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Quantum-chemistry methods were explored to investigate the electronic structures, injection and transport properties,
absorption and phosphorescence mechanism of a series of blue-emitting Ir(III) complexes {[(F2-ppy)2Ir(pta -X/
pyN4)], where F2-ppy = (2,4-difluoro)phenylpyridine; pta = pyridine-1,2,4-triazole; X = phenyl(1); p-tolyl (2); 2,6-
difluororophenyl (3);-CF3 (4), and pyN4 = pyridine-1,2,4-tetrazolate (5)}, which are used as emitters in organic light-
emitting diodes (OLEDs). The mobility of hole and electron were studied computationally based on the Marcus theory.
Calculations of Ionization potentials (IPs) and electron affinities (EAs) were used to evaluate the injection abilities of
holes and electrons into these complexes. The reasons for the lower EL efficiency and phosphorescence quantum
yields in 3-5 than in 1and 2 have been investigated. These new structure-property relationships can guide an
improved design and optimization of OLED devices based on blue-emitting phosphorescent Ir(III) complexes.

Introduction

Recently, phosphorescent transition-metal complexeswith
d6 electron configuration such asRe(I),1Ru(II),2Os(II),3 and
Ir(III)4 have attracted considerable attention because of their
intriguing photophysical, photochemical, and potential prac-
tical applications as organic light emitting devices (OLEDs)
and biological labeling reagents.5 More specifically, these
transition metal complexes would display bright phosphor-
escent emission spanning the whole visible spectra, making
them suitable to serve as ideal phosphors for OLED applica-
tions. Among them, iridium(III) complexes are regarded as
the most effective materials in OLEDs because of their high
thermal stability, short lifetime in excited states, and strong
spin-orbit coupling effect of heavy metal, which can, to a
large extent, partially remove the spin-forbidden nature of
the T1fS0 radiative relaxation.

Among these Ir(III) complexes, green- and red-emitting
species have been known for years and successfully fabricated
as emitters in OLEDs with high quantum efficiency.6 How-
ever, achieving room-temperature blue phosphorescence with
high quantum efficiency remains as a challenge.7 One major
challenge lies in the selection of suitable chelate ligands with
sufficiently large ligand-centered (LC) πfπ* transition en-
ergies and/or metal-to-ligand charge transfer (MLCT) ener-
gies. Previously, the emission wavelength can be easily tuned
mostly through the structure variation of phenylpyridine
(C∧N) ligand, while changing the ancillary ligand leads only
to a minor shift.8 Recently, 2-(2,4-difluorophenyl)pyridine
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(F2-ppy) has been the main potent ligand in providing short
emission wavelength, and therefore, the ancillary ligand
becomes the decisive structural factor for blue color of
iridium complexes.9 In this aspect, strong field ligands are
usually selected as ancillary ligands such as cyanide,
carbonyl, phosphine, and NHC carbene ligand with an aim
to increase the HOMO-LUMO energy gaps.10 These
strong field ligands can destabilize the metal-centered (MC)
dd states, and consequently reduce the radiationless deacti-
vation. For example, a series of new blue-emitting com-
plexes [Ir(C∧N)(PR3)2LL

0]0,þ(C∧N=ppy,F2ppy, F2Meppy;
PR3=PPh3, PPh3Me) emit deep- and sky-blue light when L
and L0 are strong field ligands such as H-, CO, and CN- and
medium-field ligand MeCN.11 Ancillary ligands such as
picolinic acid (pic) and 2-pyridylazoles can alter the excited-
state properties through altering theMLCT energymainly by
changing the highest occupied molecular orbital (HOMO)
energy level because the HOMO is mainly localized on the
picolinic or 2-pyridylazoles ligands. For 2-pyridylazoles li-
gands as an example, the strong σ-donor property of azolate,
together with the π-accepting ability of the second pyridyl
fragment,12 may provide a synergism of the electron deloca-
lization so that the electron density is transferred from azolate
to the metal ion and back to the pyridyl side of the ligand,
thus enhance the chelate interaction. This strong metal-
ligand interaction results in the orbital composition of the
HOMO mainly localized on the pic ligand,13 and the lowest
unoccupied molecular orbital (LUMO) is localized on the
main ligand such as ppy, F2-ppy, which is contrast to the
conventional [Ir(C∧N)2(N

∧N)]þ complexes, in which the
HOMO consists principally of a mixture of phenyl π-and
Ir d-orbital and the LUMO is localized largely on bpy
π*-orbitals.14 Therefore, by changing the substitutive group
or substituent position on these ancillary ligands can make
more change inHOMOthanLUMOand furthermore change
the excited state energy.
In contrast to the wide experimental investigations, quan-

tum-chemistry study on blue-emitting Ir complexes is lim-
ited.15 To foresee new structure-property relationships and
help to improve the design of OLEDs based on blue-emitting
iridium(III) complexes, we theoretically investigated the
injection, transport, absorption, and phosphorescence prop-
erties for a series of blue-emitting iridium(III) complexes

Ir(F2-ppy)2(pta-X/pyN4), where F2-ppy = (2,4-difluoro)-
phenylpyridine; pta=pyridine-1,2,4-triazole; X=phenyl(1);
p-tolyl (2); 2,6-difluororophenyl (3); -CF3 (4) and pyN4 =
pyridine-1,2,4-tetrazolate (5)16,17 using density functional
theory (DFT) and time-dependent density functional theory
(TD-DFT). We hope that the study could provide useful
information for the design of new phosphors in OLEDs with
high electroluminescence (EL) efficiency and high phosphor-
escence quantum yields.

