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ABSTRACT: Heteroleptic (C∧N)2Ir(acac) (C∧N = 4-CBppy
(1); 5-CBppy (2), 4-fppy (4) CB = ortho-methylcarborane; ppy
= 2-phenylpyridinato-C2,N, 4-f ppy = 2-(4-fluorophenyl)-
pyridinato-C2,N, acac = acetylacetonate) complexes were
prepared and characterized. While 1 exhibits a phosphor-
escence band centered at 531 nm, which is red-shifted
compared to that of unsubstituted (ppy)2Ir(acac) (3) (λem =
516 nm), the emission spectrum of 2 shows a blue-shifted
band at 503 nm. Comparison with the emission band for the 4-
fluoro-substituted 4 (λem = 493 nm) indicates a substantial
bathochromic shift in 1. Electrochemical and theoretical
studies suggest that while carborane substitution on the 4-
position of the phenyl ring lowers the 3MLCT energy by a
large contribution to lowest unoccupied molecular orbital (LUMO) delocalization, which in turn assigns the lowest triplet state
of 1 as [dπ(Ir)→π*(C∧N)] 3MLCT in character, the substitution on the 5-position raises the 3MLCT energy by the effective
stabilization of the highest occupied molecular orbital (HOMO) level because of the strong inductive effect of carborane. An
electroluminescent device incorporating 1 as an emitter displayed overall good performance in terms of external quantum
efficiency (6.6%) and power efficiency (10.7 lm/W) with green phosphorescence.

■ INTRODUCTION
Phosphorescent heavy metal complexes have attracted a great
deal of interest as emitting materials in organic light-emitting
diodes (OLEDs) because of their excellent properties such as
good color purity, high quantum efficiency, relatively short
phosphorescence lifetime, and high photo- and thermal
stability.1,2 In particular, modification of the cyclometalating
ligand (C∧N ligand) has enabled control of emission color over
the entire visible region that can be beneficial for realizing full-
color and white-light displays.3 The tuning of phosphorescence
color has usually been achieved by the variation of the
substituent on the C∧N ligand, for example, ppy (2-phenyl-
pyridinato-C2,N), since the emissive lowest-energy excited
states such as 3MLCT and 3π−π* (3LC) are largely involved
with the electronic structure of the ligand.4−8

Experimental and theoretical studies reported to date have
established the basic principles for the emission color control as
follows:6−10 (i) the highest occupied molecular orbital
(HOMO) level of the complex is dominated by the π orbital

of the phenyl ring of the ppy ligand together with the metal t2g
manifold (dπ orbitals) and (ii) the π* orbital of the pyridyl ring
of the ppy ligand governs the lowest unoccupied molecular
orbital (LUMO) level. Consequently, the introduction of an
electron-withdrawing group such as a fluorine atom into the
phenyl ring of the ligand usually gives rise to an increase in the
HOMO−LUMO band gap by lowering the HOMO level, while
introduction into the pyridyl ring narrows the band gap by
lowering the LUMO level. As a result, the energy level of the
triplet state formed from the HOMO−LUMO transition can be
fine-tuned in accordance with the change in the band gap.
Moreover, the orbital analyses further suggest that the position
of the substituent on each ring of ligand is also important for
tuning the emission wavelength.9 For example, the electron-
withdrawing effect of a fluorine atom attached on the 4- and/or
6-carbon positions of the phenyl ring gives a large blue shift by
the greater HOMO stabilization than LUMO, but substitution
at the 5-position offsets the electron-withdrawing effect of the
fluorine atom by weak π-donation from fluorine into the
electron density of the HOMO at this position, thereby
reducing the band gap.
Although these approaches to phosphorescence color tuning

by use of the electron-donating or -withdrawing substituents
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have been well established, it is still highly desirable to develop
phosphors whose emitting properties can be easily tuned by
modification of the electronic structure of the ligand. In an
effort to design a novel family of color-tunable phosphors, we
have been interested in 1,2-closo-C2B10H12, so-called o-
carborane as a substituent since it possesses unique properties
such as a highly polarizable σ-aromatic character, electron-
deficient nature, and good thermal and chemical stability.11

Owing to these interesting properties, o-carborane has recently
received attention in the field of fluorescent materials.12 In
particular, we have recently demonstrated that when incorpo-
rated into an organic π-system such as triarylborane, o-
carborane significantly stabilizes a LUMO level by direct
contribution to LUMO delocalization, as well as by a strong
inductive electron-withdrawing effect.13,14 The bulkiness of o-
carborane may also hinder the intermolecular interactions
between phosphorescent emitter molecules and thereby
suppress triplet−triplet annihilation and concentration quench-
ing in solid state. These properties of carborane led us to
consider whether the substitution of an o-carborane into the
C∧N ligand could exert an effect on the emission color tuning
of an Ir(III) complex.
In this report, we introduced an o-carborane into the 4- or 5-

position of the phenyl ring of the ppy ligand and investigated
the photophysical properties of Ir(III) complexes (1 and 2 in
Chart 1). We find that a simple change in the position of

carborane substitution on the phenyl ring leads to facile tuning
of emission wavelength from red to blue shift with respect to
that of the unsubstituted (ppy)2Ir(acac) complex (3). Synthesis,
characterization, and photophysical and electroluminescent
properties of carborane-substituted heteroleptic Ir(III) com-
plexes 1 and 2 are described with theoretical calculations.

