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Introduction

Organometallic complexes possessing a third-row transition-
metal element are crucial for the fabrication of highly effi-
cient organic light-emitting diodes (OLEDs).[1] The strong
spin–orbit coupling induced by a heavy-metal ion such as
IrIII, its isoelectronic OsII, and even square-planar arranged
PtII metal ion, promotes an efficient intersystem crossing
from the singlet to the triplet excited state manifold, which
then facilitates strong electroluminescence through the har-

nessing of both singlet and triplet excitons after the initial
charge recombination. Because an internal luminescent
quantum efficiency (hint) of about 100% could theoretically
be achieved by the rapid S1!T1 and T1!S0 transitions,
these heavy-metal-containing emitters would be superior to
their fluorescent counterparts in future OLED design and
fabrications.[2] As a result, there is a continuous trend of
shifting research endeavors from the traditional fluorescent
emitters to these strongly phosphorescent third-row metal
complexes involving IrIII, OsII, and PtII.

Moreover, the IrIII (or OsII) complexes possess an octahe-
dral molecular geometry and a d6 closed-shell configuration,
for which the energy of the metal-centered d!d transitions
is far greater than the metal-to-ligand charge transfer
(MLCT) or the ligand-centered pp* transition.[3] Thus, the
thermal population to the dd excited state is minimized
upon excitation to the MLCT or pp* states, ultimately in-
creasing the radiative efficiency of phosphorescence and
preserving the photostability. In another approach, prepara-
tion of luminescent d8 PtII complexes is more difficult be-
cause their distinctive square-planar geometry would allow
a strong intermolecular p–p stacking interaction, implying
that they could be prone to poor illumination efficiencies or
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other unpredictable behavior due to the coexistence of p–p
stacking interactions or even the direct M�M bonding in the
condensed phases.[4]

Despite the above intrinsic limitation, many reports on
the emissive properties of PtII complexes were documented
in the literature,[5] and utilization of these PtII complexes as
phosphorescent OLED dopants or emitters was also exten-
sively investigated.[6] Particularly, PtII–porphyrin complexes
have become one of the most promising deep red light-emit-
ting dyes, despite the large structural diversity found in the
synthesized porphyrin frameworks.[7] Furthermore, the use
of cyclometalated ligands, or multidentate chelates, or Schiff
base ligands has allowed the successful preparation of
yellow-, green-, and even white-emitting OLEDs.[8] More re-
cently, small heterocyclic fragments such as pyrrole and
azole have also been employed in assembling bright phos-
phorescent emitters with remarkable success.[9]

However, to our knowledge, extension of these OLED re-
lated investigations to the isoelectronic IrI system has not
been established so far. A few weak-emitting IrI complexes
were reported in the literature,[10] and apparently this is
most likely due to the lack of successful molecular design.
We thus proposed that the chelating pyridyl azolate chromo-
phore, which has been successfully used to prepare highly
luminescent metal complexes, ranging from a main group el-
ement such as boron,[11] to third-row heavy-transition-metal
elements,[12] may serve as a good candidate for synthesizing
and stabilizing the required IrI metal complexes. Moreover,
we speculate that due to the lower formal oxidation state of
1+ , this new system should exhibit an increased tendency
to give the direct metal-to-ligand charge transfer (MLCT),
compared with the common platinum and osmium system
with the more positive 2+ oxidation state. Thus, the access
of these IrI emissive complexes would provide an opportuni-
ty to understand the fundamental effect of metal oxidation
state versus their observed photophysical behavior.

Results and Discussion

Preparation and characterization : The targeted IrI derivative
complex [(cod)Ir ACHTUNGTRENNUNG(fppz)] (1; (fppz)H = 3-trifluoromethyl-5-
(2-pyridyl) pyrazole) was obtained by heating [{(cod)Ir ACHTUNGTRENNUNG(m-
Cl)}2] with a slight excess of anionic pyridyl pyrazolate
ligand (fppz)Na in THF solution. Moreover, three additional
IrI complexes, that is, [(cod)Ir ACHTUNGTRENNUNG(bppz)] (2), [(cod)Ir ACHTUNGTRENNUNG(fptz)] (3),
and [(cod)Ir ACHTUNGTRENNUNG(bptz)] (4), were prepared by using the related
chelating anions (bppz = 3-tert-butyl-5-(2-pyridyl)pyrazo-
late, fptz = 3-trifluoromethyl-5-(2-pyridyl) triazolate, and
bptz = 3-tert-butyl-5-(2-pyridyl) triazolate). The structures
of the pyridyl azoles and the IrI complexes are depicted in
Scheme 1. It is notable that both the single crystals and
pulverized powders of these IrI complexes are stable in air
at room temperature over one day. However, upon dissolu-
tion in organic solvents, both chlorinated and non-chlorinat-
ed, they became more reactive and formed brown intracta-
ble products within a period of 2–3 h. As a result, all routine