Computational Details

The ground-state and the lowest-lying triplet excited-state
geometries were optimized by the DFT18 method with
Becke’s LYP (B3LYP) exchange-correlation functional19

and the configuration interaction with single excitations
(CIS)20 approach, respectively. There were no symmetry
constraints on these complexes. At the respective optimized
geometries of ground and excited states, TDDFT21 calcula-
tions using the B3LYP functional with the same basis set,
associated with the polarized continuum model (PCM)22 in
dichloromethane (CH2Cl2) media, were carried out to obtain
the vertical excitation energies of singlet (Sn) and triplet (Tn)
states. Recent calculations with TDDFT method for transi-
tion-metal complexes have supported its credibility and gave
good agreement with experimental spectra.23

In the calculation, the quasi-relativistic pseudopotentials
of Ir atoms proposed by Hay and Wadt24 with 17 valence
electrons were employed, and a “double-ξ”quality basis set
LANL2DZ was adopted as the basis set. 6-31G(d) basis set
was used on C, H, N, O, and F atoms in all the calculations,
with the exception for electronic affinities (EA), in which,
to describe EA more properly, we further optimized the
neutral and the anionic species with 6-31þG(d) basis sets.
Furthermore, the stable configurations of these complexes
can be confirmed by frequency analysis, in which no imagin-
ary frequency was found for all configurations at the
energy minima. As a check for the presence of spin contam-
ination, we compare the calculated value of total spin ÆS2æ
with the experimental value. If there isno spin contamination,
ÆS2æ shouldequal s(sþ 1),where s equals 1/2 times thenumber
of unpaired electrons. From the experience with organic
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molecule calculations, the spin contamination can be negli-
gible if the calculated value of ÆS2æ differs from s(sþ 1) by less
than 10%. All the calculated ÆS2æ values in this paper for
open-shell systems change in the range 0.7569-0.7647, which
differs 0.9%∼2.0% from the experimental value of 0.75.
Therefore, the spin contamination can be said to be negligible
in these calculations. All the calculations were performed
with the Gaussian 03 software package25 on the Origin/3900
server.

Results and Discussion

Geometries in the Ground State S0 and Triplet Excited
State T1. The sketch map of the five complexes is pre-
sented in Figure 1, and the optimized ground-state geo-
metrical structures for 1 and 3 are shown inFigure 2 along
with the numbering of some key atoms. The main geo-
metry structural parameters are summarized in Table 1
together with the X-ray crystal structure data of 2.16 All
complexes show a pseudo-octahedral coordination
around the metal centers with the two N atoms (N3 and
N5) from F2-ppy ligands residing at the trans location,
and C4 and C6 at the cis location. The introduction of
different substituents on the ending phenyl ring cause
only minor differences of geometrical parameters for 1-
3.While the calculated bond lengths of Ir-N1 and Ir-N2
in 4 and generally all bond lengths in 5 are longer than in
1-3 and with the largest differences focused on Ir-N1
and Ir-N2. These elongated bond lengths result from the
electron-withdrawing effect and the enhanced interannu-
lar π-conjugation of tetrazolate ring in 4 and 5, res-
pectively. For 5, the enhanced π-conjugation conse-
quently contracts the tetrazolate ring and weakens the
interaction between tetrazolatemoiety and themetal. The
difference of bond angles among these complexes is
negligible. Generally speaking, the calculated results of
1-5 are in agreement with the corresponding X-ray
results. The slight elongation of the calculated metal-
ligand distances compared with the experimental values
can be attributed to the crystal packing in the crystalline
state.
It is interesting to note that the Ir-N1 bond lengths are

shorter than the Ir-N2 ones. For 1-3, this can be
rationalized by the presence of the ending phenyl ring
on triazole moiety which can extend the π-electron
delocalization among the triazole moiety and the phenyl
ring, and therefore, improve the cooperative effect.26 This
is also reflected in the Ir-C4 and Ir-C6 bond lengths, in

which the Ir-C6 bond length is longer than the Ir-C4
bond length. The longer Ir-C6 bond length is believed to
be caused by the stronger Ir-N1 bonding interaction,
which eventually weakened the Ir-C6 bond at the trans
disposition. For 4 and 5, the main reason is that the
π-accepting ability of triazole and tetrazolate ring is
greater than that of the pyridine ring, which can also
increase the cooperative effect.26

Figure 1. Sketch structures of the five complexes.

Figure 2. Optimized structures of 1 and 3 in the ground states at DFT/
B3LYP/LANL2DZ level.
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The calculated geometrical parameters of the lowest-
lying triplet excited states of 1-5 are also listed in Table 1.
Table 1 shows that the variation of bond distances for 1
and 2 are different from that of 3-5. The Ir-N1 and Ir-
N2 bonds for 1 and 2 are contracted in T1 states
compared with those in S0 states, while 3-5 have the
opposite trend. For all the five complexes, other bond
lengths are elongated in T1 states, and the variation
degree of 1 and 2 is larger than of 3-5. These changes
indicate that the interaction betweenmetal and pta will be
strengthened in T1 states for 1 and 2 compared with the
interaction between metal and F2-ppy, and this interac-
tion has the opposite trend for 3-5. Because of the
stronger interaction between F2-ppy and the metal in
3-5, F2-ppy ligand will have greater effect on frontier
molecular orbitals (FMOs) in both the ground state and
the excited state. Furthermore, this different strength
between the metal and the F2-ppy or pta/pyN4 ligand
will result in different electron transition characters.

Molecular Orbital Properties. It is known that the
observed differences in optical and chemical properties
of these complexes depend mainly on the changes of the
ground-state electronic structure. The concept of emis-
sion color turning by grafting various substituents relies
on the fact that the lowest excited state is relatively well
described as a HOMO to LUMO transition in a given
ligand.27 Therefore, we will discuss in detail the ground-
state electronic structure with the special emphasis on the
HOMO and LUMO distribution, energy levels, and
energy gaps. The FMO compositions of 1-5 are given
in Tables S1-S5, Supporting Information. The ancillary
ligands are denoted as pta/pyN4, and substituents are
donated as ph, Me-ph, F2-ph, CF3 for 1-4, respectively.
The HOMO and LUMO distribution, energy levels, and
energy gaps are plotted in Figure 3.
For 1, Figure 3 and Table S1, Supporting Information

show that the HOMO mainly resides on the pta moiety,
and the composition extends to the ending phenyl moiety
with the proportion of 29.9%. The composition on dπ is