■ EXPERIMENTAL SECTION
Chemical and Instrumentation. All operations were performed

under an inert nitrogen atmosphere using standard Schlenk and
glovebox techniques. Anhydrous grade solvents (Aldrich) were dried
by passing them through an activated alumina column and stored over
activated molecular sieves (5 Å). Spectrophotometric grade dichloro-

methane and toluene (Aldrich) were used as received. Commercial
reagents were used without any further purification after purchasing
from Aldrich (2-bromopyridine, n-BuLi (2.5 M solution in n-hexanes),
1-bromo-4-iodobenzene, 1-bromo-3-iodobenzene, ethynyl(trimethyl)-
silane, KOH, diethyl sulfide, lithium diisopropylamide (2.0 M in
THF), MeI, 2,4-pentanedione (acacH), Na2CO3, quinine sulfate),
Strem (iridium(III) chloride hydrate, Pd(PPh3)4), TCI (Me3SnCl),
Katchem (Decaborane), and Lumtec ( fac-Ir(ppy)3, >99%, sublimed
grade). 3-Bromophenylacetylene,15 2-(trimethylstannyl)pyridine,16 1-
(4-bromophenyl)-2-methyl-1,2-closo-carborane (1a),14 (ppy)2Ir-
(acac),7 and [(4-fppy)2Ir(μ-Cl)]2

17 were synthesized according to
the reported procedures. Deuterated solvents from Cambridge Isotope
Laboratories were used. NMR spectra were recorded on a Bruker 300
a.m. spectrometer (300.13 MHz for 1H, 75.48 MHz for 13C, 96.29
MHz for 11B) at ambient temperature. Chemical shifts are given in
parts per million (ppm), and are referenced against external Me4Si
(1H, 13C) and BF3·OEt2 (

11B). Elemental analyses were performed on
an EA1110 (FISONS Instruments) by the Environmental Analysis
Laboratory at KAIST. HR EI−MS measurement (JEOL JMS700) was
carried out at Korea Basic Science Institute. UV−vis absorption and
PL spectra were recorded on a Varian Cary 100 and a HORIBA
FluoroMax-4P spectrophotometer, respectively. Lifetime measure-
ments were carried out with an Edinburgh FLS 920 spectropho-
tometer equipped with Xenon microsecond flashlamp. Cyclic
voltammetry experiment was performed using an AUTOLAB/
PGSTAT101 system.

Synthesis of 1-(3-BrPh)-2-Me-1,2-closo-C2B10H10 (2a). This
compound was prepared in a manner analogous to the synthesis of
1a.14 To a toluene solution (50 mL) of decaborane (B10H14, 2.47 g,
13.6 mmol) and 3-bromophenylacetylene (2.00 g, 16.3 mmol) was
added an excess amount of Et2S (5 equiv) at room temperature. The
reaction mixture was stirred at reflux for 3 d. The solvent was removed,
and the resulting solid residue was purified by column chromatography
on alumina, affording 1-(3-BrPh)-1,2-closo-C2B10H11 as a white solid.
Yield: 2.41 g, 59%. 1H NMR (CDCl3): δ 7.52 (t, J = 2.0 Hz, 1H, Ph−
CH), 7.51 (dt, J = 8.1, 2.0 Hz, 1H, Ph−CH), 7.40 (dt, J = 8.1, 2.0 Hz,
1H, Ph−CH), 7.18 (t, J = 8.1 Hz, 1H, Ph−CH), 3.93 (s, 1H, CH),
1.3−3.5 (br, 10H, B−H). 13C NMR (CDCl3): δ 135.6, 133.3, 130.8,
130.5, 126.5, 123.1, 75.2, 60.2 (C2B10H10).

11B NMR (CDCl3): −2.0,
−4.1, −8.9, −11.0, −12.7. HR EI-MS: m/z calcd for C8H15B10Br,
300.1288; found, 300.1291.

Next, the solution of 1-(3-BrPh)-1,2-closo-C2B10H11 (2.23 g, 7.64
mmol) in tetrahydrofuran (THF) was treated with lithium
diisopropylamide (4.20 mL, 8.40 mmol) at 0 °C. After stirring for
an additional 1 h, an excess amount of MeI (3 equiv, 25.2 mmol) was
added into the mixture at 0 °C. The reaction mixture was allowed
slowly to reach room temperature and was stirred for 2 h. After
quenching the reaction with water (30 mL), the aqueous layer was
extracted with ether (3 × 30 mL). The organic layers were separated,
dried over MgSO4, and concentrated under reduced pressure.
Purification by column chromatography on alumina afforded 1-(3-
BrPh)-2-Me-1,2-closo-C2B10H10 (2a) as a white solid. Yield: 1.79 g,
75%. 1H NMR (CDCl3): δ 7.77 (t, J = 2.0 Hz, 1H, Ph−CH), 7.59 (dt,
J = 8.1, 2.0 Hz, 2H, Ph−CH), 7.26 (t, 1H, J = 8.1 Hz Ph−CH), 1.67
(s, 3H, B−CH3), 1.3−3.5 (br, 10H, B−H). 13C NMR (CDCl3): δ
134.2, 134.0, 133.2, 130.5, 129.9, 123.2 (Ph-C), 80.8, 77.5 (C2B10H10),
23.4 (B-CH3).

11B NMR (CDCl3): −2.8, −4.5, −10.1. HR EI-MS: m/z
calcd for C9H17B10Br, 314.1444; found, 314.1448.

Synthesis of 2-{p-(2-Me-1,2-carboran-1-yl)phenyl}pyridine
(4-CBppyH, 1b). 1a (1.75 g, 5.57 mmol), 2-(trimethylstannyl)-
pyridine (1.48 g, 6.13 mmol), and Pd(PPh3)4 (0.13 g, 2.0 mol %) were
dissolved in toluene (70 mL), and the solution was heated to reflux
overnight. After cooling to room temperature, the reaction mixture
was quenched by addition of saturated aqueous NH4Cl. The organic
phase was separated and the aqueous layer was further extracted with
Et2O (30 mL). The combined organic layers were dried over MgSO4,
and concentrated under reduced pressure. The residue was purified by
flash column chromatography using CH2Cl2/toluene (1/1, v/v) as an
eluent. Drying in vacuo afforded 1b as a white solid (1.03 g, 54%). 1H
NMR (CDCl3): δ 8.70 (dq, 1H, J = 4.8, 0.9 Hz), 7.99 (dt, 2H, J = 8.7,

Chart 1

Inorganic Chemistry Article

dx.doi.org/10.1021/ic3015699 | Inorg. Chem. 2013, 52, 160−168161



2.1 Hz), 7.70−7.80 (m, 4H), 7.27 (ddd, 1H, J = 6.9, 4.8, 1.5 Hz), 1.70
(s, 3H, B−CH3), 1.50−3.70 (br, 10H, B−H). 13C NMR (CDCl3): δ
155.7, 149.9, 141.5, 137.1, 131.5, 131.3, 127.3, 123.0, 120.8 (ppy-C),
81.8, 77.4 (C2B10H10), 23.2 (B-CH3).

