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TD-DFT STUDIES OF ELECTRONIC STRUCTURES
IN CYCLOMETALATED PHENYLPYRAZOL Ir(III)
COMPLEXES: fac-Ir(ppz); AND Ir(ppz)s(acac)
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The ground state and low-lying excited electronic states of two related Ir(IIl)
complexes fac-Ir(ppz)s (1) and Ir(ppz)s(acac) (2) are studied using density
Sunctional theory where ppz = phenylpyrazol, acac = acetylacetonate and
fac = facial. The complex 1 is a blue phosphorescent material with about
450nm of electroluminescent peak. The ground states of these complexes are
studied wusing Becke’s three parameter hybrid functional with Perdew
86(B3LYP) and the structure analysis of the optimized geomelries are pro-
cessed. Excited triplet and singlet states are examined using time-dependent
density functional theory. Every low-lying transition for the former molecule
and 6 lowest singlet and triplet excitations for the latter molecule are categor-
ized as metal-to-ligand charge-transfer transitions, because the metal orbitals
nwolved in the transitions have significant admixture of ligand n character
with amount of metal 5d character in the occupied molecular orbitals related
to those transitions. Through the comparison of the calculated excitons with
experimental absorption spectra, each peak was examined its originality.
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INTRODUCTION

Since Tang and the coworkers reported organic light-emitting devices
(OLED) with the multi-layer structure [1], materials for the devices have
been extensively studied over the past decade [2]. Luminescent materials
for these devices are generally classified into two groups as fluorescent
ones and phosphorescent ones. Recently, Forrest and Thompson have
developed electrphosphorescent OLEDs with high efficiency approaching
100% of internal quantum efficiency which utilize both singlet and triplet
excitons using the phosphorescent dopants [3].

The heavy metal such as Ir or Pt in the complex forms was known
to induce the intersystem crossing by strong spin-orbit coupling, leading
to mixing of the singlet and triplet excited states [4,5]. Spin-forbidden
nature of radiative relaxation from the triplet excited state then
becomes allowed, resulting in high phosphorescent efficiencies. Thus,
both metal complexes have extensively been introduced to the emit-
ting layers as dopants in OLEDs. In addition, Ir complexes were
known to have high photoluminescence efficiency and relatively short
excited state lifetime which minimizes quenching of triplet emissive
states [6].

In recent years, many approaches using density functional theory
(DFT) have received large acceptance for describing the ground state
properties of organometallic and inorganic molecules. Especially, using
hybrid density functionals [7,8] such as B3LYP and B3PW91, a lot of
remarkable structural and thermochemical predictions have been
obtained. Also, applications of time-dependent DFT method (TD-
DFT) [9,10] which calculated the excited states of molecules have
recently begun to be reported on transition metal complexes [12-15],
together with Alqs [16,17].

Though many phosphorescent materials have been reported in many
literatures so far, there have been few reports on pure blue phosphor-
escent materials whose emission peak is located near 450 nm and lumi-
nescent efficiency is high. Recently, we reported the synthesis of
Ir(ppz)s and fabrication of OLEDs where the complex emitted sharp
pure blue light with 450 nm [18]. In this paper, we explore the ground
and low-lying excited states of molecules (1) and (2) using density
functional approaches techniques to understand phosphorescent mech-
anism. The ground states were treated using the B3LYP functional and
the optimized structure was discussed with comparison of ppz ligand.
The low-lying triplet and singlet excited states were examined using
TD-DFT calculations. The results were compared with absorption spec-
trum of molecules (1) and (2).
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DETAILS OF THE CALCULATIONS

Computationally, the electronic ground states of ppz ligand, the molecules
(1) and (2) were calculated using the B3LYP density functional theory.
LANL2DZ [19] and 6-31G(d) [20] basis sets were employed for the Ir
and other atoms, respectively. To obtain the excitation energy of singlets
and triplets time-dependent DFT(TD-DFT) calculations using the B3LYP
functional was performed at the respective ground-state geometry, where
the basis set of ppz ligands was changed to 6-31 + G(d) for the first excited
state calculation of the complex. Typically the lowest 10 triplet and 10 sing-
let roots of the nonhermitian eigenvalue equations were obtained to get the
vertical excitation energies and compared with the absorption spectrum to
examine each peaks. The ground-state BSLYP and excited-state TD-DFT
calculations were carried out using Gaussian 98 [21].