only 11.3% (9.5% dxz) and the metal d orbital is an
antibonding combination with the pta π-orbital. The
HOMO of 2 has the similar distribution to 1. The
attached electron-donating group -CH3 pulls the elec-
tron density moving toward the ending substituent with
the proportion on the ancillary ligand increased up to
37.7%. For 3, the HOMO extends over the dz2 orbital of
the Ir atom, the phenyl moiety of two F2-ppy ligands, the
pta ligand, and the ending phenyl ring, which is more
evenly distributed. The main reason resulting in this
different distribution from 1 and 2 is due to the torsion
angle of 39.6� between the triazole moiety and the ending
phenyl ring, which breaks the π-conjugation across the
triazole and the ending phenyl ring to a large extent.
Therefore, this weakens the interaction between them and
causes the slight shift of the electron density from the pta
moiety to the metal and eventually to the F2-ppy moiety.
Our explanation has been demonstrated by the recent
report on a series of similar complexes, among which one
complex (similar to 3 but with two F atom attached at 3
and 5 positions) does not cause obvious orbital composi-
tion localized on the F2-ppy moiety because of the
absence of this torsion.28 The HOMOs of 4 and 5 are
mainly a metal d and a F2-ppy based π-orbital, and the
composition coming frompta/pyN4moiety has vanished.
This is consistent with the generally longer metal-pta/
pyN4 bond lengths in 4 and 5, which weakens the inter-
action between metal and pta/pyN4 moiety, and conse-
quently cause the negligible distribution localized on pta/
pyN4 moiety. The LUMO for 1;3 is predominantly of
F2-ppy π*-orbital character, while the LUMO for 4 and 5
is more evenly distributed covering the F2-ppy and pta/
pyN4 moieties. Details of other orbital compositions can
be seen from Tables S1-S5, Supporting Information.
Moreover, the energy levels of HOMO and LUMO

are greatly influenced by different substituents on the
ancillary ligands. Figure 3 shows that the complexes with
phenyl ring substituents (1-3) have generally the higher
HOMOandLUMOlevels.Among 1-3, electron-donating

Table 1.Main Optimized Geometry Structural Parameters of 1-5 in the Ground and the Lowest Lying Triplet States at the B3LYP and CIS Level, Respectively, Together
with the Experimental Values of 2

1 2 3 4 5 exptl16

S0 T1 S0 T1 S0 T1 S0 T1 S0 T1 2

Bond Length (Å)

Ir-N1 2.151 2.141 2.150 2.140 2.150 2.151 2.155 2.158 2.159 2.161 2.100
Ir-N2 2.252 2.245 2.251 2.244 2.252 2.274 2.256 2.277 2.259 2.285 2.177
Ir-N3 2.073 2.103 2.073 2.103 2.074 2.103 2.074 2.103 2.076 2.103 2.041
Ir-C4 2.013 2.031 2.013 2.031 2.012 2.026 2.012 2.026 2.013 2.025 2.007
Ir-N5 2.072 2.099 2.072 2.099 2.072 2.088 2.073 2.089 2.073 2.089 2.043
Ir-C6 2.026 2.050 2.026 2.050 2.026 2.050 2.025 2.047 2.023 2.046 2.019
C7-C8 1.469 1.472 1.468 1.469 1.472 1.480 1.451 1.494 1.462

Bond Angle (deg)

N3-Ir-N5 174.7 174.7 174.7 174.7 174.8 175.0 174.7 174.9 174.8 174.9 173.7
N3-Ir-C6 96.9 97.3 97.0 97.3 97.1 97.2 96.9 97.1 97.0 97.1 97.5

Dihedral Angle (deg)

N1-N2-Ir-N3 -87.2 -86.4 -87.4 -86.4 -86.7 -86.7 -86.7 -86.6 -87.1 -86.7 -86.3
C4-N3-Ir-C6 -89.9 -88.9 -90.0 -88.9 -89.9 -89.1 -90.0 -89.1 -89.6 -89.1 -84.9

(27) Avilov, I.; Minoofar, P.; Cornil, J.; De Cola, L. J. Am. Chem. Soc.
2007, 129, 8247–8258.

(28) Orselli, E.; Albuquerque, R. Q.; Fransen, P. M.; Fr
::
ohlich, R.;

Janssen, H. M.; De Cola, L. J. Mater. Chem. 2008, 18, 4579–4590.
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group -CH3 (2) can destabilize both of the HOMO and
LUMO energy levels. While electron-withdrawing group,
-F (3) greatly stabilizes theHOMOenergy anddestabilizes
the LUMO level, which results in the largest H-L gap
of 3.79 eVamong the three complexes.While in 4 and 5, the
-CF3 substituent and tetrazolate ring can stabilize both
HOMO and LUMO energies to a large extent compared
with 1-3, and both of them have similar levels. The raised
HOMO energy levels of 1-3will benefit the hole injection,
while the slightly increased LUMO levels will decrease the
electron injection ability, and 4 and 5 have the opposite
trend. These relative HOMOand LUMO energy levels will
guide to compare the EL efficiency of OLEDs among
these complexes, and this will be discussed in the next
section.

Ionization Potentials (IP) and Electronic Affinities
(EA). The device performance of OLEDs depends on
the charge injection, transfer, and balance, as well as the
exciton confinement in a device. In this section, we
present ionization potentials (IP), electron affinities
(EA), and reorganization energy (λ) calculated for the
five complexes, together with hole extraction potential
(HEP), electron extraction potential (EEP), and “small-
polaron” stabilization energy (SPE). 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 molecule). The
IP and EA are used to evaluate the energy barrier for the
injection of holes and electrons, and the reorganization
energy is used to evaluate the charge transfer rate and
balance. For photoluminescent materials, the lower IP of
the emitter, the easier the entrance of holes from the hole-
transport layer (HTL) to the emitter; and the higher the
EA of the emitter, the easier the entrance of electrons
from the electron-transport layer (ETL). For IP and EA
calculations, we did not include the solvent polarization
of the surrounding medium. In the case of solid-state

