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Abstract Electronic structures, absorptions and emissions
of a series of (ppy)2Ir(acac) derivatives (ppy = 2-
phenylpyridine; acac = acetoylacetonate) with fluoro sub-
stituent on ppy ligands were investigated theoretically. The
ground and excited states geometries were fully optimized at
B3LYP/LANL2DZ and CIS/LANL2DZ level, respectively.
The HOMO is composed of d(Ir) and π (C∧N), while the
LUMO is localized on C∧N ligand. The absorptions and
emissions in CH2Cl2 media were calculated under the TD–
DFT level with PCM model. The lowest-lying absorption of
these complexes is dominantly attributed to metal-to-ligand
and intraligand charge transfer (MLCT/ILCT) transitions and
the emission of them originates from 3MLCT/3ILCT excited
states. The absorption and emission of these complexes are
blue-shifted by increasing the number of fluoro on phenyl,
but the spectra are red-shifted by adding fluoro on pyridyl.
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1 Introduction

Since it was reported that organic light-emitting devices
(OLEDs) prepared with tris–cyclometalated complexes such
as f ac-[Ir(ppy)3](ppy− = 2-phenylpyridine) have efficien-
cies greater than 80%, Ir(III) complexes have attracted con-
siderable much attention [1–10].

The Ir(III) phosphorescent materials, such as Ir(C∧N)2

L(C∧N = ppy, bzq, btp, thp, bt etc.; L = acac, dbm, tmd,
bza etc.), have been synthesized and their spectroscopic prop-
erties have been investigated experimentally and theoret-
ically by Thompson and Hay [1–4,11]. These complexes
exhibit both MLCT and ππ∗ absorptions in nature, while
their phosphorescence originate from 3MLCT/3ILCT excited
states. The OLEDs based on (ppy)2Ir(acac), (bt)2Ir(acac) and
(btp)2Ir(acac) give green, yellow, and red phosphorescent
color, respectively [1–4].

However, the most interesting and challenging color
remains the blue color, because the efficient “deep blue”
light emitters represent the most important component for
fabricating the white light emitting devices (WOLEDs) [12–
17]. At present, the studies of the blue luminescent mater-
ial on experiment and theory mainly have been focused on
aromatic organic molecules or conjugated organic polymers
such as poly(p-phenylene), polyfluorenes, polycarbazoles,
polythiophene derivatives, derivatives of poly-paraphenylene
with ladder structures, and some copolymers based on fluo-
rine or pyridine. Furthermore, these blue emitting materials
have been introduced as the emitter in OLED device [18–23].
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Due to the absence of the spin-orbital coupling effects, the
emissions of these polymers are dominated by fluorescence.
But it is well-known that the phosphorescent emissions are of
considerable importance because they can increase the lumi-
nescent life-time and quantum yields effectively. Therefore,
it is very promising to seek the suitable blue phosphorescent
materials. One effective way of promoting phosphorescent
emission from organic molecules is to import d-block metal
centers into the organic systems.

Blue phosphorescent materials based on inorganic semi-
conductors are well-known [2,24–26], but the inorganic and
organometallic complexes suitable for blue phosphorescent
materials are rather rare and have been limited to
8-hydroxyquinoline-, 7-azaindole-, or azomethine-based
complexes where either Al(III), B(III), or Zn(II) ion is
involved [25,27–29]. For example, Che and co-workers [30,
31] have reported a Zn(II) complexes Zn4O(7-azaindolyl)6,
which emits a blue color at 433 nm in the solid state. Wang
and co-workers [32,33] have found that a series of Al(III)
complexes emitting between 420 and 450 nm were suitable
for blue luminescent materials.

Recently, several blue phosphorescent Ir(III) complexes
such as fac-Ir(flz)3 (flz = (9,9-dimethyl-2-fluorenyl)
pyrazolyl), (Fnppy)2 Ir(acac) (n = 3: F3ppy = 2-(3′, 4′, 6′-
trifluorophenyl)pyridine; n = 4: F4ppy = 2-(3′, 4′, 5′, 6′-
tetrafluorophenyl)pyridine) and (X-ppz)2Ir(N∧N)+(X =
4′, 6′-difluoro; N∧N = 4,4-di- tert-butyl-2,2′-bipyridine)

