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The geometry structures, electronic structures, absorption, and phosphorescent proper-
ties of four Ir(III) complexes have been investigated using the density functional method.
Calculations of ionization potential (IP) and electron affinity (EA) were used to evalu-
ate the injection abilities of holes and electrons into these complexes. The result also
indicates that the –CF3 substituent group on the ligand not only change the charac-
ter of transition but affect the rate and balance of charge transfer. The lowest energy
absorption wavelengths are located at 428 nm for 1a, 446 nm for 1b, 385 nm for 2a,
and 399 nm for 2b, respectively, in good agreement with the energy gap (�EL-H) trend
because the HOMO–LUMO transition configurations are predominantly responsible
for the S0→S1 transition. 2b has the 433 nm blue emission, which might be a potential
candidate for blue emitters in phosphorescent dopant emitters in organic light emitting
diodes (OLEDs). The study could provide constructive information for designing novel
OLEDs materials in the future.

[Supplemental materials are available for this article. Go to the publisher’s online
edition of Molecular Crystals and Liquid Crystals to view the free supplemental file.]

Keywords DFT; iridium; phosphorescence; TDDFT

1. Introduction

It is well-known that phosphorescent transition-metal complexes have attracted much
attention in the fabrication of organic light emitting diodes (OLEDs), which exhibits
the high phosphorescence emission quantum yields at room temperature, short excited

∗Address correspondence to Lihui Zhao, School of Life Science and Technology, International
Joint Research Center for Nanophotonics and Biophotonics, Changchun University of Science and
Technology, Changchun 130022, Jilin, P.R. China+86-431-85583023; +86-431-85583099. E-mail:
zhaolihui@yahoo.com
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238 D. Han et al.

triplet state lifetime, and photochemical stability [1–5]. It is important to design ef-
ficient phosphorescent dopants to emit the three primary colors (i.e., red, green, and
blue). To do so, the most common approach is to graft various electron-withdrawing
or electron-donating substituents at different positions of the coordinated ligands
[8–11].

Indeed, cyclometalated iridium(III) complexes are the promising candidates as OLEDs
phosphors due to the phosphorescent emission spanning the whole visible spectrum. With
respect to red and green phosphorescent iridium(III) complexes, blue-emitting ones with
high efficiency and good stability are still in great shortage owing to the intrinsic charac-
teristic of the wide energy gap required between the excited triplet state and the ground
state [12–14]. The addition of electron-withdrawing groups such as fluorine and trifluo-
romethyl to the phenyl ring has been used as one way to modulate the emission energy
of iridium(III) complexes [15–19]. It is known that oxadiazole derivatives are good can-
didates for electron transporting and hole blocking materials in OLEDs due to the high
electron affinities (EAs) [20–22]. It is also necessary to investigate further metal complexes
with oxadiazole substituents to search for phosphorescent materials with good OLEDs
performances.

In this study, four Ir(III) complexes 1a, 1b, 2a, and 2b with the same ancillary ligand
acetylacetonate (acac) and different main ligand have been investigated using the density
functional theory (DFT) and time-dependent density functional theory (TDDFT). Compar-
ison of electronic structures and spectral properties for the four complexes was carried out.
This study could provide useful information for both fundamental research and practical
applications in OLEDs in the future.

2. Computational Details

The ground state geometry for each molecule was optimized by the density functional
theory (DFT) [23] method with Becke’s three parameter hybrid method combined with
the Lee–Yang–Parr correlation functional (denoted as B3LYP) [24, 25]. 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 associated with the polarized continuum model (PCM)
in dichloromethane (CH2Cl2) media was applied to investigate the absorption and emission
spectral properties. The “double-ξ” quality basis set LANL2DZ [26, 27] associated with
the pseudopotential was employed on atom Ir. The 6-31+G(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 OLEDs materials.
Thus, ionization potentials (IP), electron affinities (EA), and reorganization energy (λ)
were obtained by comparing the energy levels of neutral molecule with positive ions and
negative ions, respectively. The calculated electronic density plots for frontier molecular
orbitals were prepared by using the GaussView 5.0.8 software. The simulated absorption
spectra are obtained by using the GaussSum 2.5 software [28]. Recent calculations with
the above-mentioned methods and basis sets for transition metal complexes have supported
their reliability and gave good agreement with experimental results [29, 30]. All calculations
were performed with the Gaussian 09 software package [31].
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Figure 1. (a) Sketch map of the structures of iridium(III) complexes 1a, 1b, 2a, and 2b. (b) Repre-
sentative optimized structure of 1a and 2a (H atoms omitted).