RESULTS AND DISCUSSION

The results of the optimized structure for the Ir complexes 1 and 2 (Fig. 1)
are summarized in Table 1, with those for the ppz ligand and fac-Ir(ppy)s

TABLE 1 Comparison of Calculated Bond Lengths for Molecules 1 and 2,
Sac-Ir(ppy)s and ppz Ligand

Jac-Tr(ppy)s*

Parameter ppZ Sac-Ir(ppz)s Ir(ppz)sacac (A)
Ir-Cl 2.033 2.017 2.035
Ir-N1 2.169 2.039 2.167
Ir-O1 2.191

C1-C2 1.393 1.407 1.403

C2-C3 1.396 1.397 1.398

C3-C4 1.395 1.397 1.397

C4-Ch 1.394 1.393 1.394

C5-C6 1.400 1.396 1.394

C6-C1 1.400 1.415 1.413

C6-N2 1.421 1.427 1.423

N2-C7 1.370 1.358 1.356

C7-C8 1.377 1.385 1.386

C8-C9 1.414 1.406 1.409

C9-N1 1.327 1.335 1.336

N1-N2 1.360 1.356 1.359

*Refer to: J. Phys. Chem. A106, 1634 (2002).
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FIGURE 1 Molecular structure of fac-Ir(ppz)s (1) and Ir(ppz)s(acac) (2).
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for comparison. For the molecule 1, bond lengths of Ir-C1 and Ir-N1 are
very similar to those of fac-Ir(ppy)s, respectively. So the bonding near Ir
atom in both complexes is very similar. To have such bond lengths, the
shape of ppz ligand slightly distorted after complexation. The bond lengths
of C1-C6 and N1-N2 are contracted and the ones of C1-C2 and N1-C9 are
stretched. In the phenyl ring, the C1 atom bonded to Ir metal is only dras-
tically displaced after complexation. However, the pyrazole ring is totally
tilted to the Ir metal as about 3.85° with a little atomic distortion, where
the atomic displacement of N1 is lesser than that of C1. Thus, it seems that
the pyrazole ring is more rigid than the phenyl one in ppz ligand.

In the case of the molecule 2, bond lengths of Ir-C1, Ir-N1 and Ir-O1 are
2.017 A, 2.039 A and 2.191 A, relatively contracted with respect to those of
Sac-Ir(ppz)s. To induce this contraction, the angles of N1-N2-C6 and
N2-C6-C1 are more leaned to about 1° than those of fac-Ir(ppz)s. Change of
atomic bond lengths from the ppz ligand to the complex 2 does not shown
drastically in comparison with data to 1. From the calculation of Mulliken
charge which gives the quantity of charge localized at each atom, it is poss-
ible to find the origin of the contraction between Ir and nearest atoms. The
charges of central Ir atom are 0.790 for the molecule 1 and 0.99 for then
molecule 2. And, those of C1 and N1 which are most closely located near
Ir atom are —0.19 and —0.25 for the prior molecule and —0.22 and
—0.33 for the last one. For the case of oxygen atom in acac ligand of the
molecule 2, the value is more bigger to —0.49. Thus, it would be thought
that the strong electronegativity of oxygen atom, which induces the dee-
pening of charge separation between Ir atom and nearest organic atom,
result in making those bonds be shorten.

After optimization of molecular structures of ppz ligand, molecules 1
and 2 using density functional theory, energy levels and molecular orbitals
were investigated. The results of calculations are shown in Figure 2 and
summarized in Table 2. In Table 2, the value of d means that electronic
population of any electron localized to centric Ir atom which is a criterion
of d character of the orbital. It will be useful to examine the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO), to understand the electronic nature of this Ir complex
and to provide the framework for the excited state through TD-DFT calcu-
lation. In Table 2, each orbitals are labeled following Hey’s notation like d;,
ds, m, o, etc., where d means that the related molecular orbital(MO) has
the character of the metallic d orbital and the electronic population con-
fined to d orbital is more than about 30% [15].

In the case of molecule 1, only three highest molecular orbitals have the
d characters. The strong mixing of d orbitals with = orbitals of ppz ligand is
shown on the highest three occupied orbitals, as shown in Figure 3(a)—(c).
As a result of strong mixing, the electrons became to be mainly localized to
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FIGURE 2 Schematic drawing of orbital energies of highest occupied and lowest
unoccupied MOs of molecules 1 and 2.