have been investigated by Thompson [2,34] and Naso et al.
[35,36], moreover, (C4H9)4N[Ir(2-(2,4-difluorophenyl)
-pyridine)2(CN)2], (C4H9)4N[Ir-(2-(2,4-difluorophenyl)-
4- dimethylaminopyridine)2(CN)2], and (C4H9)4N[Ir(2-
(3,5-difluorophenyl) -4-dimethylaminopyridine)2-(CN)2],
and [Ir(2,4-difluorophenylpyridine)2(4,4′-dimethylamino-
2,2′-bipyridine)](PF6) (N969) were investigated by
De Angelis et al. [37,38] experimentally, and the phospho-
rescence of these complexes localizing between 450 and
500 nm originate from 3MLCT excited state. Furthermore,
Hong and co-workers [39] have found that fine color tuning of
complexes (ppy)2Ir(acac) substituted by methyl group could
be achieved by varying the sites of electron-donating methyl
substituent on the phenylpyrazole. The iridium complexes
carrying fluorinated phenylpyridyl ligands have shown
several benefits, such as enhancing the photoluminescence
efficiency and improving the sublimation [40,41], which
stimulates us to investigate the optical mechanism. Espe-
cially, it is more practical to investigate the influence of the
substituents to the spectral properties.

Herein, based on the above background, we performed
theoretical calculation on a series of (ppy)2Ir(acac) deriva-
tives 1–12 (see Fig. 1) using ab initio and density functional
theory [42] (DFT) methods. Complex 1 is (ppy)2Ir(acac),
complexes 2–5 are (ppy)2Ir(acac) derivatives with 1, 2, 3
and 4 fluoro groups substituted on phenyl, complexes 6–8 are
(ppy)2Ir(acac) derivatives with one fluoro group substituted

Fig. 1 Sketch structures of
computational complexes 1–12
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on phenyl with different sites, and 9–12 are (ppy)2Ir(acac)
derivatives with one fluoro group substituted on pyridyl with
different sites. The ground and excited states geometries, the
properties of the frontier molecular orbitals (FMOs), and the
electronic absorptions as well as the emissions have been
explored. Highly important, the relationships between the
electronic structures and the optical properties have been
explored. The significant influence of the fluoro substituent
on C∧N ligand rationalizes the tunable optical properties of
the complexes.

2 Computational details

C2 symmetry is adopted to settle the conformation of 1–12
in the ground and the excited states. As shown in Fig. 2, Ir
atom stays on the origin of the coordination system, the z
axis coinciding with the C2 symmetrical axis orients through
Ir and the central C’ atom in the acac cycle, x and y axes
deviate 45◦ from the acac plane respectively. Three ligands
are almost perpendicular to each other. DFT with Becke’s
three parameter functional and the Lee-Yang-Parr functional
[43] (B3LYP) and the configuration interaction with single-
excitation [44–46] (CIS) methods have been employed to
optimize the geometry structures of the complexes in the
ground and excited states, respectively. On the basis of the
optimized geometry structures in the ground and excited
states, the absorption and emission spectra in CH2Cl2 media
were calculated by time-dependent DFT (TDDFT) [47–49]
associated with the polarized continuum model (PCM) [50,
51]. This kind of theoretical approach (CIS/TDDFT) has
been proven to be reliable for excited state investigations
of transition-metal complexes [17,52–54].

In the calculations, the quasi-relativistic pseudo-potentials
of Ir atom proposed by Hay and Wadt [55,56] with 17 valence

Fig. 2 The optimized geometry structures of 3 at B3LYP/LANL2DZ
level

electrons were employed, and LANL2DZ basis sets associ-
ated with the pseudo-potential were adopted. The basis sets
were described as Ir (8s6p3d)/[3s3p2d], C and N (10s5p)/
[3s2p], and H (4s)/[2s]. All of the calculations were accom-
plished by using the Gaussian 03 software package [57] on
an Origin/3900 server.

To confirm the reproducibility of our calculation, we
re-optimized the excited state of 1 with unrestricted non-
hybrid DFT method with a hybrid Hartree-Fock/density
functional model approach based on the Perdew–Burke–
Erzenrhof (PBE) functional [58–60], referred to as PBE0
with SDD [61–64] basis set, and the phosphorescence in
CH2Cl2 media of 1 was calculated by TDDFT method with
PCM. The calculated results showed that the phosphores-
cence of 1 (508 nm) is nearly the same as result obtained by
CIS/TDDFT methods with LANL2DZ basis set (505 nm).

