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Abstract

The electronic structures and spectroscopic properties of a series of mixed bis-cyclometalated iridium(III) complexes [Ir(ppy)2X2]�

(X = CN, 1; X = NCS, 2; X = NCO, 3; ppy = 2-phenylpyridl) were investigated at the B3LYP/LANL2DZ and CIS/LANL2DZ levels.
The calculated geometry parameters in the ground state are well consistent with the corresponding experimental values. The HOMO of 1

is dominantly localized on Ir atom and ppy ligand, but the HOMO of 2 and 3 have significant X ligand composition. Under the TD-DFT
level with PCM model, the absorption and phosphorescence in CH2Cl2 media were calculated based on the optimized geometries in the
ground and excited states, respectively. The lowest-lying absorption of 1 at 403 nm is attributed to f½dx2�y2ðIrÞþ
dxyðIrÞ þ pðppyÞ� ! ½p�ðppyÞ�g transition with metal-to-ligand and intraligand charge transfer (MLCT/ILCT) transition characters,
whereas those of 2 (449 nm) and 3 (475 nm) are related to f½dx2�y2ðIrÞ þ dxyðIrÞ þ pðppyÞ þ pðNCS=NCOÞ� ! ½p�ðppyÞ�g transition with
MLCT/ILCT and ligand-to-ligand charge transfer (LLCT) transition characters. The phosphorescence of 1 at 466 nm can be described
as originating from 3f½dx2�y2ðIrÞ þ dxyðIrÞ þ pðppyÞ�½p�ðppyÞ�g excited state, while those of 2 (487 nm) and 3 (516 nm) originate from
3f½dx2�y2ðIrÞ þ dxyðIrÞ þ pðppyÞ þ pðNCS=NCOÞ�½p�ðppyÞ�g excited states. The calculated results showed that the transition character
of the absorption and emission can be changed by adjusting the p electron-accepting abilities of the X ligands and the phosphorescent
color can be tuned by altering the X ligands.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Organometallic complexes with d6 electronic configura-
tion such as Os(II), Ir(III), Ru(II), and Re(I) have attracted
much attention [1–4], due to that they played an important
roles as highly efficient electroluminescent (EL) emitters in
fields related to organic light emitting devices (OLEDs) [5],
biological labeling reagents [6], photocatalysts for CO2

reduction [7], and sensors [8]. In principle, the phosphores-
cence originated from the triplet state is spin-forbidden,
but it can be achieved through the spin–orbit coupling of
the heavy metal, and their long-lived triplet state emissions
0022-328X/$ - see front matter � 2008 Elsevier B.V. All rights reserved.
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with high luminescent efficiencies can increase the likeli-
hood of either energy or electron transfer occurring before
radiative or nonradiative relaxation, and the singlet and
triplet metal-to-ligand charge transfer (MLCT) transitions
can be mixed together, which results in that the 3MLCT
state can emit effectively by borrowing the intensity of sin-
glet MLCT state. Thus, in theory, internal phosphores-
cence quantum efficiency can achieve as high as 100% [9].
Among these heavy metal complexes, Ir(III) complexes
are the most effective and tunable phosphorescent material,
in addition, they are more sublimable than other metal
complexes, which is the most advantageous for device
fabrication [10].

Since it was reported that OLEDs fabricated by
tris-cyclometalated complexes such as fac-[Ir(ppy)3]
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(ppy� = 2-phenylpyridine) has efficiencies greater than
80%, Ir(III) complexes have devoted to considerable much
attention [11–14]. Numerous bis- and tris-cyclometalated Ir
complexes such as Ir(C^N)3 and Ir(C^N)2L types have
been synthesized and investigated by Thompson [11,15]
and Hay [13] experimentally and theoretically. Both of
them came to a similar conclusion that the phosphores-
cence predominantly originate from 3(pp*) and 3MLCT
excited states, and the phosphorescent color can be
adjusted from green to red by changing C^N ligands. On
application, Thompson and Forrest have successfully fab-
ricated lots of red and blue OLEDs with various Ir com-
plexes bearing simple ppy derivatives ligand such as bzq,
btp, and fppy, and these OLEDs have excellent quantum
efficiency [16]. Furthermore, Wong et al. [10] introduced
fluorene derivatives as C^N ligand into Ir complexes, these
new fluorene C^N ligand with electron-donating diphenyl-
amino groups can increase the energy level of the HOMO,
and add hole-transporting ability to the phosphorescent
center. So the OLEDs fabricated by this kind of Ir com-
plexes as phosphorescent dopant emitters show very high
efficiencies.

