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The series of heteroleptic cyclometalated Ir(III) complexes for

organic light-emitting display application have been investigated

theoretically to explore their electronic structures and

spectroscopic properties. The geometries, electronic structures,

and the lowest-lying singlet absorptions and triplet emissions of

Ir-(pmb)3 and theoretically designed models Ir-(Rpmb)2pic were

investigated with density functional theory (DFT)-based

approaches, where pmb ¼ phenyl-methyl-benzimidazolyl, pic ¼
picolinate, and R ¼ H/F. Their structures in the ground and

excited states have been optimized at the DFT/B3LYP/LANL2DZ

and TDDFT/B3LYP/LANL2DZ levels, and the lowest absorptions

and emissions were evaluated at B3LYP and M062X level of

theory, respectively. The mobility of holes and electrons were

studied computationally based on the Marcus theory.

Calculations of ionization potentials were used to evaluate the

injection abilities of holes into these complexes. The reasons for

the higher electroluminescence efficiency and phosphorescence

quantum yields in Ir-(Rpmb)2pic than in Ir-(pmb)3 have been

investigated. The designed moleculars are expected to be highly

emissive in pure-blue region. VC 2013 Wiley Periodicals, Inc.

DOI: 10.1002/qua.24379

Introduction

Luminescent transition metal complexes are used in a diverse

range of applications, notably as phosphorescent emitters for

organic light-emitting displays (OLEDs) and for solid-state

lighting.[1,2] In this regard, cyclometalated iridium(III) com-

plexes have received special attention as dopants for harvest-

ing the otherwise nonemissive triplet states formed in

OLEDs.[3] The complexes are charge neutral and generally have

good chemical and photochemical properties, such as 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

T1!S0 radiative relaxation. Among them, iridium (III) com-

plexes are regarded as the most effective materials in OLEDs,

because of which, they would display bright phosphorescent

emission spanning the whole visible spectra, making them

suitable to serve as ideal phosphors for OLED applications.

Among these Ir(III) complexes, green- and red-emitting spe-

cies have been known for years and successfully fabricated as

emitters in OLEDs with high-quantum efficiency.[4] However,

achieving room-temperature blue phosphorescence with high

quantum efficiency remains as a challenge, especially for pure-

blue.[5] Generally, useful approaches of the systematic tuning

for Ir(III)-based blue emitters are less obvious and have been

grouped by Thompson and coworkers:[6a] (a) use of electron-

withdrawing substituents at the cyclometalating ring, for

instance, fluoride.[7] If the fluoride was attached on the main

ligand, it can effect the highest occupied molecular orbital

(HOMO) level (both from the metal and main ligand orbitals),

whereas only slightly affecting the lowest unoccupied molecu-

lar orbital (LUMO) level (from the auxiliary ligand); conversely,

if the fluoride was attached on the auxiliary ligand, it can

effect the LUMO level more, whereas HOMO level slightly;[6b]

(b) use of ancillary ligands (LL) to tune the HOMO and LUMO

energies of Ir complexes, with the emission coming from the

metal and the ligands fragments,[7c,8] this approach based on

the electron perturbation of the HOMO–LUMO energy gap; (c)

replacement of the heterocyclic fragment of the (C^N) ligands,

like phenylpyridine, with moieties bearing higher lying LUMO

than for the pyridyl ring,[7a,9] this can raise the energy of both

the metal to ligand charge transfer (MLCT) and the ligand cen-

tered (LC) transitions. Combined the approaches (b) and (c)

above and on the basis of tris (2-phenylpyidine) iridium (III)

[Ir(ppy)3],[10] which is the best green-emitting material up to

now, Sajoto et al. designed and synthesized the blue-emitting

material tris (phenyl-methyl-benzimidazolyl) iridium (III) [Ir-

(pmb)3] in 2005, whose emission level is very high in energy,

kem�380 nm, but the quantum yield is quite low (U ¼ 0.04).[6]

Conversely, Kawamura et al. demonstrated that the photolumi-

nescence quantum yield of the blue emitter of Iridium (III) bis
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[(4, 6-difluorophenyl)-pyridinato-N, C2-iridium]picolinate (Firpic)

could approach nearly 100% when doped into the wide

energy gap (Eg) host of N, N0-dicarbazolyl-3, 5-benzene (mCP)

in the same year,[11] but, it is a standard sky-blue phosphor,

kem�472 nm.[12] So in here, to find a pure-blue phosphores-

cent emitting material, we used picolinic acid (pic) as the ancil-

lary ligand to alter the excited-state properties through alter-

ing the MLCT energy mainly by changing the LUMO energy

level, since the LUMO is mainly localized on the picolinic (pic).

We also use the electron-withdrawing substituents fluoride at

the cyclometalating ring as the approaches (a) above to adjust

the HOMO and LUMO level of the complexes. So we hope to

design much more new pure-blue phosphors in OLEDs with

high electroluminescence (EL) efficiency and high phosphores-

cence quantum yields by the methods above.