3 Results and discussion

3.1 The ground state geometries and the Frontier molecular
orbital properties

The main optimized geometry parameters of 1–5 together
with the available X-ray crystal diffraction data of 1 [1] are
given in Table 1 and those of 6–12 are available in Sup-
plementary Information (Table S1). Table 1 and Table S1
show that the optimized geometries of 1–12 are very similar
in despite of different number and sites of the fluoro sub-
stituents on C∧N ligands. For complex 1, the calculated bond
lengths of Ir–N (2.054 Å), Ir–C (2.009 Å), and Ir–O (2.192 Å)
are overestimated by 0.01–0.04 Å compared with the mea-
sured values, while the calculated bond angles are close to
the experimental values except that the O–Ir–O bond angle
(85.4◦) deviates slightly (4.6◦) from the experimental value.
Moreover, Fig. 2 shows that the three ligands are almost per-
pendicular to each other because C–N–Ir–O and C–N–Ir–C
dihedral angles are close to 90◦. The discrepancies of the
geometry parameters between the calculated and measured
values are reasonable and acceptable, since the real molecules
are in tight crystal lattice, while the calculated molecules are
free. The calculated results also showed that the bond lengths
Ir–N (2.055 Å), Ir–C (2.005 Å), and Ir–O (2.176 Å) of 3
are comparable to the early corresponding theoretical results
Ir–N (2.062 Å), Ir–C (2.002 Å), and Ir–O (2.190 Å) calcu-
lated at B3LYP (LANL2DZ for Ir and 6–31G(d) for other
atoms) level [65].

Density functional theory calculation results indicated that
all of the complexes have similar FMOs, the highest occupied
molecular orbital (HOMO) is composed of d(Ir) andπ(C∧N),
while the lowest unoccupied molecular orbital (LUMO) has
predominant π(C∧N) characters (see Tables 4, 5, S3–S12).
Take 1 for example, the HOMO is composed of 50.0% d(Ir),
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Table 1 The main optimized geometry structural parameters of complexes 1–5 in the ground and the triplet excited state at the B3LYP/LANL2DZ
and CIS/LANL2DZ Level respectively, together with the experimental values of 1 and theoretical values of 3

Parameters 1 2 3 4 5 1 3

X1A A3B X1A A3A X1A A3A X1A A3A A3A X1A Exptl.a Cal.b

Bond length (Å)

Ir–N 2.054 2.084 2.053 2.085 2.055 2.082 2.057 2.082 2.056 2.082 2.011 2.062

Ir–C 2.009 2.035 2.010 2.034 2.005 2.032 2.015 2.044 2.016 2.044 2.004 2.002

Ir–O 2.192 2.182 2.186 2.169 2.176 2.162 2.160 2.145 2.156 2.141 2.147 2.190

Bond angle (deg)

N–Ir–N 177.1 176.6 176.9 176.3 177.1 176.6 179.7 179.1 179.6 179.1 176.3

O–Ir–O 85.4 82.5 85.7 83.0 86.0 83.3 86.8 84.0 87.1 84.3 90.0

C–Ir–C 92.7 91.8 93.2 91.7 93.1 91.8 93.6 92.4 93.8 92.6

Dihedral angle (deg)

C–N–Ir–O 90.4 90.4 86.8 90.2 86.4 89.4 88.2 88.4 84.1 88.0

C–N–Ir–C 85.4 87.2 84.8 87.0 84.8 86.7 84.3 85.1 83.5 84.8

a From ref. [1]
b From ref. [65]

35.6% π (phenyl), and 7.1% π (pyridyl), while the LUMO
has 27.1% π∗ (phenyl) and 67.8% π∗ (pyridyl), but the elec-
tron density of HOMO and LUMO are hardly contributed by
fluoro substituents.

However, compared 2–12 with 1, there is hardly influ-
ence to the HOMO and LUMO nature by adding fluoro on
C∧N ligands except that the energy levels are dramatically
affected. Table 2 and Fig. 3 show the energy levels of HOMO
and LUMO of all the complexes. We can see that: (1) Flu-
oro on phenyl ring leads to the decrease of the energy levels
of the HOMO and LUMO, because the fluoro can withdraw
electrons from the mainframe of the molecule. However, the
decreasing tendency of the energy level of HOMO is more
significant than that of LUMO, so the HOMO–LUMO (H–L)
energy gap is expanded. (2) The fluoro on pyridyl ring also
results in the decline of the HOMO and LUMO energy levels,
but the decreasing tendency of the energy level of HOMO is
less significant than that of LUMO, thus the H–L energy gap
is narrowed. (3) By comparing 4 with 5, we note that adding
one more fluoro on site 3 of phenyl group in 5 decreases the

Table 2 The energy levels (eV) of HOMO and LUMO obtained by
B3LYP/LANL2DZ method for the ground state