near the centric metal atom through the bond of Ir and C1 atom in those
orbitals. It is also ascertained from the investigation of distribution of
orbital in those MOs that the electronic distribution is nearly localized in
the phenyl ring except Ir(III) 5d orbitals although it had been delocalized
through all the ligand before complexation, as shown in Figure 3(a)—(c).
In the case of virtual MOs of this complex, there is no any proof about
strong mixing between 5d and = orbitals. The calculated electronic popula-
tions localized centric Ir metal are very small in every virtual MOs
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TABLE 2 Calculated Occupied and Virtual Orbital Energies of Molecules 1 and 2

Occupied molecular orbitals

Unoccupied molecular orbitals

No Symm. Energy (eV) d(%) No Symm. Energy (eV) d(%)
(a) fac-Ir(ppz)3
121 dg 4la —5.025 50.2 122 @t 42a —0.554 0.1
120 dj, 80e —5.037 478 123 m,* 8le —0.471 3.2
119 dyy 79 —5.037 478 124 7mg* 82e —0.471 3.2
118  my, 78e —5.864 8.1 125 ng* 43a 0.502 0.7
117 7wy e —b5.864 8.1 126 mgy* 83e 0.679 5.3
116 7w 40a —5.898 10.7 127wyt 84e 0.679 5.3
116 mg, 76e —6.487 175 128 m* 44a 1.248 1.4
114 7gy 75e —6.487 175 129  7wg," 85e 1.363 2.0
113 mny 39a —6.527 21.1 130 mgp 86e 1.363 2.0
112 7y 38a —7.011 40 131 7 45a 1.456 0.2
Occupied molecular orbitals Unoccupied molecular orbitals

No Energy (eV) d(%) No Energy (eV) d(%)

(b) Ir(ppz)2acac
110 ds —4.895 49.9 111 * —0.689 2.7
109 dg —5.270 37.1 112 mo* —0.673 2.1
108 m —b.757 0.3 113 Tac” —0.542 2.1
107 d; —5.780 65.7 114 ng* 0.367 4.8
106 Ty —6.021 5.5 115 4t 0.587 10.1
105 Tac —6.057 27.0 116 ar* 1.148 28.6
104 73 —6.237 27.0 117 st 1.167 0.9
103 Tac —6.493 20.6 118 et 1.217 1.2
102 Gac, T4 —7.008 3.1 119 it 1.316 10.8
101 Gac, M5 —7.465 7.2 120 ng* 1.5627 0.3
100 g —7.705 215 121 ng* 1.606 1.8

calculated in this study. More precise descriptions on the complex 1 were
written our previous paper [22].

In the case of the complex 2, two highest MOs are evidently shown to be
strongly mixed between d orbital of centric Ir metal and = orbital of ppz
ligand, whose electronic populations are 49.9% and 37.1% respectively.
These are lesser than those of Ir(ppy)s(acac), which are 67% and 45%
[15]. The HOMO-2 in Figure 3(i) shows seriously different character in orbital
distribution which has only n character localized in ligand, similar shape of
the HOMO-1 of the ppz ligand. On the contrary, Hay reported that the
HOMO-2 of Ir(ppy) s (acac) was also strongly mixed between d and = orbitals.
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FIGURE 3 Contour plots of HOMOs and LUMOs. (a)~(f) for molecule 1, and
(8) ~ (D) for molecules 2.
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In the case of Ir(ppy)s(acac), this orbital is deeply embedded. This orbital
take a key role of red-shift that absorption and emission peaks are bathochro-
mically changed, which will be described later. And, separations between
MOs are rather bigger. This is thought to be change of symmetry to C1.

In the HOMO of the molecule 2, mixing trend is slightly different from
that of molecule 1 while HOMO-1 and HOMO-3 are similar. Predominant
difference is that the symmetry axis of d orbital in HOMO follows the direc-
tion located prior to complexation, notwithstanding that the axes of d orbi-
tals of HOMO-1 and HOMO-3 follow center of prior three axes like the case
of the molecule 1. Only in a geometrical view point, it would be thinkable
that any position of three orthogonal axes is more stable than that of two
orthogonal ones. So, the HOMO is located higher and the separation of
energy levels is wider than those of the molecule 1.

In the case of virtual MOs of the molecule 2, two lowest virtual MOs have
only = character of ppz ligand without any d character, and the third virtual
MO is related to the acac ligand. Accordingly, HOMO and LUMO of acac
ligand are inserted among the MOs induced from ppz ligand after complexa-
tion. Other higher virtual MOs also show 7 character of ppz ligand except a
MO having ¢ character which is slightly mixed with d orbital of Ir metal with
28% of d character. Hence, provided that any transition occurs from two
highest HOMO or HOMO-3 to any MO of 10 lowest ones, the transition would
be possible to be called as metal-to-ligand charge transfer (MLCT).