Previous theoretical investigations showed that the
HOMO is dominantly composed of d(Ir) and p(ligand),
and the LUMO is localized on ligands, so the lowest-
lying absorption is always assigned to two types of
metal-to-ligand charge transfers (MLCT/ML0CT) transi-
tion, and other absorption transitions are attributed to
MLCT, ligand-to-ligand charge transfer (LLCT), inter-
ligand charge transfer (ILCT), and mixing transitions
of MLCT/LLCT/ILCT. Furthermore, the theoretical
work proved that the emission color can be tuned by
changing HOMO–LUMO gap and helped to design
new luminescent Ir complexes with high efficiency
[13,17–19].

Recently, a new series of Ir complexes TBA[Ir(p-
py)2(X)2] (X = CN, NCS, and NCO; ppy = 2-phenylpyridl;
TAB = tetrabutylammonium cation) have been synthe-
sized and investigated by Nazeeruddin [20] and co-workers
experimentally. These complexes exhibit unprecedented
phosphorescence quantum yields of 97 ± 3% with an
excited-state lifetimes of 1–3 ls in dichloromethane solu-
tion. But the theoretical study on the spectral properties
of these complexes from an electronic structure point of
view and the relationship between X ligand and the spectra
is sparse.

We carried out the present work, aimed at providing an
in-depth theoretical understanding of the structures and
spectroscopic properties of Ir(III) cyclometalated com-
plexes as well as the relationship between the spectra and
the X ligands. Herein, we performed theoretical calculation
on [Ir(ppy)2X2]� (X = CN, 1; X = NCS, 2; X = NCO, 3) in
the ground and excited states using ab initio and density
functional theory (DFT) methods. Highly important, the
effects of the peripheral X ligands on the phosphorescence
have been revealed so that the phosphorescent color can be
tuned by adjusting X ligands.
2. Computational details and theory

The ground state geometries were fully optimized by
DFT [21] method with Becke’s three parameter functional
and the Lee–Yang–Parr functional [22] (B3LYP). On the
basis of the optimized geometries in the ground state, the
absorption in dichloromethane (CH2Cl2) media were calcu-
lated by time-dependent DFT (TDDFT) [23] associated
with the polarized continuum model (PCM) [24].

Configuration interaction singles (CIS) [25,26] method,
presenting a general zeroth-order treatment to excited state
just as HF for the ground state of molecular systems, is
successful in the structure optimization of the excited state
proved by many researcher [19,27]. The wave function,
energy, and analytic gradient of a molecule in an electronic
excited state are available for the CIS method [26,28,29].
However, the transition energies obtained by the CIS cal-
culations are usually overestimated since the CIS method
uses the orbitals of a HF state in an ordinary CI procedure
to solve for the higher roots and only considered parts of
the electronic correlation effects via the mixing of excited
determinants [28,29]. In our work, we rectify the excited
state properties by time-dependent DFT (TD-DFT)
method to compensate the flaw of the CIS method. This
kind of theoretical approach has been proven to be reliable
for transition-metal complex systems [19,27].

In the calculations, the quasi-relativistic pseudo-poten-
tials of Ir atoms proposed by Hay and Wadt [30] with 17
valence electrons were employed, and the LANL2DZ basis
sets were adopted. The basis sets were described as Ir
[8s6p3d]/[3s3p2d], C, N, O, and S [10s5p]/[3s2p], and H
[4s]/[2s]. Thus, 306 basis functions and 206 electrons for
1, 322 basis functions and 218 electrons for 2, and 324 basis
functions and 222 electrons for 3 were included in the cal-
culations. All of the calculations were accomplished by
using the GAUSSIAN 03 software package [31] on an Ori-
gin/3900 server.

The optimized ground and excited states geometries dis-
play C2 symmetry. As shown in Fig. 1, the x/C2 axis is ori-
ented through Ir atom and the center of two X ligands, the z

and y axes both deviate 45� from the plane defined by two X
ligands. Two ppy ligands are almost perpendicular to each
other. Under the C2 symmetry and the basis sets employed,
the total 306 orbitals of 1 are reduced to 154a and 152b irre-
ducible orbitals, while the total 322 orbitals of 2 are reduced
to 162a and 160b irreducible orbitals, likewise, the 324 orbi-
tals of 3 are reduced to 163a and 161b irreducible orbitals.
All these orbitals are included in the DFT calculations in
order to have all of the possible electron correlations in
the present computational level.