11B NMR (CDCl3): −3.0, −4.4,
−10.0. HR EI-MS: m/z calcd for C14H21B10N, 313.2605; found,
313.2606.
Synthesis of 2-{m-(2-Me-1,2-carboran-1-yl)phenyl}pyridine

(5-CBppyH, 2b). This compound was prepared in a manner
analogous to the synthesis of 1b using 2a (1.79 g, 5.72 mmol), 2-
(trimethylstannyl)pyridine (1.66 g, 6.87 mmol), and Pd(PPh3)4 (0.13
g, 2.0 mol %). Yield: 1.24 g, 70%. 1H NMR (CDCl3): δ 8.71 (dq, 1H, J
= 4.8, 1.8 Hz), 8.30 (t, 1H, J = 1.8 Hz), 8.03 (dt, 1H, J = 7.8, 1.2 Hz),
7.81 (td, 1H, J = 7.8, 1.8 Hz), 7.70 (tt, 2H, J = 7.8, 1.2 Hz), 7.48 (t,
1H, J = 7.8 Hz), 7.27 (dd, 1H, J = 4.8, 1.2 Hz), 1.72 (s, 3H, B−CH3),
1.50−3.70 (br, 10H, B−H). 13C NMR (CDCl3): δ 156.1, 150.2, 140.5,
137.2, 131.7, 131.5, 130.0, 129.5, 129.1, 123.0, 120.9 (ppy-C), 82.3
77.5 (C2B10H10), 23.5 (B-CH3).

11B NMR (CDCl3): δ −3.0, −4.5,
−10.0 . HR EI-MS: m/z calcd for C14H21B10N, 313.2605; found,
313.2605.
Synthesis of [(4-CBppy)2Ir(μ-Cl)]2 (1c). 1b (1.03 g, 3.29 mmol)

and IrCl3·3H2O (0.51 g, 1.43 mmol) were dissolved in the mixed
solvent of 2-ethoxyethanol (40 mL) and distilled water (20 mL). The
reaction mixture was heated to 110 °C and stirred for 1 d. After
cooling to room temperature, 30 mL of distilled water was added to
precipitate out the solid materials. The precipitate was filtered and
washed with small portions of ethanol (2 × 10 mL). The crude solid
was extracted with CH2Cl2, and the solution was dried over MgSO4.
Filtration followed by drying in vacuo gave a light yellow solid of 1c.
Yield: 1.07 g, 88%. 1H NMR (CDCl3): δ 9.31 (d, 4H, J = 5.7 Hz), 7.92
(m, 8H), 7.44 (d, 4H, J = 8.4 Hz), 7.01 (m, 8H), 6.01 (d, 4H, J = 1.8
Hz), 1.33 (s, 12H, B−CH3), 1.20−3.50 (br, 40H, B−H). 13C NMR
(CDCl3): δ 167.1, 151.7, 145.9, 144.1, 137.4, 132.7, 130.6, 124.4,
123.4, 123.2, 120.0, 82.0, 71.5 (C2B10H10), 22.9 (B-CH3).

11B NMR
(CDCl3): δ −4.3, −9.5. Anal. Calcd for C56H80B40Cl2Ir2N4: C, 39.63;
H, 4.75; N, 3.30. Found: C, 39.63; H, 4.81; N, 3.27.
Synthesis of [(5-CBppy)2Ir(μ-Cl)]2 (2c). This compound was

prepared in a manner analogous to the synthesis of 1c using 2b (1.24
g, 3.99 mmol) and IrCl3·3H2O (0.61 g, 1.73 mmol). Yield: 1.46 g,
93%. 1H NMR (CDCl3): δ 9.08 (d, 4H, J = 5.7 Hz), 7.88 (m, 8H),
7.69 (s, 4H), 6.88 (t, 4H, J = 6.6 Hz), 6.79 (d, 4H, J = 8.1 Hz), 5.90 (d,
4H, J = 8.1 Hz), 1.53 (s, 12H, B−CH3), 1.20−3.50 (br, 40H, B−H).
13C NMR (acetone-d6): δ 167.9, 153.1, 151.2, 147.1, 139.8, 132.5,
132.4, 127.3, 125.9, 125.4, 121.5, 85.5, 79.7 (C2B10H10), 22.9 (B-CH3).
11B NMR (CDCl3): δ −4.4, −10.1. Anal. Calcd for C56H80B40Cl2Ir2N4:
C, 39.63; H, 4.75; N, 3.30. Found: C, 39.38; H, 4.37; N, 3.09.
Synthesis of (4-CBppy)2Ir(acac) (1). Into the flask containing the

dimeric iridium(III) complex 1c (1.07 g, 0.63 mmol), 2,4-
pentanedione (0.19 g, 1.90 mmol), and Na2CO3 (0.67 g, 6.32
mmol) was added acetonitrile (50 mL). The reaction mixture was
heated to 80 °C and stirred for 2 d. After cooling to room temperature,
the orange precipitate formed was collected by filtration and washed
with acetonitrile (10 mL). The crude solid was extracted with CH2Cl2
to remove remaining salts. The solution was dried over MgSO4 and
filtered. Evaporation of solvent followed by drying in vacuo afforded
orange solid of 1. Yield: 0.95 g, 83%. Single crystals suitable for X-ray