1 2 3 4 5 6

LUMO −1.568 −1.735 −1.961 −1.996 −2.193 −1.647

HOMO −5.078 −5.282 −5.617 −5.874 −6.013 −5.323

H–L 3.510 3.547 3.656 3.878 3.820 3.676

7 8 9 10 11 12

LUMO −1.794 −1.773 −1.844 −1.886 −1.802 −1.897

HOMO −5.265 −5.371 −5.033 −5.175 −5.198 −5.119

H–L 3.471 3.598 3.189 3.289 3.396 3.222
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Fig. 3 The energy levels of important orbitals of 1–12

H–L energy gap because fluoro on site 3 can more dramat-
ically affect the energy level of LUMO than on other sites.
Similarly, the comparison of 1 with 7 suggests adding a flu-
oro on site 3 of phenyl group decreases the H–L energy gap
with the same reason. Moreover, we note that the energy
level of LUMO for 7 is lower while that of HOMO is higher
than those of 6 respectively. Similar variation trends have
been obtained by Sun et al. [5] for [(5′-fpiq)2Ir(acac)] and
[(3′-fpiq)2Ir(acac)] complexes, where the energy levels of
HOMO are −4.85 and −4.89 eV and those of LUMO are
−2.00 and −1.78 eV, respectively.

4 Absorptions in the CH2Cl2 media

The calculated absorptions of 1, 2, 5, 6, and 9 associated
with their oscillator strengths, the main configurations, and
the assignments are given in Table 3 and the FMO compo-
sitions of 2, 5, and 6 are summarized in Tables 4, 5, and
S6, while those of other complexes are shown in Tables S2–
S12. The fitted Gaussian type absorption curves with the
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Table 3 The calculated
absorptions of 1, 2, 5, 6, and 9
with TDDFT method

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

1 X1A → A1B 59a → 58b (0.68441) 453 (2.74) 0.0506 MLCTILCT

X1A → B1B 57b → 60a (0.67497) 391 (3.17) 0.0485 MLCT/LLCT

X1A → C1B 58a → 58b (0.59614) 352 (3.52) 0.1008 MLCT

X1A → D1B 56b → 62a (0.50162) 268 (4.63) 0.3884 ILCT

2 X1A → A1B 63a → 62b (0.68269) 429 (2.89) 0.0521 MLCT/ILCT

X1A → B1B 61b → 64a (0.68174) 385 (3.22) 0.0530 MLCT/LLCT

X1A → C1B 62a → 62b (0.57196) 343 (3.61) 0.0884 MLCT

X1A → D1B 60b → 66a (0.49493) 263 (4.72) 0.3043 ILCT

5 X1A → A1B 75a → 74b (0.68315) 403 (3.08) 0.0456 MLCT/ILCT

X1A → B1B 73b → 76a (0.68651) 381 (3.26) 0.0633 MLCT/LLCT

X1A → C1B 74a → 74b (0.67591) 331 (3.75) 0.0691 MLCT/ILCT

X1A → D1B 73a → 74b (0.58115) 282 (4.40) 0.1269 ILCT

X1A → E1B 72b → 78a (0.41232) 246 (5.03) 0.4343 ILCT

6 X1A → A1B 63a → 62b (0.68761) 426 (2.91) 0.0473 MLCT/LLCT

X1A → B1B 61b → 64a (0.68411) 376 (3.30) 0.0597 MLCT/ILCT

X1A → C1B 61b → 65a (0.54623) 341 (3.63) 0.0498 MLCT/ILCT

X1A → D1B 60b → 66a (0.33015) 260 (4.77) 0.1142 ILCT

9 X1A → A1B 63b → 62b (0.68686) 482 (2.57) 0.0659 MLCT/ILCT

X1A → B1B 61b → 64a (0.68997) 418 (2.97) 0.0354 MLCT/LLCT

X1A → C1B 62a → 62b (0.67104) 353 (3.51) 0.0731 MLCT

X1A → D1B 60b → 65a (0.42580) 269 (4.61) 0.3101 ILCT

Table 4 Molecular orbital
compositions (%) in the ground
state of 2 at B3LYP/LANL2DZ
Level

Orbital Energy (eV) MO composition Main bond nature Ir components

Ir C∧N acac

66a −1.120 1.6 97.9 0.5 π*(C∧N)

63b −1.243 1.9 97.3 0.8 π*(C∧N)

65a −1.286 4.1 14.3 81.6 π*(acac)

64a −1.710 3.7 93.5 2.8 π*(C∧N)

62b −1.718 3.3 95.3 1.4 π*(C∧N)