3. Results and discussion

3.1. The ground and the excited states geometries

The main optimized geometry structural parameters in
the ground state together with the X-ray crystal diffraction



Fig. 1. Optimized geometry structures of 1–3 at the B3LYP/LANL2DZ
level.
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data of Ir(ppy)2acac [11] are given in Table 1, and the opti-
mized geometries are shown in Fig. 1. Because our
attempts to optimize the molecular geometry in solvents
Table 1
Main optimized geometry structural parameters of the complexes in the grou
respectively, together with the experimental values of Ir(ppy)2acac

1 2

X1A A3B X1A

Bond lengths (Å)

Ir–N(1) 2.062 2.093 2.057
Ir–C(1) 2.065 2.080 2.022
Ir–C(30) 2.077 2.111
Ir–N(3) 2.138
C(3)„N(3)/N(3)@C(3) 1.193 1.167 1.192
C(3)–S(1)/O(1) 1.688

Bond angles (�)

C(3)–Ir–C(4) 91.0 91.0
C(1)–Ir–C(2) 90.0 89.2 90.5
N(1)–Ir–N(2) 174.3 174.0 176.1
N(3)–Ir–N(4) 89.4
N(3)–C(3)–Ir 178.0 178.0
C(3)–N(3)–Ir 176.5
N(1)–Ir–C(1) 79.7 79.7 80.5

Dihedral angles (�)

C(5)–N(1)–Ir–C(2) 93.6 93.6 92.1

a From Ref. [11].
failed (this experience is similar to that of De Angelis
et al. [2b]), we used the geometries obtained in the gas
phase for all spectrum calculations. The vibration frequen-
cies of 1–3 were calculated based on the optimized geome-
tries to verify that each of the ground state geometries is a
minimum (no minus frequency) on the potential energy
surface. The calculated results revealed that all of the com-
plexes have X1A ground state. Two ppy ligands are almost
perpendicular to each other because C(5)–N(1)–Ir–C(2)
dihedral angle is close to 90�. Furthermore, the optimized
bond lengths and bond angles of 1–3 in the ground state
are in general agreement with the corresponding experi-
mental values of Ir(ppy)2acac. Take 2 for example, the cal-
culated bond lengths of Ir–N(1)/N(2) (2.057 Å) and
Ir–C(1)/C(2) (2.022 Å) are overestimated by ca. 0.046 Å
and 0.018 Å in comparison with the measured values.
Table 1 shows that the N(1)–Ir–N(2) bond angle of 1

(174.3�) is smaller than those of 2 (176.1�) and 3 (176.6�),
which due to that CN ligand is smaller than NCS/NCO
ligands, so the force between CN ligand and Ir(ppy)2 frag-
ments is weaker than those between NCS/NCO ligand and
Ir(ppy)2 fragments. Table 1 shows that C(3)–N(3)–Ir of 2
(176.5�) is larger than that of 3 (166.4�), which due to the
S@C group is larger that O@C group, so the repulsion
between two X ligand of 2 is larger than that of 3.

The main geometry structural parameters of 1–3 in A3B
excited states are given in Table 1. The calculated results
showed that the bond lengths, bond angles, and dihedral
angles are slightly changed relative to those in the ground
state and the three complexes show similar variation
trends. The calculated Ir–C(1)/C(2), Ir–C(3) and Ir-N(1)/
N(2) bond lengths relax by 0.03 Å, but the C(3)„N(3)
and N(3)@C(3) bond lengths are strengthened by about
nd and the lowest lying triplet excited state at the B3LYP and CIS level,

3 Ir(ppy)2acac

A3B X1A A3B Expt.a

2.088 2.050 2.085 2.010(9)
2.048 2.019 2.050 2.003(9)

2.140 2.145 2.141
1.159 1.202 1.172
1.706 1.242 1.226

89.8 91.1 90.3
175.9 176.6 176.2 176.3(4)
89.8 89.0 89.7

177.0 166.4 171.7
80.2 80.5 80.2 81.7(4)

93.1 91.4 92.6



Table 2
Molecular orbital compositions (%) in the ground state for Ir(ppy)2(CN)2 (1) at B3LYP level

Orbital Energy (eV) MO composition Main bond type Ir component

Ir ppy CN

54a �0.7040 1.3 98.5 0.2 p*(ppy)
53b �0.8237 1.6 98.3 0.1 p*(ppy)
53a �1.2207 3.6 95.4 1.0 p*(ppy)
52b �1.2716 2.1 96.7 1.2 p*(ppy)