TD-DFT calculation was employed to examine the low-lying singlet and
triplet states of the complexes and results are shown in the Table 3. For
the molecules 1 and 2, we typically give the vertical excitation energies
for the lowest ten triplet and singlet states calculated at the optimized
structure for the ground states. For each of triplet and singlet excitations,
a dominant excitation is achieved among several minor excitations, present
because of strong d-m mixing, if its transition probability is the greatest
one. Even though, for the triplet cases, there still exist many transition
states having same excitation energy than those for the singlet ones. In
the case of the molecule 1 as shown in Table 3, we see the lowest triplet
states (T;) is 3.14 eV with two higher triplet states extremely close within
0.01eV in energy. This characteristic is very similar with that of fac-
Ir(ppy)s with only a difference of excitation energy. All correspond to
excitations from an electron in the three highest occupied MOs with the
significant 5d character to virtual MOs with ©* character. According to this
assessment, it is certain that every excitations calculated in this study are
MLCT states.

For the complex 2, the lowest triplet excitation energy is 2.93 eV which is
0.45 eV less than that of Singlet excition. Here, the origin of those excitions
is considerably different. In the singlet case, the lowest excitation S; is due
to the transition from HOMO to LUMO in similar with lowest excitations of
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Sac-Ir(ppy)s and Ir(ppy)s(acac). However, the triplet excitation is the tran-
sition HOMO-1 to LUMO + 2 which is an extraordinary case. The electron
population of d character in HOMO-1 is 37.1% which is slightly small in com-
parion with those of fac-Ir(ppy)s and Ir(ppy)s(acac). It means that the d-n
mixing is relatively weak in the MO. And the excitation would be occur from
a weakly d-m mixed occupied orbital to a virtual orbital localized at acac
ligand not ppz ligand, a kind of MLCT transition. As a result, the absorption
and emission peaks would be bathochromically shifted and the emissive
color of PL or EL would be greenish blue in the region of 470 ~ 480 nm.

For the comparison with experimental data, we plotted the results
obtained through the TD-DFT in the absorption spectra of the molecues
1 and 2, as shown in Figure 4. For the case of 1, it is certain that peaks
distributed from 280 nm to 410 nm would be assigned to MLCT absorptions
that singlets (S;~S7) and triplets (T;~T7) are separately located in the
region of 270 nm~350nm and 340 nm~410nm, respectively. Especially,
the peak located at about 325 nm is due to Ss and Sg whose oscillator strengths
are dominant. Triplets T;, T5 and T are originated to same transition with that
of S;. It is thought to be the result of configuration interaction.

For the case of the complex 2, three distinct regions in absorption spec-
trum exists. At first, in the region of 354 nm~423 nm, the absorbance is
originated to *MLCT. In the region of 350 nm~300nm, °LC and MLCT
are coexists. At last, there exists 'LC in the region less than 300 nm. In
the energy diagram of singlet and triplet excitation, the T; has similar tran-
sition mechanism with Sq which induces the redish shift of absorption and
emission spectrum to about 30 nm. The reason of energy decreasing of T,
triplet is still unclear and it is thought that more study is needed.

CONCLUSION

The ground state and low-lying excited electronic states in the Ir(III) com-
plex 1 and 2 are studied using density functional theory. The electronic
properties of the molecule are calculated using the B3LYP functional.
The structure analysis of the optimized geometries are processed in com-
parison with structures of ppz ligand, fac-Ir(ppy)s, and Ir(ppy)s(acac)
which already reported before. Excited triplet and singlet states are exam-
ined using TD-DF'T. The calculated energies of the lowest triplet and singlet
states are 3.14 eV and 3.56 eV for the molecule 1 and 2.93 eV and 3.38eV
for the molecule. All of the low-lying transitions calculated in this study
are categorized as MLCT transitions for molecule 1 because the metal 5d
character of three highest MOs which are 50.2%, 47.8% and 47.8%,
respectively. However, for the molecule 2, 6 lower triplets and singlets
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FIGURE 4 (a) Schematic energy levels of excited states and (b) UV/VIS absorp-
tion spectrum of molecules 1 and 2.

are categorized as MLCT transitions and other higher states are branched
to LC transitions. From the analysis of absorption spectrum of this com-
plex, it was found that the calculated singlets and triplets were distributed
in the range of 270 nm~ 350 nm and 340 nm~410nm in absorption spec-
trum for the former molecule and in the range of 280 nm~370nm and
320nm~420 nm for the latter, rather widely.
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