In contrast to the wide experimental investigations, quan-

tum-chemistry studies on blue-emitting Ir complexes are lim-

ited.[13] 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 injec-

tion, transport, absorption, and phosphorescence properties for

a series of blue-emitting iridium(III) complexes facial (fac-) and

meridianal (mer-) Ir-(Rpmb)2pic, where R ¼ F/H, using density

functional theory (DFT) and time-dependent density-functional

theory (TD-DFT). We hope that the study could provide useful

information for designing new phosphors in OLEDs with high

EL efficiency and high phosphorescence quantum yields.

Methodology

All calculations have been performed with Gaussian09 suite of

program with a tight self-consistent field convergence thresh-

old for both gradient and wave function convergence.[14] The

ground-state and the lowest-lying triplet excited-state geome-

tries were optimized by the DFT and the TD-DFT methods

with Becke’s LYP (B3LYP) exchange–correlation functional,

respectively.[15–17] There were no symmetry constraints on

these complexes. The experimental spectral data are obtained

in CH2Cl2/THF solution, So, at the respective optimized geome-

tries of ground and excited states, TDDFT calculations using

the B3LYP functional with the 6-31G (d) and LanL2DZ basis set

were used, and the spectral data were associated with the

polarized continuum model (PCM) in medias (absorption in

CH2Cl2 and emission in THF) with the default parameters em-

bedded in Gaussian09 to obtain a valid approximation of

chemical environment,[18] which have been shown to provide

accurate interpretation and predication for the transition metal

complexes in numerous applications in our previous work.[19]

The M062X functional together with the same basis set

mentioned above were adopted to evaluate the emission

nature.[20] 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 terms of basis sets, the double-f quality 6-31G (d) and

LanL2DZ were used for the lighter nonmetallic atoms in

ligands (such as C, N, F, and H atoms) and the Ir atom, respec-

tively. A relativistic effective core potential for Ir atom replaces

the inner core electrons leaving the outer layer [(5s2) (5p6)]

electrons and the (5d6) valence electrons.[21] This combination

of basis set is adequate to describe the ground and excited

state geometries of the Ir (III) complexes, and it has been veri-

fied and discussed elsewhere.[22]

Results and Discussion

Geometries in the ground state S0 and triplet excited state T1

The sketch maps of the complexes are shown in Figure 1. The

optimized ground-state geometrical structures for the com-

plexes are shown in Figure 2 (Ir-(pmb)3), Figure S5 (Ir-

(pmb)2pic), and Figure S6 (Ir-(Fpmb)2pic), along with the num-

bering of some key atoms. The main geometry structural pa-

rameters of the ground states (S0) of the complexes are sum-

marized in Table 1 together with the X-ray crystal structure

data of the Ir-(pmb)3 complexes[fac- and mer-Ir-(pmb)3],[6]

from which, we can find that our calculated structural parame-

ters in the Ir-(pmb)3 complexes are in good agreement with

the experimental values, so, the calculation methods we used

are feasible. The calculated vibrational frequencies with no

imaginary frequency based on the optimized geometries for

all the complexes verify that each of the optimized structure is

a true minimum on the potential energy surface.

Figure 1. Sketch structures of the complexes.

Figure 2. Optimized structures of complexes Ir-(pmb)3 in the ground

states at DFT/B3LYP/LANL2DZ level. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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All complexes maintain the quasi-octahedral geometry

around the metal centers as being observed in other typical

six-coordinated Ir(III) complexes. But, it should be noted that

there are subtle distortion among the structural parameters of

them. For fac-isomers, first, Ir-(pmb)2pic, which is derived from

that one of three ligands of Ir-(pmb)3 was replaced by picolinic

acid (pic), the absence of the benzimidazole group in the phe-

nyl-methyl-benzimidazolyl (pmb) ligand reduces the steric hin-

drance between the pmb ligands and the pic ligand greatly

while the interaction between the methyl on benzimidazole

group and pic ligand also be reduced. Therefore, the coordina-

tion interaction between Ir and N atoms would be stronger in

Ir-(pmb)2pic compared with that in Ir-(pmb)3 while bond

length IrAN6 is exactly the opposite. Second, to upgrade the

LUMO level of Ir-(pmb)2pic complex, we used fluoride, which is

an electron-withdrawing substituent to substitute hydrogen

atom at the cyclometalating ring, as shown in Figure 1. So,

the bond length IrAC2, IrAC3, and IrAO get longer in com-

plex Ir-(Fpmb)2pic than they were in Ir-(pmb)2pic. For the mer-

isomers, the twist is larger, and the same reasoning can be

used to explain it. 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 that the IrAC6 bond lengths are longer than

the IrAC5 ones in fac-Ir-(Rpmb)2pic complexes. Generally, for

fac-Ir-(pmb)3 complex, the IrAC6 and IrAC5 bond lengths

suggest a nearly identical coordination environment around

the Ir center, thus, both of them are very similar. But the

p-electron delocalization of the pic ligand, which is used in

fac-Ir-(Rpmb)2pic complexes, is smaller than that of (F)pmb

ligand. When we used ancillary ligand pic in the complexes,

the cooperative effect between the metal and ancillary ligand

was decreased; conversely, the ligand pic has a poorer steric

hindrance, which makes the coordination interaction smaller

between ligand pic and (F)pmbs. Thus, for fac-Ir-(Rpmb)2pic

complexes, the bond lengths IrAC getting smaller except for

IrAC6 compare to the fac-Ir-(pmb)3 complex. This is also

reflected in the IrAC2 and IrAC3 bond lengths, in which the

IrAC2 bond length is longer than the IrAC3 bond length.