3. Results and Discussion

3.1. Geometries in the Ground State S0 and Triplet Excited State T1

The sketch map of the four complexes 1a, 1b, 2a, and 2b are presented in Fig. 1(a), and
the optimized ground state geometric structure for 1a and 2a are shown in Fig. 1(b) along
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240 D. Han et al.

with the numbering of some key atoms. The main geometric parameters in the ground and
lowest triplet states are summarized in Table 1. Iridium(III) with d6 configuration adopts
a pseudo-octahedral coordination geometry surrounded by the two main ligands and one
ancillary ligand. Table 1 also shows that the introduction of –CF3 substituent for complexes
1b (2b) makes the Ir–N1 and Ir–N2 bond distances short with respect to that of 1a (2a).
From 1a (2a) to 1b (2b), the bond angles of O1–Ir–O2 are slightly larger. For example, the
bond angles of O1–Ir–O2 for 1b (88.25 deg) is relative to the 87.92 deg for 1a.

From the S0 to T1 states, the bond distances of Ir–N1 in the four complexes are
shortened significantly (by 0.0569, 0.0528, 0.0298, 0.0285 Å, respectively), which will
strengthen the interaction between the iridium atom and the corresponding ligand.

In addition, for 1a and 1b, the bond distances of Ir–N2 are extended, exhibiting the
opposite trend with respect to that of 2a and 2b. Meanwhile, the bond angle of O1–Ir–O2,
O2–Ir–C1(N4), O1–Ir–C2(N3), and N1–Ir–N2 in T1 states are slightly smaller compared
with the S0 ones. In addition, the dihedral angles of N1–Ir–O1–O2 in T1 states are also
slightly smaller than that of the S0 ones.

3.2. Molecular Orbital Properties

It is well-known that the properties of the excited states and electronic transitions of organic
light-emitting materials are closely related to the characters of the frontier molecular orbitals
(FMOs), especially highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO). The HOMO and LUMO distribution, energy levels, and energy
gaps between of LUMO and HOMO (�EL→H) of the four complexes 1a, 1b, 2a, and 2b
are plotted in Fig. 2. The calculated FMO compositions for 1a, 1b, 2a, and 2b were listed
in Tables S1–S4 (Supplemental material).

It is known that the electron-withdrawing groups can make the energies of HOMOs
and LUMOs decrease, which can be seen from Fig. 2. For example, due to the –CF3

substituent incorporated at the 4-positions of the phenyl rings, 1b has the smaller values
of HOMO(−5.66 eV) and LUMO(−2.41 eV) with respect to those of 1a. In addition, 1b
and 2a have the smallest and largest �EL-H value among the four complexes, respectively.
From Table 2, it can be seen that 1a and 1b have the similar LUMO distributions and
different HOMO distributions, that is, the electron densities of HOMO for 1b localized on
the Ir atom (20%) and ancillary ligand (75%) with respect to the distribution on Ir atom
(46%) and two main ligands (48%) for 1a. However, 2a and 2b have the similar HOMO
and LUMO distributions predominantly localized on two main ligands, indicating the –CF3

substituent has slightly effect on the electronic structure of 2b.

3.3. Ionization Potential (IP) and Electronic Affinity (EA)

It is known that IP, electron affinity (EA), and migration of charge are the three key
factors for designing optoelectronic materials. A larger EA (smaller IP) indicates easier
injection of electrons (holes) into the emitting materials from the electron (hole) transporting
layer. The reorganization energy (λ) can evaluate the charge transfer rate and balance. For
photoluminescent materials, a smaller IP value means easier hole injection ability and a
larger EA value will facilitate electron injection. We also calculated the hole extraction
potential (HEP), which is the energy difference between M (neutral molecule) and M+

(cationic), using M+ geometry, and electron extraction potential (EEP), which is the energy
difference between M and M− (anionic), using M− geometry. The calculated vertical IP
(IPv), adiabatic IP (IPa), vertical EA (EAv), adiabatic EA (EAa), HEP, and EEP are listed
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242 D. Han et al.

Figure 2. Molecular orbital diagrams and HOMO and LUMO energies for complexes 1a, 1b, 2a,
and 2b.

in Table 2. The IPv is defined as the energy difference between the cation and its neutral
molecule at the equilibrium geometry of the neutral molecule. The IPa is defined as the
energy difference between the cation and its neutral molecule at their own equilibrium
geometries. The EAv is defined as the energy difference between the neutral molecule and
its anion both at the equilibrium geometry of the anion. The EAa is defined as the energy
difference between the neutral molecule and its anion at their own equilibrium geometries.