diffraction study were obtained from slow evaporation of an acetone/
MeOH solution of 1. 1H NMR (CDCl3): δ 8.50 (d, 2H, J = 6.0 Hz),
7.87 (m, 4H), 7.42 (d, 2H, J = 8.4 Hz), 7.30 (td, 2H, J = 6.0, 2.7 Hz),
6.94 (dd, 2H, J = 8.4, 2.1 Hz), 6.22 (d, 2H, J = 2.1 Hz), 5.31 (s, 1H,
acac-CH), 1.83 (s, 6H, acac-CH3), 1.14 (s, 6H, B−CH3), 1.10−3.00
(br, 20H, B−H). 13C NMR (CD2Cl2): δ 185.7 (acac-CO), 167.2,
149.2, 147.9, 147.8, 138.5, 135.0, 130.4, 124.5, 123.8, 123.6, 120.0,
101.2 (acac-CH), 83.2, 77.9 (C2B10H10), 28.8 (acac-CH3), 22.9 (B-
CH3).

11B NMR (CDCl3): δ −4.8 (br, 4B), −10.4 (br, 6B). Anal.
Calcd for C33H47B20IrN2O2: C, 43.45; H, 5.19; N, 3.07. Found: C,
43.38; H, 5.19; N, 3.08.

Synthesis of (5-CBppy)2Ir(acac) (2). This compound was
prepared in a manner analogous to the synthesis of 1 using 2c (1.37
g, 0.81 mmol), 2,4-pentanedione (0.24 g, 2.43 mmol), and sodium
carbonate (0.86 g, 8.09 mmol). Yield: 1.40 g, 95%. 1H NMR (CDCl3):
δ 8.48 (d, 2H, J = 5.4 Hz), 7.92 (d, 2H, J = 8.1 Hz), 7.83 (dt, 2H, J =
8.4, 1.5 Hz), 7.71 (d, 2H, J = 2.1 Hz), 7.23 (m, 2H), 6.87 (dd, 2H, J =
8.1, 2.1 Hz), 6.22 (d, 2H, J = 8.1 Hz), 5.23 (s, 1H, acac-CH), 1.79 (s,
6H, acac-CH3), 1.57 (s, 6H, B−CH3), 1.10−3.10 (br, 20H, B−H). 13C
NMR (CD2Cl2): δ 185.4 (acac-CO), 167.0, 152.5, 148.7, 146.5, 138.1,
134.0, 131.2, 126.2, 123.7, 123.2, 119.4, 100.9 (acac-CH), 84.1, 78.1
(C2B10H10), 28.5 (acac-CH3), 23.3 (B-CH3).

11B NMR (CDCl3): δ
−4.5 (br, 4B), −10.1 (br, 6B). Anal. Calcd for C33H47B20IrN2O2: C,
43.45; H, 5.19; N, 3.07. Found: C, 43.56; H, 5.21; N, 3.06.

Synthesis of (4-fppy)2Ir(acac) (4). This compound was prepared
in a manner analogous to the synthesis of 1 using [(4-fppy)2Ir(μ-Cl)]2
(0.176 g, 0.154 mmol), 2,4-pentanedione (0.039 g, 0.385 mmol), and
sodium carbonate (0.163 g, 1.54 mmol). Yield: 0.122 g, 62%. 1H NMR
(CD2Cl2): δ 8.43 (dt, 2H, J = 4.2 Hz), 7.80 (m, 4H), 7.59 (dd, 2H, J =
8.7, 5.7 Hz), 7.21 (dt, 2H, J = 6.0, 2.1 Hz), 6.58 (dt, 2H, J = 8.7, 2.7
Hz), 5.87 (dd, 2H, J = 9.9, 2.7 Hz), 5.30 (s, 1H), 1.80 (s, 6H). 13C
NMR (CD2Cl2): 185.5 (acac-CO), 148.7, 138.1, 126.1, 126.0, 122.4,
119.6, 119.3, 119.2, 108.7, 108.4, 101.0 (acac-CH), 28.8 (acac-CH3).
Anal. Calcd for C27H21F2IrN2O2: C, 51.01; H, 3.33; N, 4.41. Found: C,
50.99; H, 3.62; N, 4.21.

X-ray Crystallography. A specimen of suitable size and quality
was coated with Paratone oil and mounted onto a glass capillary. The
crystallographic measurement was performed using a Bruker Apex II-
CCD area detector diffractometer, with graphite-monochromated
MoKα radiation (λ = 0.71073 Å). The structure was solved by direct
methods, and all nonhydrogen atoms were subjected to anisotropic
refinement by full-matrix least-squares on F2 by using the SHELXTL/
PC package.18 Hydrogen atoms were placed at their geometrically
calculated positions and were refined riding on the corresponding
carbon atoms with isotropic thermal parameters. The detailed
crystallographic data are given in Supporting Information, Table S1.