HOMO–LUMO energy gap

52a �5.0790 47.4 45.9 6.7 d(Ir) + p(ppy) 34.0 dx2�y2 , 11.6 dxy

51b �5.6521 51.1 42.3 6.6 d(Ir) + p(ppy) 41.1 dyz, 9.5 dxz

51a �5.6728 59.5 31.1 9.4 d(Ir) + p(ppy) 25.6 dxy, 32.4 dz2

50b �5.7441 15.8 76.2 8.0 d(Ir) + p(ppy) 10.1 dyz
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0.03 Å, which indicates that the ppy and X ligands have a
trend to break away from Ir atom and the X ligands
becomes more compact in the excited state than that in
the ground state. The calculated bridging C–C bond of
phenyl and pyridyl is shorted 0.02 Å in the triplet excited
states relative to these in the ground states, which is consis-
tent with the conclusion obtained by De Angelis et al. [2b].
The calculated N(3)–Ir–N(4) bond angle of 2 and 3 are
increased by 0.4� and 0.7�, while the C(5)–N(1)–Ir–C(2)
dihedral angle keeps close to 90�, which indicates that the
two X ligands have a trends to break away from each other
and the two ppy ligands maintain a right-angle in the
excited state. The slight changes of the geometry structural
parameters result from the electron transfer from the Ir–X
bonding orbital to the p*(ppy) orbital (vide infra) upon
excitation, so the energies of Ir–X and Ir–ppy bonds are
reduced.

The calculated stretching frequencies of m(C„N) and
m(N@C) of 1–3 in the ground state are consistent with
the experimental results and the variations of the stretching
frequencies between the ground and excited states agree
well with the differences of the ground and excited state
geometry parameters. Firstly, the calculated m(C„N) and
m(N@C) stretching frequency at 2117 cm�1, 2139 cm�1

and 2256 cm�1 of 1, 2, and 3, respectively, in ground state
are agree well with the experimental results [20] at
Table 3
Molecular orbital compositions (%) in the ground state for Ir(ppy)2(NCS)2 (2

Orbital Energy (eV) MO composition

Ir ppy N

56b �0.9170 1.5 98.0
56a �1.3342 3.9 94.9
55b �1.3935 2.5 96.1

HOMO–LUMO energy gap

55a �4.8801 46.3 29.2 2
54b �5.3591 38.6 13.2 4
54a �5.3721 36.9 11.3 5
53b �5.6480 0.1 14.6 8
53a �5.8347 1.9 39.9 5
52b �5.9226 1.1 84.2 1
52a �6.1425 17.7 60.7 2
2092 cm�1, 2099 cm�1 and 2229 cm�1. Secondly, the
m(C„N) stretching frequency of 1 appears at
2117 cm�1and 2125 cm�1 in the ground and excited states,
respectively. The increase of the C„N stretching frequency
in the excited state indicates the stronger bonding interac-
tion, which is consistent with shorten of the C„N bond
length in the excited state. The variations of the m(N@C)
stretching frequency of 2 and 3 are similar to the case for
m(C„N). Similar vibration characteristics have also been
found for [OsN(C„CH)4] [33], the Os„N bond is length-
ened in the excited state compared to that in ground state,
which is in agreement with the lower vibration frequency of
m(Os–N) (�780 cm�1) in the excited state as compared to
that (�1175 cm�1) in the ground state.

3.2. The frontier molecular orbital properties

The frontier molecular orbital compositions (population
analysis using the SCF density) of 1–3 are given in Tables
2–4. Tables 2–4 show that low unoccupied MOs domi-
nantly localized on p*(ppy) with more than 95.0% compo-
sition are hardly affected by X ligand, and the energy levels
of LUMO and LUMO + 1 are very close. In contrast, the
compositions of occupied MOs are dramatically changed
by altering X ligands. For 1, the highest occupied molecule
orbital (HOMO) 52a, lying �5.079 eV, is dominantly com-
) at B3LYP level

Main bond type Ir component

CS

0.5 p*(ppy)
1.2 p*(ppy)
1.4 p*(ppy)

4.5 d(Ir) + p(ppy) + p(NCS) 32.3 dx2�y2 , 12.5 dxy

8.2 d(Ir) + p(ppy) + p(NCS) 13.7 dyz, 24.9 dxz

1.8 d(Ir) + p(ppy) + p(NCS) 35.4 dz2

5.3 p(ppy) + p(NCS)
8.2 p(ppy) + p(NCS)
4.7 p(ppy) + p(NCS)
1.6 d(Ir) + p(ppy) + p(NCS) 15.0 dz2
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posed of 34.0% dx2�y2ðIrÞ, 11.6% dxy(Ir), and 45.9% p(ppy)
with little p(CN) composition, HOMO � 1 and
HOMO � 2 with close orbital energy are all dominantly
composed of d(Ir) and p(ppy), but with different composi-
tion of d(Ir) in detail. MO 51b has 41.1% dyz(Ir) and 9.5%
dxz(Ir), while MO 51a is composed of 25.6% dxy(Ir) and
32.4% dz2ðIrÞ. With respect to 2 and 3, the first three high
energy occupied orbitals are contributed by three units Ir,
ppy, and X, in addition, the compositions of X ligand are
dramatically larger than 1 because the p electron accept-
ing-ability of NCS and NCO are greater than that of
CN. The similar Ru complexes [Ru(4,40-COOH-2,20-
bpy)2(NCS)2] investigated by Fantacci et al. have different
HOMOs components from our Ir complexes, they are
dominantly composed of NCS ligand and Ru atom [32].
The Ir component in HOMO and HOMO � 1 of 2 and 3