The complex 1b with the –CF3 substituent incorporated at the 4-positions of the phenyl
rings revealed obviously larger IP and EA values with respect to 1a, attributed to the strong
electron-withdrawing ability of –CF3. This is also found to compare 2b to 2a. In addition,
the complex 1a and 2b have the smallest IP value and largest EA value among the four

Table 2. The calculated vertical IP (IPv), adiabatic IP (IPa), HEP, vertical EA (EAv), and
adiabatic EA (EAa), EEP, and reorganization energies for electron (λelectron) and hole (λhole)

for each complex (Unit: eV)

IPv IPa HEP EAv EAa EEP λelectron λhole

1a 6.407 6.291 6.174 0.597 0.681 0.765 0.167 0.233
1b 6.806 6.655 6.523 1.374 1.484 1.595 0.220 0.283
2a 6.510 6.416 6.319 0.640 0.742 0.849 0.209 0.191
2b 7.103 6.992 6.880 1.399 1.548 1.676 0.276 0.223
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Figure 3. Schematic description of the internal reorganization energy for hole transfer.

complexes, respectively, indicating that the easiest hole injection ability for 1a and the
strongest electron injection ability for 2b.

According to the Marcus-Hush model [32–34], 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, 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 OLEDs materials [35–38]. Generally, λ is determined by fast changes in
molecular geometry (the internal reorganization energy λi) and by slow variations in solvent
polarization of the surrounding medium (the external reorganization energy λe). In OLEDs
devices, the contribution from λe can be neglected. Therefore, the internal reorganization
energy λi is the determinant factor. λi for hole transfer (λhole) can be expressed as follows
[39]:

λhole= λ0 + λ+= (E∗
0 − E0) + (E∗

+ − E+) = IPv − HEP (2)

As illustrated in Fig. 3, E0 and E+ represent the energies of the neutral and cationic
species in their lowest energy geometries, respectively, while E∗

0 and E∗
+ represent the

energies of the neutral and cationic species with the geometries of the cationic and neutral
species, respectively, which is equal to the difference between IPv and HEP. Similarly,
the reorganization energy for electron transport (λelectron) can be evaluated as: λelectron =
EEP − EAv. As emitting layer materials, it needs to achieve hole and electron injection
and transport balance. To the best of our knowledge, the reorganization energy (λ) can
be approximately used to estimate the charge transport rate and balance between holes
and electrons. The results are also listed in Table 2. The reorganization energies for hole
transport (λhole) are obviously larger than electron transport (λelectron), which indicates that
electron transport has better performance than hole transport. In addition, one can find that
complex 2a has the best hole transfer ability with the smallest λhole value (0.191 eV) among
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Figure 4. Simulated absorption spectra in CH2Cl2 for 1a, 1b, 2a, and 2b.

the four complexes. We also found that the energy differences between λhole and λelectron for
1a, 1b, 2a, and 2b are 0.066, 0.063, 0.018, and 0.053 eV, respectively. It can be seen that 2a
with the smaller λ value and the smaller differences between λhole and λelectron indicates the
better transfer balance between holes and electrons. As shown in Table 2, the λhole values
for 2a and 2b are smaller than the λelectron values, which suggests that the hole transfer
rate is better than the electron transfer rate. While the difference between λelectron and λhole

(0.018) for 2a is much smaller than that of 2b (0.053), which can greatly improve the
charge transfer balance of 2a, thus further enhancing the device performance of OLEDs.
The above analysis indicates that the charge transfer rate of holes and electrons has been
obviously influenced by the –CF3 substituent.

3.4. Absorption Spectra

On the basis of the optimized ground state geometries, the absorption properties of 1a,
1b, 2a, and 2b were calculated using TDDFT method. The vertical electronic excitation
energies, oscillator strengths (f ), assignment, and configurations have been listed in Table
S5 (Supplemental material). The absorption spectra of the studied complexes in CH2Cl2
media based on the TDDFT calculations are shown in Fig. 4.

The lowest energy absorption wavelengths are located at 428 nm (f = 0.1728) for 1a,
446 nm (f = 0.1669) for 1b, 385 nm (f = 0.0259) for 2a, and 399 nm (f = 0.0330) for
2b, respectively, in good agreement with the energy gaps (�EL-H) trend (Fig. 2) because
the HOMO–LUMO transition configurations are predominantly responsible for the S0→S1

transition (1a: 94%; 1b: 95%; 2a: 96%; 2b: 95%). It can be seen that the calculated
428 nm absorption for 1a is in good agreement with the experimental value 424 nm [22].
In comparison with 1a (2a), 1b (2b) has the red-shifted lowest energy absorption due to
the introduction of –CF3 substituent, which can be rationalized by the fact that 1b (2b) has
the smaller �EL-H value. As seen in Fig. 4, complexes 1a and 1b have similar absorption
curves in the band range of 275–350 nm. Besides, 2a and 2b have also the similar shape at
the about 275 nm, a large peak appearing.
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246 D. Han et al.