UV−vis Absorption and PL Measurements. UV−visible
absorption and photoluminescence (PL) measurements were
performed in degassed CH2Cl2 with a 1-cm quartz cuvette. PL
quantum efficiencies were measured with reference to that of quinine
sulfate in 0.5 M H2SO4 (Φ = 0.55)19 and were calculated according to
the following equation, which includes refractive index correction:

Table 1. Photophysical and Electrochemical Data for 1−4

λem/nm
a

compound
(C∧N) λabs/nm (ε × 10−3/M−1 cm−1)a 298 K 77 K τ/μsa Φem

a,b
Eox/V

c

(ΔEp/mV)
Ered/V

c

(ΔEp/mV)

1 (4-CBppy) 261 (38.3), 279 (38.1), 353 (5.4), 390 (3.4), 415 (2.7), 474 (2.0), 509 (0.5) 531 524 3.0 0.02 0.51 (90)e −2.12 (270)f

2 (5-CBppy) 256 (48.4), 274 (43.1), 299 (33.4), 342 (10.1), 378 (4.8), 401 (3.9),
451 (2.4), 481 (1.0)

503 493 0.6 0.15 0.55 (140)e −2.19 (360)f

3 (ppy) 260 (47.1), 339 (8.4), 405 (3.5), 460 (2.4), 491 (0.6) 516 502 1.6d 0.34d 0.41g −2.60g

4 (4-fppy) 259 (40.9), 287 (29.5), 331 (11.3), 393 (5.0), 444 (2.5), 474 (0.8) 493 483 1.5 0.40 0.46 (100)e h
aMeasured in degassed CH2Cl2 (∼ 10−5 M). bQuinine sulfate (0.5 M H2SO4) as a standard (Φ = 0.55).19 cMeasured in DMF (1 mM, scan rate =100
mV/s) with reference to a Fc/Fc+ redox couple. dData from ref 7. eReversible oxidation. fQuasi-reversible reduction. gData from ref 31. hNot
observed.
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where Φ is the quantum efficiency; η is the refractive index of the
solvent; A is absorbance at the excitation wavelength; I is the
integrated area under the emission spectrum; and the subscripts s and r
refer to the sample and reference, respectively. The η values of 1.424
for CH2Cl2 and 1.346 for 0.5 M H2SO4

20 were used in the calculation.
The detailed conditions for absorption and PL measurements are
given in the figure captions and Table 1.
Cyclic Voltammetry. Cyclic voltammetry measurements were

carried out in dimethylformamide (DMF, 1 mM) with a three-
electrode cell configuration consisting of platinum working and
counter electrodes and a Ag/AgNO3 (0.01 M in CH3CN) reference
electrode at room temperature. Tetra-n-butylammonium hexafluor-
ophosphate (0.1 M) was used as the supporting electrolyte. The redox
potentials were recorded at a scan rate of 100 mV/s and are reported
with reference to the ferrocene/ferrocenium (Fc/Fc+) redox couple.
Fabrication of Electroluminescent Devices. The configuration

of EL devices is as follows: ITO/NPB (40 nm)/CBP:emitter (8 wt %)
(30 nm)/BCP (10 nm)/Alq3 (40 nm)/LiF (1 nm)/Al (100 nm),
where emitter is 1 or fac-Ir(ppy)3; NPB is N,N′-bis(naphthalene-1-yl)-
N,N′-bis(phenyl)-benzidine (EM Index, a local company in Korea,
>99%, sublimed grade); CBP is 4,4′-bis(9-carbazolyl)-biphenyl
(Nichem, >99%, sublimed grade); BCP is bathocuproine (Lumtec,
>99.8%, sublimed grade); Alq3 is tris(8-hydroxyquinolinolato)
aluminum (EM Index, >99%, sublimed grade). Onto a glass substrate
precoated with ITO, a hole-transporting NPB layer was deposited
using the vacuum evaporation method (∼10−7 Torr). A layer of CBP
host was subsequently codeposited with an emitter material under
high vacuum. The film thickness of the EML was determined with a
TENCOR alpha-step 500 profiler. Hole-blocking BCP, electron
transporting Alq3 layers, and a cathode layer of LiF and Al were
successively deposited on top of the EML (deposition rates: BCP, Alq3
= 1 Å/s, LiF = 0.1 Å/s, Al electrode = 3 Å/s). EL spectra were
obtained with a PR-650 spectrometer. Current−voltage (J−V) and
luminance−voltage (L−V) characteristics were recorded on a
current−voltage source (Keithley 237) and a luminescence detector
(PR-650). All EL measurements were carried out in an N2-filled
glovebox at room temperature.
Theoretical Calculations. The geometries of the ground (S0) and

lowest-lying triplet excited (T1) states of 1 were optimized using the
density functional theory (DFT) method. The electronic transition
energies including electron correlation effects were computed by the
time dependent density functional theory (TD-DFT)21 method using
the B3LYP22 functional (TD-B3LYP). The 6-31G(d) basis set23 was
used for all atoms except for the iridium atom which was treated with

LANL2DZ effective core potentials (ECPs) and corresponding basis
sets.24 All calculations described here were carried out using the
GAUSSIAN 09 program.25

■ RESULTS AND DISCUSSION
Synthesis and Characterization. The ortho-methylcarbor-

ane (CB) substituted 2-phenylpyridine ligands, 4-CBppyH (1b)

and 5-CBppyH (2b) were prepared in moderate yield from
Stille coupling reactions between 2-(trimethylstannyl)pyridine
and para- or meta-carborane substituted bromobenzene (1a
and 2a) (Scheme 1). The starting 1a and 2a can easily be
accessed by the reaction of arylalkyne with B10H14 in the
presence of weak base such as Et2S, MeCN, and N,N-
dimethylaniline,26 followed by alkylation of the resulting 1-Ar-
2-H-1,2-closo-carborane using alkyl halides (Supporting In-
formation, Scheme S1).14,27 Because of susceptibility of
carborane toward nucleophilic anions such as hydroxide at
elevated temperature, the normal Suzuki−Miyaura coupling
reaction under aqueous basic conditions could not be applied

Scheme 1a.

aConditions: (i) Pd(PPh3)4, toluene, 110 °C, 54% (1b) and 70% (2b). (ii) IrCl3·3H2O, 2-ethoxyethanol/H2O, 110 °C, 88% (1c) and 93% (2c). (iii)
2,4-Pentanedione, Na2CO3, acetonitrile, 80 °C, 83% (1) and 95% (2).