have the similar component to these of 1, but the Ir compo-
nent in HOMO � 2 of 2 and 3 are purely contributed by
dz2ðIrÞ, which is different from that of 1 mixed by dz2ðIrÞ
and dxy(Ir) orbitals. The differences of the high occupied
MOs between 1 and 2, 3 result from the different p elec-
tron-accepting abilities of the X ligands. In addition,
Fig. 3 shows that the energy levels of HOMO are changed
Table 4
Molecular orbital compositions (%) in the ground state for Ir(ppy)2(NCO)2 (3

Orbital Energy (eV) MO composition

Ir ppy NCO

57a �1.1840 4.3 94.6 1.1
56b �1.2468 2.7 96.1 1.2

HOMO–LUMO energy gap

56a �4.6208 52.2 30.2 17.6
55b �5.2263 55.2 19.4 25.4
55a �5.2472 56.3 16.8 26.9
54b �5.7036 0.9 78.4 20.7
54a �5.9583 2.3 69.3 28.4
53b �6.0516 1.0 31.8 67.2

Table 5
Absorptions of 1–3 calculated with the TDDFT method, together with the ex

Transition Config. (CI coeff.) E/nm (eV)

Singlet ? singlet

1 X1A ? A1B 52a ? 52b (0.68905) 403 (3.07)
X1A ? B1B 51b ? 53a (0.49047) 335 (3.71)

51a ? 52b (0.44842)
X1A ? C1B 50b ? 54a (0.41002) 275 (4.50)

2 X1A ? A1B 55a ? 55b (0.69073) 449 (2.76)
X1A ? B1B 54b ? 56a (0.49439) 369 (3.36)

54a ? 55b (0.42879)
X1A ? C1B 52b ? 56a (0.61906) 307 (4.04)
X1A ? D1B 52a ? 56b (0.44466) 264 (4.70)

3 X1A ? A1B 56a ? 56b (0.68975) 475 (2.61)
X1A ? B1B 55b ? 57a (0.48683) 375 (3.30)

55a ? 56b (0.47673)
X1A ? C1B 54b ? 57a (0.62221) 313 (3.96)
X1A ? D1B 53b ? 57a (0.56747) 290 (4.28)

a From Ref. [17].
more significantly than those of LUMO by tuning X
ligands.

3.3. The spectroscopic properties in CH2Cl2 media
3.3.1. Absorptions

The calculated absorptions (singlet to singlet) in the
UV–Vis region simulated in CH2Cl2 associated with their
oscillator strengths, the main configurations, and the
assignments as well as the experimental results are given
in Table 5. The fitted Gaussian type absorption curves with
the calculated absorption data are displayed in Fig. 2 to
show the red-shift effect of the absorptions. To intuitively
understand the transition process, the molecular orbital
energy levels involved in absorption transitions of 1–3 are
shown in Fig. 3.

Fig. 2 shows that the lowest-lying distinguishable absorp-
tion bands of 1, 2, and 3 at 370–420 nm (3.35–2.95 eV), 420–
470 nm (2.95–2.64 eV), and 450–500 nm (2.76–2.48 eV),
respectively. With respect to 1, Table 5 shows that the exci-
tation of MO 52a ? MO 52b with the configuration coeffi-
cient of 0.68905 is in charge of the absorption band at
) at B3LYP level

Main bond type Ir component

p*(ppy)
p*(ppy)

d(Ir) + p(ppy) + p(NCO) 36.0 dx2�y2 , 14.1 dxy

d(Ir) + p(ppy) + p(NCO) 20.4 dyz, 34.4 dxz

d(Ir) + p(ppy) + p(NCO) 53.7 dz2

p(ppy) + p(NCO)
p(ppy) + p(NCO)
p(ppy) + p(NCO)