HOMO–LUMO energy gap

63a −5.381 49.4 42.7 7.9 d(Ir)+π (C∧N) 34.7 d2
z , 13.5 dxy

61b −5.700 43.3 14.2 42.5 d(Ir)+π (C∧N)+π (acac) 28.5 dxz, 14.2 dyz

62a −6.176 66.2 27.3 6.5 d(Ir)+π(C∧N) 63.1 dx2−y2

60b −6.294 0.6 93.5 5.9 π (C∧N)

calculated absorption data of 1, 2, 5, 6, and 9 are shown in
Fig. 4 and those of other complexes are shown in Fig. S1.
In order to intuitively understand the absorption transitions,
the electronic density diagrams of 2 are displayed in Fig. 5
as an example, in which four single electron excitations cor-
responding to the maximal CI coefficients are involved.

From above tables and figs, we find the absorptions of
1–12 have similar absorption spectra and transition charac-
ters in despite of the fluoro substituent on the C∧N ligands
with different number and sites. Take 2 for example, Table 3

shows that there are four distinguishable absorption bands
between 250 and 450 nm. The excitation of MO 63a → MO
62b contributes to the lowest-lying absorption at 429 nm.
Table 4 shows that MO 63a (HOMO) is composed of 34.7%
d2

z (Ir), 13.5% dxy(Ir), and 42.7% π(C∧N), while MO 62b
(LUMO) is π∗(C∧N) type orbital. Therefore, this absorption
band can be assigned to the combination of MLCT and ILCT
transitions {[d2

z (Ir) + dxy(Ir) + π(C∧N)] → [π∗(C∧N )]}.
In the meanwhile, the lowest-lying absorption bands at 453,
418, 397, 403, 456, and 440 nm for 1, 3–5, 7, and 8 have
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Table 5 Molecular orbital
compositions (%) in the ground
state of 5 at B3LYP/LANL2DZ
level

Orbital Energy (eV) MO composition Main bond nature Ir components

Ir C∧N acac

78a −1.387 1.4 98.2 0.4 π∗(C∧N)

75b −1.392 1.4 97.9 0.7 π∗(C∧N)

77a −1.640 3.3 13.7 83.0 π∗(acac)

74b −2.157 3.2 95.7 1.1 π∗(C∧N)

76a −2.193 2.9 95.4 1.7 π∗(C∧N)

HOMO–LUMO energy gap

75a −6.013 47.5 44.0 8.5 d(Ir)+π(C∧N) 32.5 d2
z , 14.4 dxy

73b −6.177 32.8 16.8 50.4 d(Ir)+π(C∧N)+π (acac) 21.6 dxz, 6.4 dyz

74a −6.752 61.6 31.4 7.0 d(Ir)+π(C∧N) 51.4 dx2−y2

72b −6.946 8.2 82.8 9.0 π(C∧N)

71b −7.066 18.5 50.3 31.2 π(C∧N)+pi(acac)

73a −7.095 7.8 91.0 1.2 π(C∧N)
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Fig. 4 The fitted Gaussian nature absorption curves of complexes 1,
2, 5, 6, and 9 at B3LYP/LANL2DZ level

the similar transition characters to that at 429 nm of 2 (see
Tables 3, S2) which is consistent with the measured val-
ues 497 nm for 1, 390 nm for 4, and 395 nm for 5 [4,35].
But for 6 and 9–12, the lowest-lying absorptions show some
different characteristic. Take complex 6 for example, Table
S6 shows that MO 63a has 35.0% d2

z (Ir), 11.5% dx2−y2 (Ir),
and 42.4% π(C∧N), while 62b is dominantly composed of
π ∗ (C∧N). Thus the lowest-lying absorption at 426 nm of
6 can be described as {[d2

z (Ir) + dx2−y2 (Ir) + π(C∧N)] →
[π∗(C∧N)]} transition with MLCT/ILCT characters, and the
lowest-lying absorption bands at 482, 482, 459, and 477 nm
of 9–12 have the similar transition characters to that at
426 nm of 6. To conclude, the above lowest-lying absorp-
tions of 1–12 can be attributed to {[d(Ir) + π(C∧N)] →
[π∗(C∧N)]} transition with the MLCT/ILCT character.