Figure 1. Crystal structure of 1 (40% thermal ellipsoids). H-atoms are
omitted for clarity. Selected bond lengths (Å) and angles (deg): Ir−N
2.047(4), Ir−C(4) 1.987(5), Ir−O 2.161(3), C(1)−C(2) 1.514(7),
C(1)−C(13) 1.697(8), N−Ir−N′ 171.9(2), O−Ir−O′ 87.0(2), N−
Ir−C(4) 80.5(2).
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to the synthesis of the ligands. The cyclometalation reactions of
iridium(III) chloride with 1b and 2b afforded the chloro-
bridged dimeric iridium(III) complexes, [(C∧N)2Ir(μ-Cl)2Ir-
(C∧N)2] (C

∧N = 4-CBppy (1c); 5-CBppy (2c)) in high yield.
Since the cyclometalation reaction is highly sensitive to steric
effects,28 one can expect the regioselective cyclometalation of
the ligand 2b with Ir(III) at the 2-position of the phenyl ring.
Spectroscopic data also reveal the formation of a single
regioisomer 2c. Treatment of 1c and 2c with acetylacetone
(acacH) under mild basic conditions29 cleanly led to the
heteroleptic Ir(III) complexes, (4-CBppy)2Ir(acac) (1) and (5-
CBppy)2Ir(acac) (2) in high yield. For comparison purpose, the
4-fluorine substituted Ir(III) complex, (4-fppy)2Ir(acac) (4)
was analogously prepared.
Complexes 1 and 2 have been characterized by NMR

spectroscopy, elemental analysis, and X-ray diffraction method.
1H and 13C NMR spectra show the expected resonances
corresponding to the (C∧N)2Ir(acac). Two broad 11B NMR

signals centered at δ −5 and −10 ppm in a 4:6 ratio confirm the
presence of closo-carborane. An X-ray diffraction study revealed
the molecular structure of 1. As shown in Figure 1, complex 1
which crystallizes in space group C2/c adopts a Λ-
configuration. The molecule possesses a C2-axis connecting Ir
and C17 atoms (Supporting Information, Figure S1). The
chelating 4-CBppy ligands are in a trans disposition of the
pyridine rings, similar to those observed in usual heteroleptic
Ir(III) complexes1,7,8,30 Geometrical parameters such as bond

Figure 2. (a) UV−vis absorption and (b) PL spectra of 1−4 in
degassed CH2Cl2 at room temperature. The inset shows the enlarged
absorption spectra at the lower energy region.

Figure 3. Cyclic voltammograms of 1, 2, and 4 (1 mM in DMF, scan
rate = 100 mV/s).

Figure 4. HOMO and LUMO of 1 at the ground state (S0) (left) and
lowest triplet excited state (T1) (right) optimized geometries (isovalue
= 0.04).

Table 2. Energy Levels and Orbital Analyses of the Excited
States for 1 from TD-DFT Calculationsa

states λcalc f assignment

T1 525.5b 0 HOMO→LUMO (90.5%)
S1 451.5 0.0385 HOMO→LUMO (96.0%)
S2 442.4 0.0014 HOMO→LUMO+1 (96.0%)
S3 399.7 0.0225 HOMO-1→LUMO+1 (95.5%)
S4 399.4 0.0024 HOMO-1→LUMO (95.0%)

aSinglet energies for the vertical transition calculated at the optimized
S0 geometries.

bTriplet energy for the adiabatic transition correspond-
ing to the 0−0 phosphorescence.

Figure 5. EL spectra of device (D1) fabricated with CBP host doped
with 1 (8 wt %) as an emitter with respect to the current density. Inset
shows a photograph of the working device (cell area: 2 × 2 mm2).
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lengths and angles around the Ir atom are also in a similar range
reported for other (C∧N)2Ir(acac) complexes.5,7,31

Photophysical Properties. To examine the photophysical
properties, UV−vis absorption and PL experiments were
carried out with 1 and 2 in degassed CH2Cl2 (Figure 2 and
Table 1). For comparison, the spectra of 3 and 4 were also
obtained. Compound 1 features an intense absorption band in
the region of 250−350 nm, which can be assigned to the spin-
allowed 1π−π* transition of the 4-CBppy ligand (1LC). The
structured band shape and band energy, as well as the high
extinction coefficient, are consistent with those observed for the
free ligand, 4-CBppyH (1b) (Supporting Information, Figure
S2). A similar 1π−π* transition band with a slight blue shift is
also observed for 2. While the lower energy band of 1 at 415
nm results from spin-allowed metal-to-ligand charge transfer
(1MLCT), the band at 474 nm, which tails to over 500 nm, can
be majorly assigned to a mixture of spin-forbidden MLCT
(3MLCT) and the 3π−π* transition of the 4-CBppy ligand
(3LC).8,32 It is notable that the MLCT bands for 1 are
significantly red-shifted compared to those of 4 bearing a 4-
fluorine atom (393 and 444 nm) and are even lower in energy
than those for 3 (405 and 460 nm). In contrast, the lowest-
energy bands for 2 are observed at the apparently blue-shifted
region (401 and 451 nm) compared to those for 1 and 3. These
findings indicate that carborane substitution on the 4-position
of the phenyl ring lowers the excited state energy, while the
same substitution on the 5-position raises it (vide infra).
An identical trend in the excited state energy is also found in

the PL spectra of complexes. While 1 exhibits an emission band
centered at 531 nm which is red-shifted compared to that for 3
(λem = 516 nm), the emission spectrum of 2 shows a blue-
shifted band at 503 nm (Figure 2). The emission lifetimes of
3.0 and 0.6 μs for 1 and 2, respectively, confirm the
phosphorescence origin of the emission. The phosphorescence
band of 4 appears at a high energy region (493 nm), similar to
that observed for other fluoro-substituted (C∧N)2Ir(acac)

complexes.31,33,34 Despite the electron-deficient nature of
carborane, the large difference of about 40 nm (1450 cm−1)
between the emission wavelengths of 1 and 4 is quite unusual.
The blue shift of 13 nm (501 cm−1) observed for 2 in
comparison with the emission wavelength of 3 is also
pronounced. These results indicate that a change in the
position of the carborane substituent on the phenyl ring can
lead to phosphorescence color tuning. The phosphorescence
spectra of 1 and 2, which lack vibronic structure, closely
resemble the spectra of 3 and 4, suggesting that the lowest
energy excited state of 1 and 2 is mainly 3MLCT in character.
The small Stokes shifts between λmax for the