photoelectronic devices such as LEDs, however, this
solvent factor can be negligible, and this comparison
trend of charge injection abilities in IP and EA has been
demonstrated credible by many reports,29 and it is the
same case for SPE. In addition, HEP is the energy
difference from M (neutral molecule) to Mþ (cationic),
using Mþ geometric structure in the calculation, and
EEP is energy difference from M to M- (anionic), using
M- geometric structure in the calculation. Furthermore,
SPE is used to estimate self-trapping energies
of charge in the materials, which is the energy gain
of the excess electron because of structural relaxation,
that is, the difference between EA(a) and EA(v) (for
electron).
InTable 2, the calculated IP (both vertical and adiabatic)

values increase in the following order: 2<1<3<4<5. This
indicates that the difficulties of hole injection fromHTL to
these complexes gradually increase, and this order is con-
sistent with the trend of HOMO energy levels. By analysis
of EA values, complexes 4 and 5 more easily accept an

Figure 3. Presentation of the energy levels, energy gaps and orbital composition distribution of the HOMO and the LUMO for the five complexes.

Table 2. Ionization Potentials, Electron Affinities, Extraction Potentials, Internal
Reorganization Energies, and “Small-Polaron” Stabilization Energy for the Five
Complexes (in eV) Calculated at DFT/B3LYP/LANL2DZ Level

IP(v) IP(a) HEP SPE(h) EA(v) EA(a) EEP SPE(e) λhole λelectron

1 6.45 6.35 6.35 0.10 0.98 1.05 1.05 0.07 0.10 0.07
2 6.38 6.24 6.25 0.14 0.96 1.03 1.03 0.07 0.14 0.07
3 6.62 6.46 6.46 0.16 0.94 1.02 1.02 0.08 0.16 0.07
4 6.94 6.80 6.82 0.14 1.11 1.19 1.19 0.08 0.12 0.08
5 6.95 6.80 6.82 0.15 1.08 1.15 1.15 0.07 0.13 0.07

(29) (a) Shi, L. L.; Liao, Y.; Yang, G. C.; Su, Z. M.; Zhao, S. S. Inorg.
Chem. 2008, 47, 2347–2355. (b) Liao, Y.; Yang, G. C.; Feng, J. K.; Shi, L. L.;
Yang, S. Y.; Yang, L.; Ren, A. M. J. Phys. Chem. A 2006, 110, 13036–13044.
(c) Yu, G.; Yin, S. W.; Liu, Y. Q.; Shuai, Z. G.; Zhu, D. B. J. Am. Chem. Soc.
2003, 125, 14816–14824. (d) Yang, G. C.; Su, T.; Shi, S. Q.; Su, Z. M.; Zhang, H.
J.; Wang, Y. J. Phys. Chem. A 2007, 111, 2739–2744. (e) Liu, Y. L.; Feng, J. K.;
Ren, A. M. J. Phys. Chem. A 2008, 112, 3157–3164.
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electron than 1-3, and this trend is also consistent with the
order of the LUMO energy levels.
According to the Marcus/Hush model,30 the charge

(hole or electron) transfer rate k can be expressed by the
following formula:

k ¼ π

λkBT

� �1=2
V2

p
exp -

λ

4kBT

� �

¼ A exp -
λ

4kBT

� �
ð1Þ

whereT is the temperature, kB is the Boltzmann constant,
λ is the reorganization energy, and V is the coupling
matrix element between the ions and molecules which is
dictated by the overlap of orbitals. It can be seen from eq 1
that there are two factors λ and V that determine the
transfer rate k. However, the intermolecular charge
transfer range in the solid state is rather narrow and V
is very limited; therefore, the mobility of charges has been
demonstrated to be dominantly related to the internal
reorganization energy λ for OLEDs materials.31 The
reorganization energy λ (herein the internal reorganiza-
tion energy obtained by ignoring any environmental
relaxation and changes) for hole transfers can be ex-
pressed as follows:32

λhole ¼ λ0þλþ ¼ ðE�0 -E0ÞþðE�þ -EþÞ
¼ IPðvÞ-HEP ð2Þ

as illustrated in Figure 4,E0 andEþ represent the energies
of the neutral and cationic species in their lowest energy
geometries, respectively, while E*0 and E*þ represent the
energies of the neutral and cationic species with the
geometries of the cationic and neutral species, respec-
tively, which is equal to the difference between vertical IP
and hole extraction energy HEP. In this way, λ for
electron transfer can be expressed similar to that for hole

transfer. As emitting layer materials, it needs to achieve
hole and electron injection balance. Table 2 shows that
the reorganization energies for hole transport (λhole) are
slightly larger than those for electron transport (λelectron),
which reveals that the electron-transporting performance
of these complexes is slightly better than that for hole
transport. However, the differences between λhole and
λelectron for these complexes are smaller than or compar-
able with many photoluminescent transition-metal com-
plexes and organic molecules;33 therefore, they are
suitable as emitters in OLEDs. Highly important, it is
essential to compare the EL efficiency of OLEDs among
these five complexes, and therefore to facilitate the read-
ers to catch up with the core subjects regarding the choice
of ancillary ligands and different substituents suited for
enhancing the performance of OLEDs. Table 2 shows
that the hole injection barriers from HTL to emitters are
smallest for 2, slightly larger for 1 and 3, and largest for 4
and 5, while the electron injection abilities of 1-3 and 4-
5 are almost equivalent, respectively, because of their very
similar LUMO levels. In addition, the higher HOMO
level can provide a more stable potential well for hole
trapping. Therefore, we suppose that 1 and 2 have higher
EL efficiency resulting from the improved ease of hole
injection and electron trapping abilities, which can induce
a build-in field in the EL layer and further accelerate the
electron injection from ETL34 than 3-5. This can be seen
from the little smaller electron trapping energies (SPE)
of 0.07 eV for 1 and 2 than 0.08 eV for 3 and 4, and
comparable to 5 in Table 2.35,36