perimental values

Oscillator Assignt kexpt./nm (eV)a

0.0456 MLCT/ILCT 463 (2.68)
0.1725 MLCT/ILCT

MLCT/ILCT
0.4208 ILCT/MLCT

0.0312 MLCT/LLCT/ILCT 476 (2.61)
0.1120 MLCT/LLCT

MLCT/LLCT
0.1488 LLCT/ILCT
0.4358 LLCT/ILCT

0.0289 MLCT/LLCT/ILCT 497 (2.49)
0.1553 MLCT/LLCT

0.1585 LLCT/ILCT
0.1463 LLCT/ILCT
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Fig. 2. Simulated absorption spectra of 1–3 in CH2Cl2 media with the
calculated data at TD-B3LYP/LANL2DZ level.
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403 nm. Table 2 shows that MO 52a is composed of 34.0%
dx2�y2ðIrÞ, 11.6% dxy(Ir), and 45.9% p(ppy) with little
p(CN) composition, while MO 52b is dominantly localized
on ppy ligand, thus, this absorption band can be assigned
to f½dx2�y2ðIrÞ þ dxyðIrÞþ pðppyÞ� ! ½p�ðppyÞ�g transition
with MLCT and intraligand charge transfer (ILCT) transi-
tion characters. But the lowest-lying absorption bands of 2

and 3 at 449 and 475 nm, respectively, have different transi-
tion nature. Table 5 shows that the excitations of MO
55a ? MO 55b (CI = 0.69073) and MO 56a ? MO 56b
(CI = 0.68975) should be responsible for these absorptions.
According to the discussion on the frontier molecular orbi-
tals, the HOMOs of 2 and 3 have similar dz2ðIrÞ and dxy(Ir)
compositions to that of 1, but the NCS and NCO ligands
have ca. 20% compositions (see Tables 3 and 4).
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Fig. 3. Diagrams of the molecular orbitals related to the
Thus, these two absorptions are dominantly attributed
to f½dx2�y2ðIrÞ þ dxyðIrÞ þ pðppyÞ þ pðNCS=NCOÞ� ! ½p�
ðppyÞ�g transition with MLCT/ILCT and ligand-to-ligand
charge transfer (LLCT) transition characters. Fig. 2 shows
that the lowest-lying absorption of 1, 2, and 3 are red-shifted
in order 1 < 2 < 3, which is consistent with the p electron-
accepting abilities order 1 < 2 < 3. The calculated results
showed that the transition character can be changed by tun-
ing X ligand, and the excitation energy can be reduced by
increasing the p electron-accepting abilities of X ligand.

Fig. 2 show that the second calculated absorptions of 1,
2, and 3 are at 335 nm (3.71 eV), 369 nm (3.36 eV), and
375 nm (3.30 eV), respectively, and Table 5 shows that they
are dominantly contributed by two excitations with similar
CI coefficient. For 1, the excitations of MO 51b ? MO 53a
(CI = 0.49047) and MO 51a ? MO 52b (CI = 0.44842) are
responsible for the absorption at 335 nm. Table 2 shows
that MO 51b, lying �5.6521 eV, is contributed by 41.1%
dyz(Ir), 9.5% dxz(Ir), and 42.3% p(ppy), while MO 51a,
lying �5.6728 eV, has 25.6% dxy(Ir), 32.4% dz2ðIrÞ, and
31.1% p(ppy). The unoccupied orbitals 53a and 52b are
dominantly localized on ppy ligand. Thus, the absorption
of 1 at 335 nm can be described as {[dxz(Ir) + dyz(Ir) + d-

z
2(Ir) + dxy(Ir) + p(ppy)] ? [p*(ppy)]} transition with

MLCT/ILCT transition characters. The absorption of 2

at 369 nm is contributed by MO 54b ? MO 56a
(CI = 0.49439) and MO 54a ? MO 55b (CI = 0.42879)
excitations. Table 3 shows that MO 54b has 13.7% dyz(Ir),
24.9% dxz(Ir), 13.2% p(ppy), and 48.2% p(NCS), while MO
54a is composed of 35.4% dz2ðIrÞ, 11.3% p(ppy), and 51.8%
p(NCS), the unoccupied orbitals 56a and 55b are domi-
nantly contributed by p*(ppy). Thus, the absorption of 2

at 369 nm can be described as f½dxzðIrÞ þ dyzðIrÞþ
dz2ðIrÞ þ pðppyÞ þ pðNCSÞ� ! ½p�ðppyÞ�g transition with
d
z
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absorptions for 1–3 at TD-B3LYP/LANL2DZ level.



Table 6
Phosphorescent emissions of 1–3 calculated with TDDFT method, together with the corresponding experimental values

Transition Config. (CI Coeff.) E/nm (eV) Assignt Exptl./nm (eV)a

1 A3B ? X1A 52b ? 52a (0.57153) 466 (2.66) 3MLCT/3ILCT 470 (2.64)
2 A3B ? X1A 55b ? 55a (0.61809) 487 (2.55) 3MLCT/3ILCT/3LLCT 506 (2.45)
3 A3B ? X1A 56b ? 56a (0.67490) 516 (2.40) 3MLCT/3ILCT/3LLCT 538 (2.30)

a From Ref. [17].
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MLCT/LLCT and ILCT transition characters. The
absorption of 3 at 375 nm has similar transition character
as that of 2 at 369 nm.