Another calculated differential absorption at 385 nm of 2
is assigned to {[dxz(Ir)+dyz(Ir)+π(acac)] → [π∗(C∧N)]}
transition with MLCT/LLCT character (see Table 4). The

Fig. 5 Single electron transitions with the maximum CI coefficients
under TD–DFT calculations for the 429, 385, 343 and 263 nm absorp-
tions of complex 2 at B3LYP/LANL2DZ level

absorption at 343 nm of 2 is also attributed to MLCT but with
different d(Ir) composition as shown in Table 4 that MO 62a
has 63.1% dx2−y2 (Ir) and 27.3% π(C∧N), so this absorption
can be described as {[dx2−y2 (Ir)+π(C∧N)] → [π∗(C∧N)]}
transition. The X1A → B1B and X1A → C1B absorp-
tions of 1 (391 and 352 nm), 4 (374 and 330 nm), 5 (381 and
331 nm), 7 (397 and 354 nm), and 8 (391 and 348 nm) have the
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similar transition characters to those at 385 and 343 nm of
2, respectively (see Table S2). The absorption at 338 nm of
3 can be assigned to the combination of MLCT and ILCT
transitions {[d2

z (Ir) + dxy(Ir) + π(C∧N)] → [π∗(C∧N)]}
(Table S2). And the absorption at 341 nm of 6 is attributed
to {[dxz(Ir) + dyz(Ir) + π (acac)] → [π∗(C∧N)]} transition
with MLCT/LLCT character (see Table 3). The calculated
results also showed that the X1A → B1B absorption of 9
is assigned to {[dyz(Ir) + π(C∧N)] → [π∗(C∧N)]} transi-
tion, and the X1A → C1B absorption can be described as
{[dx2−y2 (Ir)+dxy(Ir)+π(C∧N)] → [π∗(C∧N)]} transition
(see Table S2).

In the high energy region, the absorption bands of 1–12
are at 240–270 nm, and they have similar transition charac-
ter. Take complex 2 for example, both of MOs 66a and 60b
generally concentrate on C∧N ligand, thus the high-energy
absorption at 263 nm of 2 is attributed to {[π(C∧N)] →
[π∗(C∧N)]} transition with ILCT transition character and
the high-energy absorption of 2–12 have the similar ILCT
transition character.

On experiment, the absorption bands at 253 and 303 nm
of 4 and 248 and 288 nm of 5 both are all concluded to
1(π → π∗) transition because there is no distinguishable
feature of the spectra [35]. Herein, the calculated absorptions
at 249 and 297 nm of 4, 246 and 282 nm of 5 are attributed
to the above experimental values. Specially, we can distin-
guish the two absorption bands theoretically according to the
transition nature. Take 5 for example, although both of the
absorptions can be described as {[π(C∧N)] → [π∗(C∧N)]}
transition, they exhibit slight quantitative difference. The
excitation of MO 73a → MO 74b is responsible for the
absorption at 282 nm of 5 (see Table 3). Table 5 shows that
MO 73a has 31.3% π (pyridyl) and 52.8% π (phenyl), while
MO 74b has 43.5%π*(pyridyl) and 37.6%π (phenyl). There-
fore, this absorption band can be assigned to ILCT {[π(C∧N)]
→ [π∗(C∧N)]} containing ca. 10% {[π (phenyl)] →
[π∗(pyridyl)]} transition. With respect to the absorption at
246 nm of 5, the excitation of MO 72b → MO 78a has the
largest CI coefficient and is in charge of the absorption. MO
72b has 33.8% π (pyridyl) and 44.1% π (phenyl), MO 78a
is composed of 65.2% π∗(pyridyl) and 16.0% π∗(phenyl).
Therefore, this absorption band can be assigned to ILCT tran-
sition with ca. 30% {[π (phenyl)] → [π∗(pyridyl)]} transi-
tion. In the meanwhile, the high energy absorptions at 249
and 297 nm of 4 have the similar transition paths to those at
246 and 282 nm of 5, respectively (see Table S5).

Experimentally, the absorption bands between 250 and
350 nm of (C∧N)2IrL (C∧N = ppy, tpy, bzq, and ppz etc.
L = acac, tmd, and bza etc.) were assigned to dipole-allowed
1[π → π∗] transition within C∧N ligands, while those above
400 nm were described as 1MLCT transition between Ir and
C∧N ligands [1,35]. Obviously, our calculation results are
well consistent with the experimental conclusions. Further-

more, our calculations reveal the transition nature in
detail.

The calculation results showed that the lowest-lying
absorptions of 1–5 are blue-shifted with the increasing num-
ber of the fluoro on phenyl group because of the broader
H–L energy gaps. The different substituent sites of fluoro on
phenyl groups have the different influence to the absorption
because the fluoro on different site can stabilize the HOMO
with different extent. The fluoro resides on sites 1, 2, and 4
can lead to a blue-shift compared to that on site 3. Further-
more, the lowest-lying absorptions are somewhat red-shifted
when the fluoros are on the pyridyl group. This is because
the fluoro on pyridyl can more significantly lower the energy
level of LUMO than that of HOMO resulting in the decrease
of H–L energy gap, which is consistent with the FMO prop-
erties.