Absorption in CH2Cl2 Media. The calculated absorp-
tion spectra associated with their oscillator strengths,
assignment, configurations, excitation energies, and CI
coefficients are listed in Table 3. For clarity, only themost
leading excited states (with larger CI coefficients) are
listed. The fitted Gaussian type absorption curve is
depicted in Figure 5.
In experiment, absorption spectra show intense fea-

tures below 340 nm and less intense features in the range
of 340-450 nm. Obviously, the calculated absorption
spectra can reproduce well the experimental features in
terms of band positions, intensities, and separations. The
lowest transition energies follow the order: 5∼4 > 3
>1>2. An obvious blue shift of 4 and 5 compared with
1-3 is observed, and 3 is again blue-shifted compared
with 1 and 2. This is consistent with the variation rule of
the energy gaps because the HOMOfLUMO transition
configurations are predominantly S0fS1 transitions.
From the above discussion on FMOs, the lowest lying
absorptions are characterized as MLCT[d(Ir)fπ*(F2-
ppy/pta/pyN4)]/LLCT [π(pta/ph/F2-ppy)fπ*(F2-ppy/
pta/pyN4)], and/or ILCT[π(F2-ppy)fπ*(F2-ppy)], with
the exception of 2, which is mainly the transition localized

Figure 4. Schematic description of internal reorganization energy for
hole transfer.

(30) (a) Hush, N. S. J. Chem. Phys. 1958, 28, 962–972. (b) Marcus, R. A.
Rev.Mod. Phys. 1993, 62, 599–610. (c) Marcus, R. A. J. Chem. Phys. 1956, 24,
966–978.

(31) (a) Malagoli, M.; Br�edas, J. L. Chem. Phys. Lett. 2000, 327, 13–17.
(b) Lin, B. C.; Cheng, C. P.; Ping, Z.; Lao, M. J. Phys. Chem. A 2003, 107, 5241–
5251. (c) Sakanoue, K.; Motoda, M.; Sugimoto, M.; Sakaki, S. J. Phys. Chem. A
1999, 103, 5551–5556. (d) Lee, Y. Z.; Chen, X. W.; Chen, S. A.; Wei, P. K.; Fann,
W. S. J. Am. Chem. Soc. 2001, 123, 2296–2307.

(32) Hutchison, G. R.; Ratner, M. A.; Marks, T. J. J. Am. Chem. Soc.
2005, 127, 2339–2350.

(33) (a) Li, X.N.; Liu, X. J.;Wu, Z. J.; Zhang,H. J. J. Phys. Chem. A 2008,
112, 11190–11197. (b) Li, X. N.; Feng, J. K.; Ren, A.M.Chin. J. Chem. 2008, 26,
1979–1984. (c) Liu, Y. L.; Feng, J. K.; Ren, A. M. J. Phys. Org. Chem. 2007, 20,
600–609.

(34) Yang, B.; Kim, S. K.; Xu, H.; Park, Y.; Zhang, H. Y.; Gu, C.; Shen,
F. Z.; Wang, C. L.; Liu, D. D.; Liu, X. D.; Hanif, M.; Tang, S.; Li, W. J.; Li,
F.; Shen, J. C.; Park, J. W.; Ma, Y. G. ChemPhysChem 2008, 9, 2601–2609.

(35) Yang, L.; Ren, A. M.; Feng, J. K.; Liu, X. J.; Ma, Y. G.; Zhang, M.;
Liu, X. D.; Shen, J. C.; Zhang, H. X. J. Phys. Chem. A 2004, 108, 6797–6808.

(36) Burrows, P. E.; Shen, Z.; Bulovic, V.;McCarty, D.M.; Forrest, S. R.;
Cronin, J. A.; Thompson, M. E. J. Appl. Phys. 1996, 79, 7991–8006.
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on the ligand [π(ptaþMe-ph)fπ*(F2-ppy)]. Figure 5 in-
dicates that the first distinguishable absorption bands
show a similar energy variation trend to those of the
lowest lying absorptions, while these absorptions for 4

and 5 are very weak. In Table 3, the calculated values of
these bands are localized at 375, 380, and 354 nm for 1-3,
respectively, which correspond well to the experimental
value of 370 nm. For 1 and 3, the transition can be
ascribed as mixed character of MLCT/LLCT/ILCT
{[dxz(Ir)þπ(ptaþph)fπ*(F2-ppyþpta)] for 1 and [dz2
(Ir)þdxy(Ir)þπ(F2-ppyþpta)fπ*(F2-ppyþpta)] for 3}.
While the LLCT and ILCT [π(ptaþMe-ph)fπ*(F2-
ppyþpta)] is the main character for the 380 nm absorp-
tion of 2, perturbed by a small MLCT components as can
be seen from Table S2, Supporting Information.
In experiment, the higher absorption peaks close to the

highest ones are not well separated.16 It is thus the
advantage of the theoretical study to separate these
peaks. In Figure 5, the second distinguished absorption
bands appear at 280-340 nm. For all the five complexes,
the transitions with the largest oscillator strengths located
at around 295 nm dominate these higher-energy absorp-
tion bands. The transition configuration of HOMO-
4fLUMOþ1 contributes to the 294 nm absorption of 1
and 2, while the HOMO-1fLUMOþ5 excitation is the
main configuration for 3. In combination with Table 3
and Tables S1-S5, Supporting Information, HOMO-4
of 1 and 2 is mainly π(ph/Me-ph) orbital, and LUMOþ1