Similarly, the steric repulsion between adjacent hydrogen

atoms on the phenyl and benzimidazolyl moieties also make

the meridianal isomers twisted.

The calculated geometrical parameters of the lowest-lying

triplet excited states (T1) of the complexes are also listed in

Table 1. The complexes Ir-(pmb)3 show a slight changes in

structure between the singlet ground state and the triplet

excited state, and for the other isomers, however, bond

lengths IrAO1 are contracted seriously in T1 states compared

with those in S0 states(�0.068 Å). This change indicates that

the interaction between metal and pic will be strengthened in

T1 states compared with the interaction between metal and

(F)pmbs ligands; thus, the ligand pic will have greater effect

on frontier molecular orbitals (FMOs) in the excited state.

FMO properties

It is known that the observed differences in optical and chemi-

cal properties of these complexes depend mainly on the

changes of the ground-state electronic structure. The concept

of emission color turning by grafting various substituents and

use the electron-withdrawing substituents at the cyclometalat-

ing ring relies on the fact that the lowest excited state is rela-

tively well described as an HOMO to LUMO transition in a

given ligand.[23] 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. To illustrate the FOM nature of the complexes, we also

listed the result of the Firpic by Yang et al.[24] The FMO

Table 1. Main optimized geometry structural parameters of the complexes in the ground and the lowest lying triplet states at the B3LYP and CIS level,

respectively, together with the experimental values of Ir(pmb)3 complexes.

Bond

Ir-(pmb)3 Ir-(pmb)2pic Ir-(Fpmb)2pic

Facial Meridianal Facial Meridianal Facial Meridianal

S0 (Compl/Exptl[a]) T1 S0 (Compl/Exptl[a]) T1 S0 T1 S0 T1 S0 T1 S0 T1

Selected bond distances (Å)

IrAC1 2.108/2.077 2.106 2.127/2.099 2.142

IrAC2 2.107/2.071 2.055 2.108/2.078 2.061 2.087 2.040 2.042 2.039 2.083 2.045 2.039 2.039

IrAC3 2.108/2.094 2.095 2.121/2.086 2.075 2.043 2.088 2.047 2.018 2.040 2.084 2.045 2.039

IrAC4 2.060/2.035 2.094 2.031/2.043 2.173

IrAC5 2.063/2.022 2.104 2.016/2.019 2.029 1.988 2.005 2.008 2.000 1.990 2.009 2.009 2.002

IrAC6 2.061/2.022 2.071 2.021/2.032 2.015 2.072 2.120 2.028 2.038 2.072 2.118 2.031 2.045

IrAO1 2.192 2.041 2.196 2.078 2.184 2.035 2.190 2.067

IrAN1 2.155 2.139 2.198 2.213 2.156 2.136 2.194 2.208

Bond angles (deg)

1AIrAC2 92.9/91.0 95.4 96.1/90.9 94.4

C4AIrA C6 102.6/100.2 99.3 95.6/94.0 93.6

C5AIrAC6 102.6 101.3 168.0 176.6 102.2 103.2 172.2 177.3 101.8 103.3 172.1 176.6

C2AIrAC3 93.2 92.3 93.9 109.5 96.7 91.2 90.9 95.1 96.6 91.0 90.9 94.2

N1AIrAC2 95.9 96.3 97.7 88.6 90.6 93.3 97.8 88.6

O1AIrAC6 95.2 93.9 94.1 85.8 95.4 93.5 94.2 85.6

[a] Ref. [6].
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compositions of the complexes 1–7 [1&2: fac- & mer-Ir-(pmb)3;

3&4: fac- & mer-Ir-(pmb)2pic; 5&6: fac- & mer-Ir-(Fpmb)2pic; 7:

Firpic[24]] are given in Supporting Information Tables S1–S7.

The HOMO and LUMO distribution, energy levels, and energy

gaps are plotted in Figure 3.