Table 5 shows that the unique absorption bands of 2

and 3 at 307 nm (4.04 eV) and 313 nm (3.96 eV) are con-
tributed by MO 52b ? MO 56a (CI = 0.61906) and MO
54b ? MO 57a (CI = 0.62221) excitations, respectively.
Table 3 shows that MO 52b is composed of 84.2% p(ppy)
and 14.7% p(NCS), while MO 56a is dominantly localized
on ppy lignad. Thus, the absorption of 2 at 307 nm is
attributed to {[p(NCS) + p(ppy)] ? [p*(ppy)]} transition
with LLCT/ILCT transition characters. Similarly, the
absorption of 3 at 313 nm is assigned to {[p(NCO) + p(p-
py)] ? [p*(ppy)]} transition.

Table 5 and Fig. 2 show that the absorption bands of 1,
2, and 3 with the highest excitation energy above 4.0 eV at
275, 264, and 290 nm are contributed by MO 50b ? MO
54a (CI = 0.41002), MO 52a ? MO 56b (CI = 0.44466),
and MO 53b ? MO 57a (CI = 0.56747) excitations,
respectively. Tables 2–4 shows that MOs 54a, 56b, and
57a are all localized on ppy ligand, MO 50b of 1 has 15.8
d(Ir), and 76.2% p(ppy), MO 52a of 2 is composed by
17.7% d(Ir), 60.7% p(ppy), and 21.6% p(NCS), and MO
53b of 3 is contributed by 31.8% p(ppy) and 67.2%
p(NCO). Thus, these high energy absorptions are domi-
nantly assigned to ILCT transition character mixed with
other transition character such as MLCT for 1 and 2,
LLCT for 2 and 3.

Experimentally, the lowest-lying absorptions at 463 nm
(2.68 eV), 476 nm (2.61 eV), and 497 nm (2.49 eV) of 1–3,
respectively, are all assigned to MLCT transition, and the
Table 7
Molecular orbital compositions (%) in the A3B excited states for Ir(ppy)2(CN
level

Orbital Energy (eV) MO composition

Ir ppy X

1

52b �1.2697 1.4 97.7
52a �5.0331 50.4 43.7

2

55b �1.4123 1.7 97.1
55a �4.9103 46.9 27.7 2

3

56b �1.2574 1.8 97.3
56a �4.5901 54.0 27.1 1
absorptions of 2 and 3 are red-shifted compared with that
of 1. Furthermore, our calculated absorption bands of 1

(403 nm), 2 (449 nm), and 3 (475 nm) are consistent with
the measured excitation energy values and the transition
assignments [20].

3.3.2. Phosphorescence

The calculated phosphorescence of 1–3 in CH2Cl2 media
together with the corresponding measured results [20] are
given in Table 6; the frontier molecular orbital composi-
tions responsible for the emissions are summarized in Table
7.

The calculated phosphorescence of 1, 2 and 3 at 466 nm
(2.66 eV), 487 nm (2.55 eV), and 516 nm (2.40 eV), respec-
tively, are consistent well with their experimental values
[20] at 470 nm (2.64 eV), 506 nm (2.45 eV), and 538 nm
(2.30 eV). With respect to 1, the excitation of MO
52b ? MO 52a with the configuration coefficient of
0.57153 is dominantly in charge of the emission at
466 nm. Table 7 shows that MO 52b is a p*(ppy) type orbi-
tal with about 97.7% composition, while MO 52a is com-
posed of 35.5% dx2�y2ðIrÞ, 13.5% dxy(Ir), and 43.7%
p(ppy). Thus the emission at 466 nm of 1 can be described
as originating from 3f½dx2�y2ðIrÞ þ dxyðIrÞ þ pðppyÞ�
½p�ðppyÞ�g excited state with 3MLCT/3ILCT character.
But the emissions at 487 and 516 nm of 2 and 3 have differ-
ent transition characters. Table 6 shows that the excitation
of MO 55b ? MO 55a (CI = 0.61809) causes the emission
of 2 at 487 nm. Table 7 shows that MO 55b has similar
composition as MO 52b of 1, while the MO 55a has
32.8% dx2�y2ðIrÞ, 12.5% dxy(Ir), 27.7% p(ppy), and 25.4%
)2 (1), Ir(ppy)2(NCS)2 (2), and Ir(ppy)2(NCO)2 (3) at B3LYP/LANL2DZ