Table 3. Calculated Absorption of 1-5 in CH2Cl2 Media at TD-B3LYP Level, Together with Experimental Values

states λ(nm) /E(eV) oscillator main configurations assign exptl16

1 S1 391/3.17 0.0132 HfL(74%) Ir/pta/phfF2-ppy (MLCT/LLCT)
S4 375/3.30 0.0665 HfLþ2(58%) Ir/pta/phfF2-ppy/pta (MLCT/LLCT/ILCT) 370
S15 308/4.03 0.0896 H-2fLþ1(50%) Ir/F2-ppyfF2-ppy/pta (MLCT/LLCT/ILCT) 315
S17 303/4.09 0.1562 H-3fLþ2(38%) Ir/F2-ppyfF2-ppy/pta (MLCT/LLCT/ILCT)
S21 294/4.22 0.1911 H-4fLþ1(47%) phfF2-ppy/pta (LLCT) 280
S33 267/4.64 0.4057 HfLþ6(45%) Ir/pta/phfpta/ph (MLCT/ ILCT)
S34 266/4.65 0.1685 H-2fLþ4(51%) Ir/F2-ppyfF2-ppy/pta (MLCT/LLCT/ILCT) 258
S35 266/4.67 0.1197 H-4fLþ3(29%) phfF2-ppy (LLCT)

2 S1 397/3.12 0.0066 HfL(91%) pta/Me-phfF2-ppy (LLCT)
S4 380/3.26 0.0726 HfLþ2(76%) pta/Me-phfF2-ppy/pta (LLCT/ILCT) 370
S16 305/4.07 0.1196 H-2fLþ2(37%) Ir/F2-ppyfF2-ppy/pta (MLCT/LLCT/ILCT) 315
S21 294/4.21 0.1941 H-4fLþ1(44%) Me-phfF2-ppy/pta (LLCT)
S33 270/4.60 0.5015 HfLþ6(38%) pta/Me-phfF2-ppy/pta(LLCT/ILCT) 281
S36 266/4.65 0.2108 H-2fLþ4(36%) Ir/F2-ppyfF2-ppy/pta(MLCT/LLCT/ILCT) 259
S37 265/4.67 0.1895 H-2fLþ4(21%) Ir/F2-ppyfF2-ppy/pta (MLCT/LLCT/ILCT)

3 S1 388/3.20 0.0305 HfL(90%) Ir/F2-ppy/pta/F2-phfF2-ppy (MLCT/LLCT/ILCT)
S5 354/3.50 0.0901 H-1fLþ1(95%) Ir/F2-ppy/ptafF2-ppy/pta (MLCT/LLCT/ILCT) 370
S8 318/3.90 0.0671 H-2fL(68%) Ir/F2-ppyfF2-ppy (MLCT/ILCT) 315
S20 294/4.22 0.1461 H-1fLþ5(51%) Ir/F2-ppy/ptafF2-ppy/pta (MLCT/LLCT/ILCT) 282
S33 268/4.63 0.1672 HfLþ6(88%) Ir/F2-ppy/pta/F2-phfpta/F2-ph (MLCT/LLCT/ILCT)
S35 265/4.67 0.2339 H-2fLþ4(53%) Ir/F2-ppyfF2-ppy/pta (MLCT/LLCT/ILCT) 256
S38 262/4.72 0.1237 H-1fLþ6(68%) Ir/F2-ppy/ptafpta/F2-ph (MLCT/LLCT/ILCT)
S47 254/4.88 0.1725 HfLþ7(21%) Ir/F2-ppy/pta/F2-phfIr/F2-ppy (d-d/MLCT/LLCT/ILCT)

4 S1 384/3.23 0.0389 HfL (66%) Ir/F2-ppyfF2-ppy/pta (MLCT/LLCT/ILCT)
HfLþ1 (34%) Ir/F2-ppyfF2-ppy/pta (MLCT/LLCT/ILCT)

S16 298/4.17 0.1042 H-4fL(46%) Ir/F2-ppy/ptafF2-ppy/pta (MLCT/LLCT/ILCT)
S27 274/4.53 0.1528 H-2fLþ3 (37%) F2-ppy/ptafF2-ppy/pta (ILCT)
S31 262/4.83 0.1032 H-4fLþ3(42%) Ir/F2-ppy/ptafF2-ppy/pta (MLCT/LLCT/ILCT)

H-2fLþ4 (41%) F2-ppy/ptafF2-ppy/pta (ILCT)
S32 261/4.75 0.1088 H-2fLþ4 (25%) F2-ppy/ptafF2-ppy/pta (ILCT)

H-4fLþ3 (23%) Ir/F2-ppy/ptafF2-ppy/pta (MLCT/LLCT/ILCT)
S38 252/4.91 0.1527 H-1fLþ8 (20%) Ir/F2-ppy/ptafIr/F2-ppy (d-d/MLCT/LLCT/ILCT)

5 S1 383/3.24 0.0363 HfL (62%) Ir/F2-ppyfF2-ppy/pyN4 (MLCT/LLCT/ILCT)
HfLþ1 (38%) Ir/F2-ppyfF2-ppy/pyN4 (MLCT/LLCT/ILCT)

S8 316/3.93 0.0886 H-1fLþ2(59%) Ir/F2-ppy/pyN4fF2-ppy (MLCT/LLCT/ILCT)
S16 296/4.18 0.1247 H-3fLþ2(43%) Ir/F2-ppyfF2-ppy (MLCT/ILCT)
S17 294/4.22 0.1170 H-4fLþ1(73%) Ir/F2-ppy/pyN4fF2-ppy/pyN4 (MLCT/LLCT/ILCT)
S26 271/4.58 0.1172 H-2fLþ3(53%) Ir/F2-ppy/pyN4fF2-ppy/pyN4 (MLCT/LLCT/ILCT)
S30 265/4.69 0.1388 H-6fLþ2(56%) Ir/F2-ppy/pyN4fF2-ppy (MLCT/LLCT/ILCT)
S34 258/4.80 0.1390 HfLþ8(32%) Ir/F2-ppyfIr/F2-ppy (d-d/MLCT /ILCT)

HfLþ6(29%) Ir/F2-ppyfF2-ppy (MLCT/ILCT)
S38 252/4.92 0.1800 HfLþ6(19%) Ir/F2-ppyfF2-ppy (MLCT/ILCT)