For fac-Ir-(pmb)3, Figure 3, Supporting Information Figure

S1 and Table S1 show that the HOMO mainly resides on the

metal (42%) and the phenyl moieties (19%), and the metal d

orbital is an antibonding combination with the phenyl moi-

eties p-orbital. The HOMO of mer-Ir-(pmb)3 has a different

distribution to fac-isomer, one of the three ligands nearly

having no contribution to the HOMO because of the lower

molecular symmetry, and the composition on the other two

ligands are 24 and 26%, respectively. But, the LUMO of them

are very similar. So there is a lot of energy will be radiated

as the thermal radiation when the electrons jumped to the

HOMO from the LUMO, maybe that is why the Ir-(pmb)3

complexes have a low luminescence quantum yield (U ¼
0.04). For Firpic, the HOMO extends over the d orbital of the

Ir atom and the two Fppy ligands, which is more evenly dis-

tributed, whereas the LUMO not only extends over the pic

ligand, but also distributes on a Fppy ligand a little, thus, for

Firpic, it is also difficult to get to a higher luminescence

quantum yield like the red and yellow light-emitting Ir(III)

complexes. However, for Ir-(Rpmb)2pic complexes, whose

FMO properties are very similar, the HOMO extends over the

d orbital of the Ir atom and the two Rpmb ligands p-orbital

character, whereas the LUMO extends over the pic ligand p*-

orbital character. Namely, the energy of the electronic transi-

tion from LUMO to HOMO will be used for photon radiation

completely, so we expect that the Ir-(Rpmb)2pic [fac- and

mer-Ir-(Rpmb)2pic] complexes will get to a higher lumines-

cence quantum yield compare to the Firpic complex. Details

of other orbital compositions can be seen from Supporting

Information Tables S1–S7.

Moreover, the energy levels of HOMO and LUMO are greatly

influenced by the ancillary ligands pic. Figure 3 shows that the

Ir-(pmb)3 complexes have generally the higher HOMO and

LUMO levels, but the pic group can decrease both of the

HOMO (�0.18 eV) and LUMO (�0.86 eV) energy levels, and

the LUMO level decreased more seriously. Namely, the pic

group also decreased the HAL gap (�0.72 eV) for Ir-(pmb)2pic

complexes. Conversely, the electron-withdrawing group AF,

which has the effect of stabilizing the HOMO level (�0.13 eV)

while only slightly affecting the LUMO level (�0.05 eV),

increased the HAL gap for Ir-(Fpmb)2pic complexes. However,

compare to the Firpic complex,[24] both of the HOMO and

LUMO energy levels are higher for the Ir-(Rpmb)2pic com-

plexes while the HAL gap is smaller. Compare to the Ir-(pmb)3

complexes, the decreased LUMO energy levels will benefit the

electron injection, whereas compare to the Firpic complex, the

raised HOMO levels will increase the hole injection ability.

These relative HOMO and 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 and OLED device

In this section, ionization potentials (IPs), reorganization energy

(k), and ‘‘small polaron" stabilization energy (SPE) are calcu-

lated for these complexes, together with hole extraction

potential (HEP). The IP is used to evaluate the energy barrier

for the injection of holes, and the reorganization energy is

used to evaluate the charge transfer rate and balance. IP can

be for either vertical excitations (v; at the geometry of the

neutral molecule) or adiabatic excitations (a; optimized struc-

ture for both the neutral and charged molecule). HEP is the

energy difference from M (neutral molecule) to Mþ (cationic),

using the Mþ geometric structure in the calculation. SPE is

used to estimate self-trapping energies of charge in the

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

with Firpic.[24] [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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materials, which is the energy gain of the excess charge due

to a structural relaxation, that is, the difference between IP(a)

and IP(v). For photoluminescent materials, a smaller IP value

means easier to inject holes into the device. As Figure 3

shown, the target complexes Ir-(Rpmb)2pic have the similar

LUMO levels with Firpic complex in our work, so we would

not discuss the materials characters of the electrons injection

abilities for the devices in this article.

As shown in Table 2, the IP values are similar for the investi-

gated complexes Ir-(Rpmb)2pic, 6.01–6.28 eV for adiabatic and

6.17–6.41 eV for vertical ones, respectively, which are

consistent with the HOMO energy sequence. These similar IP

values indicate similar holes injection abilities. But the com-

plexes Ir-(pmb)3, who have the lower IP values, have the better

holes injection abilities than Ir-(Rpmb)2pic complexes.

According to the Marcus–Hush model,[25] the charge transfer

rate, k, can be expressed by the following formula:

k ¼ p
kkbT

� �1
2V2

g
exp � k

4kbT

� �
(1)

where T is the temperature, kb is the Boltzmann constant, k is

the reorganization energy, and V is the coupling matrix

element between the ions and molecules which is dictated by

the overlap of orbitals. As shown in Eq. (1), there are two fac-

tors, k and V, determine k. Due to the limited intermolecular

charge transfer range in the solid state, the mobility of charges

has been demonstrated to be largely related to the reorgan-

ization energy, k, for OLED materials.[26] Generally, k is deter-

mined by fast changes in molecular geometry (the internal

reorganization energy, khole) and by slow variations in the sur-

rounding medium (the external reorganization energy, ke). In

OLED devices, the contribution from ke can be neglected.