3MLCT absorption
and emission bands for 1 (57 nm, ∼2260 cm−1) and 2 (52 nm,
∼2290 cm−1) further support this assignment, as similarly
found in ppy-ligand containing Ir(III) complexes.8 Inspection of
the phosphorescence quantum efficiencies indicates that the 4-
substituted 1 is much less emissive than the 5-substituted 2
(Table 1). The reason for this is not understood, but might be
partly related to the small HOMO−LUMO band gap of 1,
which may facilitate the nonradiative decay processes according
to the energy-gap law.35 In addition, we observe from TD-DFT
calculation that the triplet state of 1 is significantly stabilized by
a major contribution from the carborane (see below). This
might retard the radiative decay process, as consistent with the
relatively long emission lifetime of 1.

Electrochemistry. The electrochemical properties of 1 and
2 were examined by cyclic voltammetry (Table 1 and Figure 3).
Compounds 1 and 2 undergo reversible oxidation at 0.51 and
0.55 V, respectively. Interestingly, these oxidation potentials are
anodically shifted in comparison with those of 3 (0.41 V)31 and
4 (0.46 V), indicating that the HOMO of 1 and 2 is lower in
energy than 3 and 4, probably because of the effective
stabilization of the HOMO by the inductive effect of carborane
(see also DFT results). On the other hand, 1 and 2 display
reduction processes that are chemically reversible but electro-
chemically quasi-reversible. Since it is known that aryl
substituted-o-carboranes typically undergo a reduction in a
range similar to that observed for 1 and 2,13,36 this reduction
feature could be a consequence of the involvement of the
carborane in the pyridyl reduction, which, in turn, implies that
the carborane may affect the LUMO level. Although the
reduction process in 4 was not observed in this study, one may
assume that the reduction would occur in the range of −2.4 ∼
−2.6 V because the (4,6-dfppy)2Ir(acac) complex is reported to
undergo reduction at −2.44 V.31 Thus, comparison of the
reduction potentials indicates that reduction of 1 is the most
facile among the complexes, reflecting significant LUMO
stabilization in 1. Considering that the reduction process
mainly involves the π* orbital of the pyridyl ring fragment in
(C∧N)2Ir(acac) complexes, such a LUMO stabilization by
carborane substitution on the phenyl ring is remarkable.
Although less than 1, complex 2 similarly shows a low
reduction potential, indicating that the carborane at the 5-

Figure 6. External quantum efficiency−luminance (ηEQE−L) and
power efficiency−luminance (ηPE−L) curves of device D1. Inset shows
the current density−applied voltage−luminance (J−V−L) character-
istics of D1.

Table 3. Device Performance of PhOLEDs.a

device emitter CIE (x, y)b Vturn‑on (V)
c Lmax (cd/m

2)d EQEmax (%)
e PEmax (lm/W)f

D1 1 (0.392, 0.585) 4.6 13300 6.6 10.7
D2 fac-Ir(ppy)3 (0.330, 0.612) 3.4 40100 10.9 25.0

aDevice structure: ITO/NPB (40 nm)/CBP:emitter (8 wt %) (30 nm)/BCP (10 nm)/Alq3 (40 nm)/LiF (1 nm)/Al (100 nm). bMeasured at 10
mA/cm2-current density. cApplied voltage at the luminance of 1 cd/m2. dMaximum luminance. eMaximum external quantum efficiency. fMaximum
power efficiency.
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position of phenyl ring also contributes to LUMO stabilization.
This reduction behavior in 1 and 2 may be related to the strong
inductive electron-withdrawing effect of carborane, as well as to
the participation of carborane in the LUMO delocalization.
Theoretical Calculations. To elucidate the photophysical

and electrochemical properties of 1 and 2 discussed above, TD-
DFT calculations on both the ground state (S0) and lowest
triplet excited state (T1) optimized structures of 1 were
performed at the B3LYP/LANL2DZ level (Figure 4 and Table
2). We find that the lowest energy absorption is mainly
characterized by a HOMO−LUMO transition. While the
HOMO resides on both the π orbital on the phenyl ring of the
ligand (32.8%) and Ir(dπ) (53.5%), the LUMO is located on
the C∧N ligand and has the following contributions: pyridyl
ring (52.8%), phenyl ring (30.2%), and carboranyl carbon
atoms (12.6%). This suggests that the lowest energy absorption
is mainly MLCT in character with substantial contribution from
ligand-centered π−π* transition, and the LUMO could be
significantly stabilized by the contribution from the carboranyl
carbon atoms. The calculated LUMO level for 1 (−2.04 eV) is
much lower than that of the reported value for 3 (−1.57 eV) at
the same level of theory.9 This feature is essentially the same as
that found in the triarylboranes bearing o-carborane.13,14 In
contrast, the HOMO in 1 has little contribution from the 4-
position of the phenyl ring, indicating that there might be no
additional stabilization by delocalization through the carborane.
Nevertheless, the calculated HOMO level of −5.51 eV is still
lower than that of 3 (−5.08 eV), pointing to the presence of a
strong inductive electron-withdrawing effect of carborane.
Indeed, these results are consistent with the electrochemical
data of 1. Although the extent of the inductive effect exerted by
the carborane on the HOMO and LUMO could not be exactly
estimated, the resulting HOMO−LUMO band gap of 1 is
narrowed by 0.04 eV because of more LUMO stabilization than
that of 3. This result may correlate with the observed red shift
(10 nm, 595 cm−1) of the lowest singlet absorption for 1. In the
case of the 4-fluoro-substituted 4, while the strong inductive
effect of the fluorine atom substantially lowers the HOMO
level, the stabilization of the LUMO level does not appear
pronounced, owing to a weak π donation from the p-orbital of
fluorine to the LUMO through the 4-position. The reported
calculation data for 4 is also consistent with this hypothesis.9