Figure 5. Simulated absorption spectra of 1-5 in CH2Cl2 media with
the calculated data under the TD-B3LYP/LANL2DZ level.
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isπ*(F2-ppyþpta) orbital in nature. Therefore, the LLCT
[π(ph/Me-ph)fπ*(F2-ppyþpta)] is the main transi-
tion character for these excitations, while the MLCT/
LLCT/ILCT is the main transition character for 3
and 4 [d(Ir)þπ(F2-ppyþpta) fπ*(F2-ppy/pta)]. For 5,
the transition is mainly MLCT and ILCT in nature
[d(Ir)þπ(F2-ppy) fπ*(F2-ppy)], and the pyN4 moiety
does not participate in this transition.
The observed strongest absorptions located at the high-

est energy regions are 258, 259, and 256 nm for 1-3,
respectively.16 The calculated results in CH2Cl2 solution
are 267, 270, 265, 252, and 258 nm for 1-5, which agree
well with the measured absorptions in terms of the abso-
lute values and the trends, and they are again blue-shifted
in the order 4<5<3<1<2. The absorptionat 267nm for1
is mainly contributed by the HOMOfLUMOþ6 config-
uration, has the largest oscillator strength of 0.4057
(Figure 5), and is attributed to the [dxz(Ir)þπ(ptaþph/
4F-ph)fπ*(ptaþph/4F-ph)] transitionwith the character
of MLCT and ILCT. For the 270 and 265 nm absorpt-
ions, HOMO [π(ptaþMe-ph)]fLUMOþ6[π*(F2-ppyþ
pta)](LLCT/ILCT) and HOMO-2 [(d(Ir)þπ(F2-ppy)]f
LUMOþ4[π*(F2-ppyþpta)](MLCT/LLCT/ILCT) are the
main configurations. For 4 and 5, the calculated 252
(0.1527) and 258 nm (0.1390) absorptions are in large
blue-shifted compared with those of 1-3. Similar to the
first and the second absorption bands, the general absorp-
tion intensity of 4 and 5 are lower than those of 1-3.
The reasons for this difference in absorption intensity
between 4-5 and 1-3 can be ascribed to the presence of
metal-centered d-d non-radiative transition in 4 and 5,
which is not found in 1-3. In addition, we noted that the
transition from ancillary ligand in the higher energy region
has vanished in 5, which is due to theweakened Ir-ancillary
interaction. This is consistent with the observation in the
geometry structure section that the Ir-ancillary bond
lengths are longer relative to those of the Ir-F2-ppy
moiety. The other higher energy absorptions have LLCT
and/or ILCT character and can be ascribed to the intra-
ligand πfπ* transitions. The absorptions of the isolated
ligands F2-ppy, pta-ph, pta-Me-ph, pta-F2-ph, CF3-pta,
and pyN4 were obtained, and the simulated absorption
spectra are presented in Figure S1, Supporting Informa-
tion. The calculated vertical triplet absorptions of these
complexes are at 452, 458, 459, 433, and 434 nm (Table S6,
Supporting Information), respectively, having the transi-
tion characters of MLCT, LLCT, and ILCT. In the
experiment, there is a broad absorption band at 340-
450 nm, and the combined 1MLCT and 3MLCT transi-
tions are responsible for it. However, we can not
exclude the participation of S0fT1 transitions in the
higher-energy regions, even though it is assumed that their

contribution should decrease with the decreased wave-
length.
From the above calculations, we come to the conclu-

sions: (a) -CF3 attached directly to the pta or the
enhanced interannular π-conjugation of tetrazolate ring
can weaken the metal ligand bond strength in 4 and 5,
which is expected for d-d radiationless deactivation.
By contrast, the phenyl ring on pta can enhance the
π-conjugation of the pta moiety and strengthens the
metal-ligand bond strength, and therefore enhances
the transition strength; (b) generally, substituents on the
ending phenyl ring have a slight effect on the excited
energy because the distance between the substituents and
the pta ligand is interrupted by the phenyl moiety; (c) the
electron-donating group can cause a red shift and elec-
tron-withdrawing groups can cause a blue shift of the
excited energy; (d) the participation of the MLCT com-
ponents in the absorption is usual and weak in the lower
energy, but it is a very efficient process to collect light
energy. The presence of singletftriplet transitions con-
firms that spin-selection rules are not strictly obeyed for
third-row transition-metal complexes. Therefore, in the
emission process, the singletftriplet intersystem crossing
can also be very easy and ensured that Ir-centered com-
plexes exhibited more efficient, room-temperature phos-
phorescence in both fluid and solid states than other
transition metal complexes.

Phosphorescence Spectra. On the basis of the triplet
excited-state geometries, we obtained the emission spec-
tra of 1-5 in CH2Cl2 solution, and the results are listed in
Table 4, associated with the emissive energies, assign-
ments, and the experimental values. The plots of the
molecular orbitals related to emissions of 1-5 are pre-
sented in Figure 6. Partial compositions of FMOs related
to emission are listed in Table S7, Supporting Informa-
tion.
Table 4 shows that the calculated lowest energy emis-

sions of the five complexes are localized at 532, 538, 504,
504, and 506 nm, respectively. The predicted emission
wavelengths deviate from the experimental data by 43, 46,
14, 15, and 17 nm for 1-5, respectively, which is compar-
able with the results reported recently.13 The calculated
Stokes shifts between the 3MLCT absorption and lowest
energy emission are 0.41, 0.39, 0.24, 0.40, and 0.41 eV for
1-5, and they are larger compared with other investiga-
tions of 0.05, 0.06, 0.02, and -0.09 eV,37 which indicates
that the lowest lying emissions for 1-5 will be in a larger
mixture of ligand-based 3(πfπ*) transitions and metal-
to-ligand charge transfer (3MLCT).8b Our calculated

Table 4. Phosphorescent Emissions of 1-5 in CH2Cl2 Solution under the TDDFT Calculations, Together with the Experimental Values

complex λ(nm)/E(eV) major configuration character exptl16,17

1 532/2.33 LfH(90%) ptafpta/ph(LLCT/ILCT) 489
2 538/2.31 LfH(88%) ptafpta/Me-ph(LLCT/ILCT) 492
3 504/2.46 LfH(43%) F2-ppyfF2-ppy/pta(LLCT/ILCT) 490