Therefore, the internal reorganization energy khole is the deter-

mining factor. The khole for hole transfer can be expressed as

follows:[27]

khole ¼ k0 þ kþ ¼ ðE�0 � E0Þ þ ðE�þ � EþÞ ¼ IPðvÞ � HEP (2)

as illustrated in Figure 4, E0 and Eþ represent the energies of

the neutral and cation species in their lowest energy geome-

tries, respectively, whereas E�0 and E�þ represent the energies of

the neutral and cation species with the geometries of the cat-

ion and neutral species, respectively.[27] Emitting layer materi-

als need to achieve hole and electron injection and transport

balance, and the reorganization energy has a certain influence

on the charge transport process, so, the discuss of the reor-

ganization energy is necessary in here. In our previous work,

we found that for most complexes, the reorganization energies

for hole transport (khole) are larger than those for electron

transport (kelectron), since that the electron transport perform-

ance of these complexes is better than for hole, that is,

improve the hole transport ability of the materials is essential.

So in this article, the complexes Ir-(Rpmb)2pic, who have the

lower khole value (0.23–0.24 eV) in comparison with the Firpic

complex (0.39 eV),[24] will have a better charge transport

properties.

To compare the EL efficiency of OLED devices with these Ir

(III) complexes as emission materials, the device configuration

and energy levels for these complexes are shown in Figure 5.

For ease of comparison, we take the absolute value of the

energy. Generally, OLED devices with a three-layer structure

were fabricated, the holes transition layer (HTL), the emitting

layer (EML), and the electrons transition layer (ETL), together

Table 2. Ionization potentials (IP), extraction potentials (HEP), internal

reorganization energies (khole), and ‘‘small-polaron’’ stabilization energy

(SPE) for the complexes (in eV) calculated at DFT/B3LYP/LANL2DZ level.

Energies (eV)

Ir(pmb)3 (pmb)2Irpic (Fpmb)2Irpic

Facial Meridianal Facial Meridianal Facial Meridianal

IP (a) 5.86 5.63 6.10 6.01 6.28 6.23

IP (v) 5.92 5.91 6.25 6.17 6.41 6.38

HEP 5.78 5.32 5.90 5.84 6.14 6.07

SPE (h) 0.06 0.28 0.14 0.16 0.12 0.15

khole 0.20 0.20 0.23 0.23 0.24 0.24

Figure 4. Schematic description of internal reorganization energy for hole

transfer.

Figure 5. The device structure of the materials we designed in this work.
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with the indium tin oxide (ITO), whose work function is 5.2 eV,

as anode and lithium fluoride (LiF)/aluminum (Al) (LiF/Al) as

cathode. The materials TAPC (di-[4-(N,N-ditolyl-amino)-phenyl]-

cyclohexane) and TmPyPb (1,3,5-tri[m-pyrid-3-yl-phenyl] ben-

zene) are used as the charge transporting layer (HTL and ETL,

respectively) nowadays,[28] since their suitable HOMO and

LUMO energy levels for Ir (III) complexes.

For Ir-(pmb)3 complexes, the HOMO level (�5.1 eV) is similar

to the work function of ITO, what will be fit for the holes tran-

sition directly, but the TAPC has a lower HOMO level (5.5 eV),

so the HTL is reactively in here, that is, the HTL of the device

for Ir-(pmb)3 complexes is needless. However, for the LUMO

levels, the Ir-(pmb)3(�0.7 eV) is higher than TmPyPb (�2.7 eV)

2.0 eV, it is very difficult to inject for electrons, maybe this is a

reason of the Ir-(pmb)3 complexes have a lower luminescence

quantum yield (�0.04). For Firpic complex, the HOMO energy

level (5.7 eV) is lower than ITO 0.5 eV, so that, it is necessary

for HTL (TAPC) in here, and the barrier of the electrons injec-

tion is 0.7 eV, which is easier for electrons to be injected in

the EML; thus, the Firpic complex has a higher luminescence

quantum yield (�0.10). And for the Ir-(Rpmb)2pic complexes,

the LUMO level located between Ir-(pmb)3 and Firpic, which

means that the electrons injection will be easier than Ir-(pmb)3

but a little harder than Firpic, conversely, the HOMO level of

them are very similar to the work function of ITO, that means

the HTL (TAPC) also can be omitted in the devices, and then,

the devices will be simpler and the transmittance will be

enhanced.

Table 3. Calculated absorption of the complexes in CH2Cl2 media at TD-B3LYP level, together with experimental values.