4.1 The geometry structures in the triplet excited state
and the emissions in the CH2Cl2 media

The main geometry structural parameters of the complexes
in the A3A (2–5, 7, 9, and 11) and A3B (1, 6, 8, 10, and 12)
excited states optimized by CIS method are given in Tables 1
and S1. In the lowest-lying triplet excited state, almost no
variation of the geometry structures of 1–12 can be found
relative to those in the ground state except that the Ir–N, Ir–C,
and Ir–O bond lengths change slightly and with the similar
variation trends for all these complexes. The calculated Ir–C
and Ir–N bond lengths in excited state relax by about 0.03 Å,
but the Ir–O bond length is strengthened by ca. 0.01–0.02 Å.
The calculated O(1)–Ir–O(2) bond angle reduces by
2.0◦–3.0◦, while the C(3)–N(2)–Ir–O(1) and C(3)–N(2)–Ir–
C(1) dihedral angles change less than 4.0◦. The slight dif-
ference of the geometry structures result from the electron
transition from Ir–C∧N bonding orbital to π∗(C∧N) orbital
(vide infra) upon excitation.

The calculated phosphorescence of 1–12 in CH2Cl2 media
and the measured emissions are given in Table 6; the FMO
compositions responsible for the emissions are summarized
in Tables 7 and S13.

The calculated phosphorescence at 505 nm (2.46 eV),
452 nm (2.74 eV), and 461 nm (2.69 eV) of 1, 4, and 5 agree
well with their, respectively, experimental results at 516 nm
[4] (2.40 eV), 465 nm [35] (2.67 eV), and 479 nm [35]
(2.59 eV). In regard to 5, the excitation of MO 75a → MO
76a with the configuration coefficient of 0.59541 is respon-
sible for the emission at 461 nm (see Table 6). Table 7 shows
that MO 75a has 33.2% d2

z (Ir), 14.5% dxy(Ir), and 40.8%
π(C∧N), while MO 76a is π∗(C∧N) type orbital. Thus the
emission at 461 nm originates from 3{[d2

z (Ir) + dxy(Ir) +
π(C∧N)][π∗(C∧N)]} excited state with 3MLCT/3ILCT
characters. Experimentally, the measured phosphorescence
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Table 6 The calculated
phosphorescent emissions in
CH2Cl2 media of 1–12 with
TDDFT method, together with
the corresponding experimental
values

a From ref. [4]
b From ref. [35]

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

1 A3B → X1A 59a → 58b (0.66853) 505 (2.46) MLCT/ILCT 516 (2.40)a

2 A3A → X1A 63a → 64a (0.61073) 475 (2.61) MLCT/ILCT

3 A3A → X1A 67a → 68a (0.60292) 462 (2.68) MLCT/ILCT

4 A3A → X1A 71a → 72a (0.54937) 452 (2.74) MLCT/ILCT 465 (2.67)b

5 A3A → X1A 75a → 76a (0.59541) 461 (2.69) MLCT/ILCT 479 (2.59)b

6 A3B → X1A 63a → 62b (0.63219) 482 (2.57) MLCT/ILCT

7 A3A → X1A 63a → 64a (0.67314) 511 (2.43) MLCT/ILCT

8 A3B → X1A 63a → 62b (0.66445) 488 (2.54) MLCT/ILCT

9 A3A → X1A 63a → 64a (0.67867) 521 (2.38) MLCT/ILCT

10 A3B → X1A 63a → 62b (0.67282) 514 (2.41) MLCT/ILCT

11 A3B → X1A 63a → 64a (0.67276) 500 (2.48) MLCT/ILCT

12 A3A → X1A 63a → 62b (0.68339) 528 (2.35) MLCT/ILCT

Table 7 Molecular orbital
compositions (%) in the A3A
excited states of 5 at
B3LYP/LANL2DZ level

Orbital Energy (eV) MO composition Main bond nature Ir components

Ir (C∧N) acac

76a −2.143 3.0 95.9 1.1 π∗(C∧N)

74b −2.144 2.5 96.4 1.1 π∗(C∧N)

HOMO–LUMO energy gap

75a −5.919 48.5 40.8 10.6 d(Ir)+π(C∧N) 33.2 d2
z , 14.5 dxy

of 5 at 479 nm in CH2Cl2 media has been tentatively assigned
to 3MLCT emission [35].

