, we have applied DFT and TDDFT methods to investigate the geometry
structures, electronic structures, absorption, and phosphorescence properties of three het-
eroleptic cyclometalated iridium(III) complexes with different main ligands. The lowest
lying absorptions were calculated to be at 409, 473, and 414 nm for 1–3, respectively, and
have the transition configuration of HOMO→LUMO or HOMO→LUMO+1. The lowest
lying transitions can be assigned as metal/ligand to ligand charge transfer (MLCT/LLCT).
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The calculated lowest energy emissions occur at 544 (2.27 eV), 786 (1.57 eV), and 573 nm
(2.16 eV) for 1–3, respectively, with the transition character of LMCT/LLCT/ILCT. Ioniza-
tion potential, EAs, and reorganization energy were obtained to evaluate the charge transfer
and balance properties between hole and electron. Among the three complexes, 2 has the
best hole transfer ability with the smallest λhole value. In addition, the small energy differ-
ence between λhole and λelectron for 2 can greatly improve the charge transfer balance, thus
further enhancing the device performance of OLEDs. We hope that these theoretical studies
can provide some revelatory information in designing good phosphorescent materials for
OLED applications.
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