Complex States k (nm)/E (eV) Exptl[a]k(nm) Oscillator Main configurations Assign

fac-Ir-(pmb)3 S1 329/3.78 270–360 0.056 HOMO!LUMO(68%) Ir/pmb1/pmb2/pmb3!pmb2/pmb3(MLCT/LLCT/ILCT)

S5 301/4.12 270-360 0.108 HOMO-1!LUMOþ2(59%) Ir/pmb2/pmb3!pmb2/pmb3(MLCT/LLCT/ILCT)

S19 268/4.63 <270 0.086 HOMO-4!LUMOþ1(32% pmb2/pmb3!pmb1(LLCT)

HOMO-4!LUMOþ2(36%) pmb2/pmb3!pmb2/pmb3(LLCT/ILCT)

S20 267/4.63 0.086 HOMO-4!LUMOþ2(48% pmb2/pmb3!pmb2/pmb3(LLCT/ILCT)

S50 237/5.22 0.064 HOMO-4!LUMOþ5(39%) pmb2/pmb3!pmb1/pmb2/pmb3(LLCT/ILCT)

HOMO-3!LUMOþ4(37%) pmb1!pmb2/pmb3(LLCT)

S51 237/5.23 0.229 HOMO-4!LUMOþ4(30%) pmb2/pmb3!pmb2/pmb3(LLCT/ILCT)

HOMO-3!LUMOþ5(30% pmb1!pmb1/pmb2/pmb3(LLCT/ILCT)

mer-Ir-(pmb)3 S1 342/3.62 0.009 HOMO!LUMO(69%) Ir/pmb1/pmb2!pmb2/pmb3(MLCT/LLCT/ILCT)

S7 298/4.17 290–310 0.246 HOMO-2!LUMO(63%) pmb2!pmb2/pmb3(LLCT/ILCT)

S40 244/5.07 230–250 0.092 HOMO-7!LUMO(49%) pmb1/pmb2/pmb3!pmb2/pmb3(LLCT/ILCT)

S41 244/5.09 0.126 HOMO!LUMOþ11(36%) Ir/pmb1/pmb2!pmb1/pmb3(MLCT/LLCT/ILCT)

S52 235/5.28 0.043 HOMO-4!LUMOþ5(27%) pmb1/pmb3!pmb1(LLCT/ILCT)

HOMO-1!LUMOþ11(29%) Ir/pmb1/pmb3!pmb1/pmb3(MLCT/LLCT/ILCT)

S53 235/5.29 0.119 HOMO-1!LUMOþ10(32%) Ir/pmb1/pmb3!pmb1/pmb2/pmb3(MLCT/LLCT/ILCT)

HOMO-4!LUMOþ5(30%) pmb1/pmb3!pmb1(LLCT/ILCT)

fac-Ir-(pmb)2pic S1 403/3.08 0.002 HOMO!LUMO(70%) Ir/pmb1/pmb2!pic(MLCT/LLCT)

S10 306/4.06 0.166 HOMO-1!LUMOþ3(65%) Ir/pmb1/pmb2!pmb1/pmb2(MLCT/LLCT/ILCT)

S28 259/4.78 0.081 HOMO-4!LUMOþ3(53%) Ir/pmb1/pmb2!pmb1/pmb2(MLCT/LLCT/ILCT)

S29 258/4.81 0.134 HOMO-4!LUMOþ2(39%) Ir/pmb1/pmb2!pmb1/pmb2(MLCT/LLCT/ILCT)

HOMO-1!LUMOþ5(32%) Ir/pmb1/pmb2!pmb2(MLCT/LLCT/ILCT)

S48 238/5.21 0.09 HOMO-2!LUMOþ5(34%) Ir/pmb1/pmb2!pmb2(MLCT/LLCT/ILCT)

S49 237/5.22 0.089 HOMO-13!LUMO(36%) pic!pic(ILCT)

mer-Ir-(pmb)2pic S1 416/2.98 0.001 HOMO!LUMO(70%) Ir/pmb1/pmb2!pic(MLCT/LLCT)

S15 286/4.34 0.215 HOMO-2!LUMOþ2(44%) Ir/pmb1/pmb2!pmb1/pmb2(MLCT/LLCT/ILCT)

S34 248/4.99 0.077 HOMO-4!LUMOþ3(35%) Ir/pmb1/pmb2!pmb1/pmb2(MLCT/LLCT/ILCT)

HOMO-2!LUMOþ4(34%) Ir/pmb1/pmb2!pmb1/pmb2(MLCT/LLCT/ILCT)

S35 247/5.02 0.031 HOMO-5!LUMOþ2(24%) pmb1/pmb2!pmb1/pmb2(LLCT/ILCT)

HOMO!LUMOþ7(24%) Ir/pmb1/pmb2!pmb1/pmb2(MLCT/LLCT/ILCT)

S44 240/5.16 0.097 HOMO-3!LUMOþ4(37%) Ir/pmb1/pmb2/pic!pmb1/pmb2(MLCT/LLCT/ILCT)

S45 238/5.21 0.142 HOMO-3!LUMOþ5(36% Ir/pmb1/pmb2/pic!pmb1/pmb2(MLCT/LLCT/ILCT)

fac-Ir-(Fpmb)2pic S1 395/3.14 0.002 HOMO!LUMO(70%) Ir/Fpmb1/Fpmb2!pic(MLCT/LLCT)

S12 301/4.12 0.102 HOMO-1!LUMOþ3(57%) Ir/Fpmb1/Fpmb2!Fpmb1/Fpmb2(MLCT/LLCT/ILCT)