Tables 6 and S13 show that the natures of the phospho-
rescence at 475, 462, 452, 511, and 488 nm for 2–4, 7, and
8, respectively, are similar to that at 461 nm of 5, they all

Fig. 6 Single electron transition with |CI coefficients| > 0.1 under
TD–DFT calculation for the 475 nm emission of complex 2

originate from 3MLCT/3ILCT3{[d2
z (Ir)+dxy(Ir)+π(C∧N)]

[π∗(C∧N)]} excited state. But the phosphorescence at 505,
482, 521, 514, 500, and 528 nm of 1, 6, and 9–12, respectively,
originate from 3{[d2

z (Ir)+dx2−y2 (Ir)+π(C∧N)][π∗(C∧N)]}
excited state with different d(Ir) component. The calculated
absorption results revealed that the lowest-lying absorption
of 1–12 are dominantly assigned to the combination of MLCT
and ILCT electronic transition, while the emission is just
the reverse processes of the corresponding lowest-lying
absorption because of the same transition character and sym-
metry. The energy differences between the calculated lowest-
lying absorptions and the emissions are 0.28, 0.27, 0.28, 0.39,
0.39, 0.34, 0.29, 0.28, 0.19, 0.23, 0.22, and 0.25 eV for 1–12,
respectively. To intuitively understand the emission transition
of the complexes, we display the electron density diagrams
of the emission at 475 nm for 2 in Fig. 6 as an example.

Although the fluoro substituents cannot change the tran-
sition character of the emission, the emission color can be
adjusted by the fluoro number and the site to stay on.
Figure 7 shows the calculated transition energy of phospho-
rescence in CH2Cl2 media of 1–12 to compare the variation
of phosphorescence by adding fluoro with different num-
ber and sites. Table 6 and Fig. 7 show that among 1–4, the
emissions are blue-shifted (0.15–0.28 eV) with increasing the
number of the fluoro on phenyl group because more fluoro
can make the H–L energy gap broader. On shifting the fluoro
among sites 1, 2, and 4, the emissions of them vary within
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Fig. 7 The calculated phosphorescent energy in CH2Cl2 media of
1–12 under TD–DFT calculation

0.07 eV to high energy area. With respect to 7, the emission
is red-shifted about 0.03 eV by adding a fluoro on site 3 in
comparison with 1. In addition, adding a fluoro on site 3 in
complex 5 also results in minor red-shift ca. 0.05 eV com-
pared with complex 4. On experiment, Naso and co-workers
[35] similarly observed that the reduction potential values of
(F4ppy)Ir(acac) 5 were less negative than (F3ppy)Ir(acac) 4.
All these facts indicated that attaching a fluoro on site 3 of
phenyl group can slightly narrow the H–L gap. For the case
of pyridyl group, adding a fluoro on sites 5, 6, and 8 in 9,
10, and 12 results in a small red-shift (below 0.1 eV), but the
fluoro on site 7 results in somewhat blue-shift related to 1.
So we can see the phenyl groups are more significant than
pyridyl fragments in adjusting the emission properties.

5 Conclusion

The present work theoretically investigated the geometry
structures, absorptions, and phosphorescence properties of a
series of Iridium(III) cyclometallated complexes with fluoro
substitutents on the C∧N ligands, and the following conclu-
sions can be drawn.

(1) Complexes 1–12 have the similar geometry structures
in both the ground and excited states. The energy levels of the
FMOs are influenced by varying either the sites or the num-
bers of the fluoro on the phenyl groups but hardly affected
by the substituents situated on the pyridyl fragments.

(2) The lowest-lying absorptions of the complexes can be
described as [d(Ir) + π(C∧N)] → [π∗(C∧N)] MLCT/ILCT
transitions, while the emissions of them originate from 3

{[d(Ir) + π(C∧N)][π∗(C∧N)]} excited states. When the
electron-withdrawing fluoros are introduced into the phenyl
groups, the lowest-lying absorption and the emission are

usually blue-shifted. As an exception, the fluoro on site 3
of phenyl can lead to a slight red-shift.

(3) When the electron-withdrawing fluoros located on the
pyridyl fragment, the lowest-lying absorptions and emission
are somewhat red-shifted but the fluoro on site 7 can lead to
a minor blue-shift.

The above discussions reveal that the photophysical prop-
erties of the cyclometalated iridium complexes can be finely
tuned by systematic control of the number and the site of the
substituents on the phenyl ring.
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