Main bond type Ir component

0.9 p*(ppy)
5.9 d(Ir) + p(ppy) 35.5 dx2�y2 , 13.5 dxy

1.2 p*(ppy)
5.4 d(Ir) + p(ppy) + p(NCS) 32.8 dx2�y2 , 12.5 dxy

0.9 p*(ppy)
8.9 d(Ir) + p(ppy) + p(NCO) 37.3 dx2�y2 , 14.6 dxy



Fig. 4. Transitions contributing to the emissions at 466, 487, and 516 nm
for 1–3, respectively, simulated in CH2Cl2 media at TD-B3LYP/
LANL2DZ level.
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p(NCS). Thus, the emission of 2 at 487 nm can be
described as originating from 3f½dx2�y2ðIrÞ þ dxyðIrÞþ
pðppyÞ þ pðNCSÞ�½p�ðppyÞ�g excited state with 3MLCT/3-
ILCT/3LLCT character. The nature of the phosphores-
cence of 3 at 516 nm is similar to that of 2 at 487 nm (see
Table 7). Compared 1 with 2 and 3, the emission results
indicated that ligand X can participate in the emission tran-
sition when the p electron-accepting ability of ligand X is
increased, which results in the red-shift of the emission
spectra of 2 and 3. Fig. 4 displays intuitive electron transi-
tion diagrams of the emission. Experimentally, the mea-
sured phosphorescence in CH2Cl2 media of 1, 2, and 3 at
470 nm (2.64 eV), 506 nm (2.45 eV), and 538 nm
(2.30 eV), respectively, are all tentatively assigned to a
3MLCT and 3p–p* emission, which is consistent with our
calculated assignments [20].

The discussions on absorptions reveal that the calcu-
lated lowest-lying absorption of 1 at 403 nm dominantly
arises from the combination of MLCT and ILCT transi-
tions and those of 2 and 3 at 449 and 475 nm are assigned
to MLCT/ILCT/LLCT transition, thus the calculated
phosphorescence is just the reverse process of the lowest-
lying absorption because of the same transition character
and symmetry. The energy differences between the calcu-
lated lowest-lying absorption and the phosphorescence of
1, 2, and 3 are 0.41 eV, 0.21 eV, and 0.21 eV, respectively.

In previous investigations, many researchers have con-
cluded that there is a competition between the MLCT
and [p ? p*] ligand-centered (LC) transitions due to the
very close energy levels of the terminal orbitals of the
complexes [34]. According to our present studies, the cal-
culated combined MLCT/ILCT transition natures of the
absorptions in the UV–Vis region have confirmed previ-
ous prediction. Furthermore, now we note that by increas-
ing the p electron-accepting ability of X ligand, the
HOMO of 2 and 3 have greater X compositions than that
of 1, which is different from the previous studies that X
ligand had little composition of HOMO, thus, the X
ligand can participate in the absorption and emission tran-
sitions. Therefore, the calculated results indicated that
there is an LLCT type excitation transition in the compe-
tition between MLCT and ILCT type transitions, and one
of the decisive factors is the p electron-accepting ability of
X ligands.

Obviously, both of the calculated and the experimental
results showed that the phosphorescence can be tuned by
changing the p electron-accepting abilities of X ligands
[20] besides by changing the C^N ligands according to pre-
viously experimental investigations [11]. The X ligands with
stronger p electron-accepting ability will lead to more red-
shifts in the absorption and emission spectra.

4. Conclusions

The present work investigated the ground and excited
state geometries, absorption, and phosphorescence of three
bis-cyclometalated iridium(III) complexes with ppy, CN,
NCS, and NCO ligands theoretically. The calculated
results revealed that HOMO can be significantly changed
by tuning X ligands, but LUMO is hardly affected. The
lowest-lying absorption at 403 nm of 1 is assigned to
MLCT/ILCT transition, while those of 2 and 3 at 449
and 475 nm can be described as MLCT/ILCT/LLCT tran-
sitions. The phosphorescence of 1 at 466 nm originates
from 3MLCT/3ILCT excited state, while those of 2 and 3

at 487 and 516 nm are from 3MLCT/3ILCT/3LLCT excited
states. The calculated results showed that the emission col-
ors can be tuned by changing p electron-accepting ability of
X ligand, and the ligand X can participate in the absorp-
tion and emission transition processes. So it is very practi-
cal to explore the relationship between X ligand and
phosphorescent properties of bis-cyclometalated irid-
ium(III) complexes. We hope these theoretical studies can
provide suggestion in designing highly efficient phosphores-
cent materials.
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