S27 260/4.77 0.194 HOMO-4!LUMOþ3(46%) Ir/Fpmb1/Fpmb2!Fpmb1/Fpmb2(MLCT/LLCT/ILCT)

S29 258/4.81 0.141 HOMO-1!LUMOþ6(34%) Ir/Fpmb1/Fpmb2!Fpmb1/Fpmb2(MLCT/LLCT/ILCT)

S48 237/5.22 0.115 HOMO-5!LUMOþ2(37%) Ir/Fpmb1/Fpmb2/pic!Fpmb1/Fpmb2(MLCT/LLCT/ILCT)

S50 236/5.26 0.082 HOMO-2!LUMOþ5(38% Ir/Fpmb1/Fpmb2!Fpmb2(MLCT/LLCT/ILCT)

mer-Ir-(Fpmb)2pic S1 402/3.08 0.001 HOMO!LUMO(70%) Ir/Fpmb1/Fpmb2!pic(MLCT/LLCT)

S14 284/4.36 0.157 HOMO-2!LUMOþ2(60%) Ir/Fpmb1/Fpmb2!Fpmb1/Fpmb2(MLCT/LLCT/ILCT)

S32 252/4.93 0.414 HOMO-1!LUMOþ5(56%) Ir/Fpmb1/Fpmb2!Fpmb1/Fpmb2(MLCT/LLCT/ILCT)

S33 250/4.95 0.02 HOMO-8!LUMO(41%) Fpmb1/Fpmb2!pic(LLCT)

S48 235/5.29 0.057 HOMO-3!LUMOþ6(31%) Ir/Fpmb1/Fpmb2/pic!Fpmb1/Fpmb2(MLCT/LLCT/ILCT)

S50 233/5.32 0.128 HOMO-3!LUMOþ5(33%) Ir/Fpmb1/Fpmb2/pic!Fpmb1/Fpmb2(MLCT/LLCT/ILCT)

Firpic[b] 425 0.008 HOMO!LUMO(96%) MLCT/LLCT

[a] Ref. [6]. [b] Ref. [24].
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Absorption in CH2Cl2 media

The calculated absorption spectra associated with their oscilla-

tor strengths, assignment, and excitation energies are listed in

Table 3, the FMO properties are listed in Supporting Information

Table S1–S7. For clarity, only the leading excited states (with

larger CI coefficients) are listed. The calculated lowest-lying

absorption of Ir-(pmb)3 complexes are comparable to the exper-

imental value.[6] The fitted Gaussian type absorption curve is

depicted in Figure 6. We also calculated the HOMO and LUMO

energy levels of Ir-(pmb)3 complexes by 6-31þG(d,p) basis set,

shown in Supporting Information Figure S4, and the result

shown that there is no much more difference between basis set

6-31þG(d,p) and 6-31G*. So in final, to save the time of comput-

ing, all the complexes were calculated by 6-31G*.

As shown in Table 3, the lowest absorption bands of the com-

plexes are 329, 342, 403, 416, 395, and 402 nm, respectively,

and the HOMO–LUMOs (�70%) are the predominant transition.

Ir-(Rpmb)2pic complexes have red shift on absorption compared

with complexes Ir-(pmb)3 but blue shift by comparing with

Firpic (see Figure 6),[24] this is due to the ligand fragments, the

LUMO orbitals are located on the pic ligand and the HOMO

orbitals are located on main ligands (Rpmb) for Ir-(Rpmb)2pic

complexes, so the LUMO decreased comparing to Ir-(pmb)3

complexes and the HOMO level increased comparing to Firpic.

The absorption of Ir-(pmb)3 can be assigned to a [d(Ir)/

p(pmb1þpmb2þpmb3)!p*(pmb2þpmb3)] transition with

MLCT, ligand-to-ligand charge transfer (LLCT), and interligand

charge transfer (ILCT) transition characters, whereas for

Ir-(Rpmb)2pic, it can be assigned to MLCT and LLCT transition

characters as summarized in Table 3.

Remarkably, all the important transitions with the greatest

oscillation strengths are not attributed by HOMO–LUMO transi-

tion. By taking fac-Ir-(pmb)2pic, for example, the absorption at

306 nm with the highest oscillation strength is attributed to

HOMO-1!LUMOþ3 (65%).The HOMO-1 is mostly localized on

the pmb ligands and Ir atom, and the pmb ligands are pre-

dominantly responsible for the distribution of LUMOþ3, the

excitation HOMO-1!LUMOþ3 can be assigned to [d(Ir)/

p(pmb1þpmb2)]!p*(pmb1þpmb2)] transition with the MLCT,

ILCT, and slightly LLCT transition characters. In the same way,

all the intense absorption bands of the other complexes have

been summarized in Table 3.

Emission in THF media

On the basis of the triplet excited-state geometries, we

obtained the emission spectra of the six complexes at the

TDDFT/M062X/LanL2DZ;6-31G* level of theory within THF solu-

tion provided by PCM, and the results are listed in Table 4,

associated with the emissive energies, assignments, and the

experimental values.