Consequently, the increased band gap may lead to blue shift of
the absorption band, as shown in Figure 2.
The blue shift observed in the absorption band of 5-

carborane substituted 2 could be similarly explained by the
orbital analyses described for 1. While the HOMO electron
density at the 5-position of the phenyl ring would be effectively
stabilized by the inductive effect of carborane, the absence of a
LUMO contribution from carborane at the 5-position could
hardly lead to the lowering of the LUMO level by as much as in
1. Accordingly, the band gap is increased to afford a blue shift
of the absorption band. In fact, this feature is in good
agreement with the electrochemical data of 1 and 2, that is, 2
has slightly higher oxidation and reduction potentials than does
1. This 5-substitution effect of carborane is in contrast to the 5-
fluorine substituted Ir(III)34 and Pt(II)6 complexes in which a
marginal blue shift or even a red shift upon 5-fluoro-
substitution is observed owing to the offset of the inductive
effect of the fluorine atom by π donation into the HOMO.
Next, the TD-DFT calculations at the T1 optimized

geometry for 1 show that the lowest energy triplet state is
also dominated by a HOMO−LUMO transition. As shown in

Figure 4 (right), the HOMO is localized on both the phenyl
ring of the ligand and the Ir atom, with similar contributions as
observed in the ground state structure. However, it can be seen
that the LUMO bears a large contribution from the carborane
(54.3%) with full delocalization over the ligand. As a result, the
LUMO energy level is significantly stabilized (−2.76 eV vs
−2.04 eV at the S0 state), while the HOMO level is changed
little (−5.43 eV vs −5.51 eV at the S0) in accordance with the
red-shifted phosphorescence band of 1. Furthermore, this
feature indicates that the lowest triplet state (T1) is governed
by the carborane and thus has [dπ(Ir)→π*(C∧N)] 3MLCT
character with some contribution from 3LC. The calculated T1
→ S0 transition is also in good agreement with the observed
phosphorescence band (Table 2).

Electroluminescent Properties. To explore the possibility
of using 1 and 2 as an emitting material in phosphorescent
OLEDs (PhOLEDs), devices based on emissive layers
containing a 9,9′-(1,1′-biphenyl)-4,4′-diylbis-9H-carbazole
(CBP) (ET = 2.56 eV)37,38 host doped with 1 (ET = 2.37 eV
from 0−0 phosphorescence at 77 K) or 2 (ET = 2.51 eV) were
fabricated by vacuum deposition with the following config-
uration: ITO/NPB (40 nm)/CBP:emitter (8 wt %) (30 nm)/
BCP (10 nm)/Alq3 (40 nm)/LiF (1 nm)/Al (100 nm), where
NPB is N,N′-bis(naphthalene-1-yl)-N,N′-bis(phenyl)-benzi-
dine,39 CBP is 4,4′-bis(9-carbazolyl)-biphenyl, BCP is bath-
ocuproine,40 and Alq3 is tris(8-hydroxyquinolinolato)-
aluminum. Unfortunately, it was found that 2 undergoes
thermal decomposition during the course of vacuum
sublimation, thus only a device incorporating 1 (D1) was
tested. A reference device D2 with the well-known fac-Ir(ppy)3
emitter was also fabricated in the identical device structure.38

As shown in Figure 5, D1 emits green light (λem = 536 nm),
which is very similar to the PL spectrum of 1, indicating that
light emission originates only from phosphorescent dopant 1.
The electroluminescence (EL) spectra obtained at various
current densities ranging from 10 to 100 mA/cm2 do not
exhibit much change except for a gradual increase in the
emission intensity, indicating stable light emission. According
to the EL characteristics (Figure 6 and Table 3), the turn-on
voltage of D1 (4.6 V) was somewhat higher than that of device
D2 (3.4 V). With the increasing applied voltage, D1 showed a
high level of current density and luminance with a maximum
brightness (Lmax) of 13,300 cd/m2 at 12.0 V. The lifetime tests
for D1 and D2 under the constant current yielding the initial
luminance of 200 cd/m2 indicate that the devices based on 1
exhibit high level of stability comparable to that of fac-Ir(ppy)3-
based devices (Supporting Information, Figure S5). Although
D1 displayed overall good performance in terms of external
quantum efficiency (ηEQE, 6.6%) and power efficiency (ηPE, 10.7
lm/W), these were still inferior to the performance of the D2
device (Table 3 and Supporting Information, Figure S6 for EL
characteristics for D2). As seen from the low PL quantum
efficiency of 1, the stabilization of triplet excitons or charge
carrier (electron) trapping by the carborane is likely to cause an
imbalance between electrons and holes, resulting in the
observed lower device performance.

■ CONCLUSION
The introduction of an o-carborane to the 4- and 5-position of
the phenyl ring of a ppy ligand in heteroleptic (C∧N)2Ir(acac)
complexes gave rise to red and blue shifts of the
phosphorescence band, respectively, compared to that of
(ppy)2Ir(acac). We find from electrochemical and theoretical
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studies that a carborane substitution on the 4-position of the
phenyl ring lowers the 3MLCT energy by LUMO stabilization
via the contribution of the carborane to LUMO delocalization,
while substitution on the 5-position raises the 3MLCT energy
by the stabilization of the HOMO level because of the strong
inductive electron-withdrawing effect of carborane. An EL
device incorporating the 4-carborane substituted Ir(III)
complex displayed overall good performance with green
phosphorescence, suggesting that this type of complex could
potentially be useful as phosphorescent emitter in PhOLEDs.
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