Figure 5. Transitions responsible for the emissions at 534, 540, 419, and 433/nm for complexes 1a,
1b, 2a, and 2b, respectively, simulated in CH2Cl2 media at the M062X level.

From the above discussion on the FMOs, the lowest energy absorptions of 1a is
assigned as metal to ligand charge transfer (MLCT)/ ligand to ligand charge transfer
(LLCT)/intraligand charge transfer (ILCT) transition characters, and its maximum absorp-
tion bands is located at 428 nm described as d(Ir)+π (B)→π∗(B) transition (B denotes
the two main ligands in each complex). For 1b, the lowest absorption is ascribed to
d(Ir)+π (A)→π∗(B) (A denotes the ancillary ligand in each complex) with MLCT/LLCT
character. This indicates that the introduction of –CF3 substituent has important effect on
the transition character of the lowest energy absorptions for 1b with respect to 1a. In addi-
tion, the lowest energy absorptions at 385 and 399 nm for 2a and 2b can both be described
as d(Ir)+π (B)→π∗(B) transition of MLCT/ILCT character.

3.5. Phosphorescence

On the basis of the optimized triplet excited-state (T1) geometries, the emission properties
of complexes 1a, 1b, 2a, and 2b in CH2Cl2 solution are shown in Table 3. To check
the computational method, two different density functionals (B3LYP and M062X [40])
were used. A good agreement with experimental data were obtained for M062X, while a
disagreement was found for B3LYP. The calculated lowest energy emissions for 1a, 1b,
2a, and 2b at M062X level are localized at 534, 540, 419, and 433 nm, vs. 642, 660, 502,
523 nm at B3LYP level. For 1a, the lowest energy emission at M062X (534 nm) is in good
agreement with the measured value (529 nm) vs. the significant deviation of 113 nm at
B3LYP level from the experimental data [22]. The plots of the molecular orbitals related to

D
ow

nl
oa

de
d 

by
 [

X
ia

n 
Ji

ao
to

ng
 U

ni
ve

rs
ity

] 
at

 1
3:

23
 1

1 
D

ec
em

be
r 

20
14

 



Electronic Structures and Phosphorescent Properties of Four Ir(III) Complexes 247

emissions of 1a, 1b, 2a, and 2b in CH2Cl2 media at the M062X level are also presented in
Fig. 5.

Table 3 shows that for 1a and 1b, at the M062X level, the phosphorescent emis-
sions were contributed mainly by the LUMO→HOMO and LUMO→HOMO-2 transitions.
Their lowest energy phosphorescent emissions have the 3 ligand to metal charge transfer
(LMCT)/3 ligand to ligand charge transfer (LLCT) [π∗(B)→d(Ir)+ π (A+B)] charac-
ter. For 2a and 2b, at the M062X level, the phosphorescent emissions were contributed
mainly by the LUMO→HOMO and LUMO + 1→HOMO – 1 transitions. Their low-
est energy phosphorescent emissions are mainly composed of [π∗(B)→d(Ir)+π (A+B)]
[3LMCT//3LLCT(ligand to ligand charge transfer)/3ILCT(intraligand charge transfer)] and
[π∗(B)→π (B)] [3ILCT]. The emissions of 2a and 2b are blue shifted about 110 nm com-
pared with 1a and 1b, respectively, indicating that the emission properties are sensitive to
the selected main ligands in these complexes. It can be seen that the emission spectra of the
2b is in the blue region, and we expect it might be a potential candidate for blue emitters in
phosphorescent dopant emitters in OLEDs. From Fig. 5, it can be seen that the LUMO of
1a and 1b are localized on the one main ligand different from those of 2a and 2b, that is,
their LUMO localized on the two main ligands. Similarly, the HOMOs of 1a and 1b have
also different distributions from those of 2a and 2b.

4. Conclusions

In this paper, we have applied DFT and TDDFT methods to investigate the geometries,
electronic structures, injection and transporting, absorption and phosphorescence properties
of four heteroleptic Ir(III) complexes. The molecular orbitals have been analyzed to study
the microcosmic charge transfer transitions in absorption and emission in detail. The
highest occupied orbital energies (HOMO), the lowest virtual orbital energies (LUMO),
�EL-H (the energy gaps between the LUMO and HOMO), the IP, EA, and reorganization
energies (λ) were computed to evaluate the charge transfer and balance properties between
hole and electron. It is noted that the –CF3 substituent group on the ligand has impact on
not only the character of transition but also affect the rate and balance of charge transfer.
It is anticipated that the theoretical studies will be helpful in designing novel iridium(III)
complexes as phosphorescent materials with good OLEDs performances.
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