The calculated emission of fac- and mer-Ir-(pmb)3 at 396.01

and 433.76 nm are comparable to the experimental value,

389–405 and 415 nm in THF media,[29] respectively, and the

Firpic calculated results with the same method to us by Yang

et al. were convictively, so we consider that the emission result

calculated by us for Ir-(Rpmb)2pic complexes are credible.

For fac-isomers, the emission peaks are red-shifted from

396 nm in Ir-(pmb)3 to 468 and 460 nm in Ir-(pmb)2pic and Ir-

(Fpmb)2pic, respectively; whereas for mer-isomers, the emission

peaks are blue-shifted from 433 nm in Ir-(pmb)3 to 411 and 408

nm in Ir-(pmb)2pic and Ir-(Fpmb)2pic. This is because that the

three ligands in mer-Ir-(pmb)3 are not equivalently, and the pic

ligand masters the LUMO of mer-Ir-(Rpmb)2pic complexes, so

that, the emissions are blue-shifted from mer-Ir-(pmb)3 to mer-

Ir-(Rpmb)2pic complexes but it is opposite for fac-isomers,

except that, our result proved that the electron-withdrawing

fluoride can cause a blue-shift on the emission spectra of Ir(III)

complexes again.[30] According to our calculation, as Table S1

(Supporting information) shown, the LUMO of fac-Ir-(pmb)3 is

delocalized on pmb2 and pmb3 ligand with 30% and 59% con-

tribution, respectively, whereas the HOMO is delocalized on Ir

metal (42%) and the three pmb ligands (19%). Therefore, the

Figure 6. Simulated absorption spectra of the complexes in CH2Cl2 media

with the calculated data under the TD-B3LYP/LANL2DZ level together with

Firpic.[24] [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Table 4. Phosphorescent emissions of the THF solution under the TD-M062X calculations, together with the experimental values and the Firpic

complex.

Complex Emissions (nm/eV) Exptl (nm)[a] Major contribution Character

fac-Ir-(pmb)3 396.01/3.1309 389–405 L!H(60%) 3MLCT/3LLCT/3ILCT

mer-Ir-(pmb)3 433.76/2.8584 415 L!H(64%) 3MLCT/3LLCT/3ILCT

fac-Ir-(pmb)2pic 467.79/2.6504 L!H(58%) 3MLCT/3LLCT

mer-Ir-(pmb)2pic 411.24/3.0149 L!H(60%) 3MLCT/3LLCT

fac-Ir-(Fpmb)2pic 459.92/2.6958 L!H(54%) 3MLCT/3LLCT

mer-Ir-(Fpmb)2pic 407.53/3.0424 L!H(54% 3MLCT/3LLCT

Firpic[b] 496.73 L!H(31%); Lþ1!H(21%) 3MLCT/3LLCT

[a] Ref. [29]. [b] Ref. [24].
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observed emission can be assigned as 3ILCT transition within

pmb2 and pmb3 ligands, respectively, and 3LLCT transitions as

p*(pmb2)!p(pmb1) and p*(pmb3)!p(pmb1), and mixed with

little contribution of ligand-to-metal charge transfer (3LMCT)

transition from p* orbital of pmb2 and pmb3 ligands to d

orbital of Ir metal. In the same way, the FMO compositions

responsible for the emissions and the transition characters of

the other complexes have also been analyzed. The relative infor-

mation has been listed in Table 4 and the FMO properties listed

in Supporting Information Tables S1–S7.

Conclusion

To find a pure-blue lighting-emission with high luminescence

quantum yield material of iridium(III) cyclometalated com-

plexes, we have carried out DFT/B3LYP and TDDFT/B3LYP

calculations on the geometrical structures, absorptions, injec-

tion, and transport abilities, phosphorescence mechanism

(TDDFT/M062X) with the LANL2DZ basis set was used on

metal atom Ir and the 6-31G* basis set on C, H, N, O, and F

atoms in all the calculations. The calculated results of the Ir-

(pmb)3 complexes are comparable to the experimental. The

calculation reveals that the changes of the auxiliary ligand and

the use of the electron-withdrawing substituents can effec-

tively influence the HOMO–LUMO gap and the emission color.

Furthermore, the Ir-(pmb)2pic complexes designed in this arti-

cle have the true blue color of the light-emitting (408–468

nm), and they have the similar HOMO with Ir-(pmb)3 and the

similar LUMO with the Firpic, this means that the charges

injection will be very easy. In addition, the HOMO energy lev-

els of the Ir-(pmb)2pic complexes are lower than work function

of the ITO (the anode of the OLEDs) 0.1 eV, this means that

the light-emitting materials can be deposited on ITO surface

directly, namely, the OLED device of the Ir-(pmb)2pic com-

plexes will have a high transmittance. We hope these theoreti-

cal studies can provide some help in designing highly efficient

phosphorescent materials of the experiment.

Keywords: organic light-emitting displays � Ir(III) complex-

t ime-dependent density- func t i onal theor y � excited

state � electroluminescence
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