LfH-2(49%) F2-ppyfF2-ppy/pta(LLCT/ILCT)
4 504/2.46 LfH(45%) F2-ppyfIr/ F2-ppy(MLCT/LLCT) 489

LfH-1(36%) F2-ppyf F2-ppy(ILCT)
5 506/2.45 LfH-1(49%) F2-ppyf F2-ppy(ILCT) 489

LfH(48%) F2-ppyf F2-ppy(ILCT)

(37) Liu, T.; Xia, B. H.; Zhou, X.; Zhang, H. X.; Pan, Q. J.; Gao, J. S.
Organometallics 2007, 26, 143–149.
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results agree well with the experimental observations that
the measured emission spectra give highly structured
emission16,17 because emission bands from 3MLCT states
are generally broad and featureless, while 3(π*fπ) states
typically give highly structured emissions.8b The efficient,
high quantumyields of ligand-based phosphorescence are
common in Ir complexes,38 which makes the design of
new phosphors straightforward by modification of the
ligand structure.
Table 4 and Figure 6 show that the 532 and 538 nm

emissions of 1 and 2 are mainly contributed by

LUMOfHOMO transition configurations. In Table
S7, Supporting Information, LUMO for 1 and 2 is mainly
localized on the pta moiety, while the HOMO is localized
exclusively on the ancillary ligand. Therefore, the transi-
tion characters of the 532 and 538 nm emissions can be
described as ILCT/LLCT [π*(pta)fπ(ptaþph/Me-ph)].
For the 504 and 506 nm emissions of 3-5, the configura-
tions are nearly evenly contributed by the LUMOfHO-
MO-n (n=0, 1, 2). Different from 1 and 2, the LUMOof
3-5 resides primarily on the F2-ppy moiety, while the
HOMO-n is more delocalized with the composition from
the F2-ppymoiety, especially for 4 and 5. Therefore, these
emissions are attributed to ILCT and LLCT characters
[π*(F2-ppy)fπ(F2-ppy)/ π(F2-ppyþpta/F2-ph)] for 3,
and ILCT character [π*(F2-ppy)fπ(F2-ppy)] for 4 and
5. These different transition characters are consistent with
the analysis of the geometry structure of the triplet excited
states in the geometry structure section. The weakened
interaction between the metal and the pta moiety de-
creases the F2-ppy-based LUMO in 3-5 (Table S7,
Supporting Information), and therefore, the HOMO
benefits from the strengthened metal-F2-ppy interaction.
Previous study has shown that the phosphorescence

quantum efficiencies could be increased by a larger
3MLCT composition, and the intersystem crossing could
be enhanced by notable 3MLCT participation. Namely,
the T1fS0 radiative transition should greatly increase the
transition probability, hence shorten the radiative life-
time.8b A shorter phosphorescence lifetime while main-
taining high quantum efficiencies requires a large
radiative rate, which is directly proportional to the
spin-orbit coupling (SOC) and singlet-triplet splitting
(ΔEST).

39 Recently, it has been confirmed that MLCT
character influences the ΔEST value, which in turn con-
trols the radiative rate of the complexes.40 For 3-5, we
found that the Ir d orbital composition is larger than 1
and 2, and according to the above conclusion, 3-5
should have a higher radiative transition rate constant
(kr) among the five complexes; this is consistent with the
measured higher kr value of 2.7�105s-1 for 3 than that of
2.3 and 2.0� 105 s-1 for 1 and 2.16However, the quantum
efficiency of 3 is only 0.16, which is lower than the 0.37
and 0.41 for 1 and 2. This may be due to the increased
non-radiative rate constant (knr) value, which in turn
leads to a reduction of the overall quantum yield. Because
quantum yield (Φ) can be affected by the competition
between kr and knr, namely, Φ = kr/(krþ knr).

41 The
measured knr value for 3 is 13.7�105 s-1, and they are 3.9
and 2.8� 105s-1 for 1 and 2.16 This greatly increased knr
value for 3 can be ascribed to the weakened Ir-Npta
bond and the distortion between pta and ending
phenyl ring, which facilitates the non-radiative decay

Figure 6. Singlet electron emission for 1-5, calculated at TDDFT/
B3LYP level in CH2Cl2 solution.
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channels and makes the metal-centered (MC) decay goes
downward. The eg*-like orbital occurs at LUMOþ8,
LUMOþ10, LUMOþ7, LUMOþ8, and LUMOþ8 for
1-5, respectively. Such low MC states in 3 will enhance
the radiationless deactivation and quench the emission in
the triplet states, and we believe that this is the main
reason for the resulting lower quantum yields of 3. The
absence of this torsion can significantly enhance the
quantum yield of 0.29 and 0.41 for 4g and 4h as listed in
literature.16 The quantum yield of 4 can not be deter-
mined in experiment,42 and the lower quantum efficiency
for 4 and 5 results from the similar reason to 3.

Conclusions

This theoretical work reported the investigation of geome-
trical structures, absorptions, injection, and transport abil-
ities, phosphorescence mechanism of five blue-emitting
iridium(III) cyclometalated complexes. The calculated results
reveal that the phenyl-ring substituted complexes 1-3 have
generally the higher HOMO and LUMO energies than those
of 4 and 5, which will consequently results in the easier hole
injections into 1 and 3, and the easier electron injections into 4
and 5. The ionization potentials (IPs) and electron affinities
(EAs) calculation demonstrated this fact. The internal re-
organization energy calculation reveals that the hole trans-
port abilities of these complexes are generally worse than for

electron transport, while the difference between hole and
electron transport is rather small compared with other
photoluminescent transition-metal or organic molecules;
therefore, they can act as emitters in OLEDs. The transition
characters of the phosphorescence are mainly ligand-cen-
tered πfπ* transitions, which make the design of phos-
phors straightforward by modification of the ligand struc-
ture. The lower quantum yields of 3-5 than 1 and 2 in the
experiments result from the weakened metal-ligand inter-
action, which can make the metal-center (MC) decay go
downward.
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