manipulations such as recrystallization or preparing samples
for NMR analyses were performed under anaerobic condi-
tions. The cod ligand is essential in stabilizing these metal
complexes. All attempts at replacing the cod ligand with
other monodentate or even bidentate chelates such as CO,
2,2’-bipyridine, or 1,2-bis(diphenylphosphino)ethane failed
to give any stable and isolable product.

For further confirmation of the structure of these IrI com-
plexes, an fptz-substituted derivative 3 was selected for a
single-crystal X-ray diffraction study. As indicated in
Figure 1, the molecule shows square-planar stereochemistry
at the iridium atom, which is defined by the C=C centroids
of the 1,5-cod ligand and the N(1) and N(4) atoms of the
fptz ligand. Furthermore, the anionic Ir(1)�N(1) distance
(2.028(8) M) is shorter than the corresponding Ir(1)�N(4)
distance (2.114(9) M) of the neutral pyridine ligand, but this
alternation of bond length has no obvious influence on the
trans-Ir�C ACHTUNGTRENNUNG(olefin) bonds, because all of the Ir�C bond

Scheme 1.

Figure 1. Molecular structure of complex 3 (ORTEP diagram with ther-
mal ellipsoids shown at the 30% probability level). Selected bond lengths
[M] and angle [8]: Ir(1)�N(1) 2.028(8), Ir(1)�N(4) 2.114(9), Ir(1)�C(13)
2.100(10), Ir(1)�C(9) 2.111(11), Ir(1)�C(12) 2.121(10), Ir(1)�C(8)
2.130(11); N(1)-Ir(1)-N(4) 77.8(3).
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lengths to cod ligand fall in a very narrow range of
2.100(10) to 2.130(10) M. For a further comparison, both the
Ir�N distances of the fppz chelate in 3 (2.028 and 2.114 M)
are shorter than those observed in the octahedral IrIII com-
plexes [(C^N)2IrACHTUNGTRENNUNG(fppz)], C^N = cyclometalated ligand,
(2.096–2.149 M).[13] Such a result is contradictory to the an-
ticipation of a longer bond length for the IrI complexes,
showing the reduced trans labilization effect of the cod
ligand versus that of the much stronger, trans iridium–
phenyl s bonding observed in the IrIII complexes.

Photophysical properties : The absorption spectra of com-
plexes 1–4 in CH2Cl2 are shown in Figure 2. The strong ab-
sorption bands in the UV region are assigned to the spin-al-

lowed 1pp* transition of the pyridyl azolate ligands.[14] The
lower-lying energy absorption at about 420 nm is broad with
some structural features. It seems reasonable to assign this
broad absorption feature to the multiple components of the
dp!p* (or MLCT) transition on the basis of their positions
and relative intensities.[15] It is notable that all complexes
have another weak, but distinct absorption band that ex-
tends into the lower-energy region of 550–560 nm. Such a
peak could be attributed to the strong coupling of spin-al-
lowed 1MLCT and the spin-forbidden 3MLCT (or even 3pp)
absorption bands. Finally, all complexes show very similar
absorption patterns, implying
that the alkyl substituents of
the chelate ligands and even
their intrinsic properties (i.e.,
pyrazolate or triazolate) impose
only a minor influence on their
photophysical properties. Fur-
ther support of these assign-
ments will be elaborated in the
section on theoretical ap-
proaches (see below).

Figure 2 depicts the emission spectra of 1–4 measured by
using vacuum-deposited thin-film samples, whereas the pho-
tophysical data in both solution and as thin films are listed
in Table 1. As for the emission properties in solution, com-
pounds 1, 2, and 4 exhibit peaks at 613–625 nm, whereas the
peak wavelength of 3 is relatively longer, at 630 nm. The re-
sults may be tentatively rationalized by the electron-with-
drawing properties of the triazolate moiety, resulting in an
electron deficiency of the adjacent pyridyl moiety (LUMO)
and hence decreasing the HOMO–LUMO gap. A detailed
elaboration of this effect will be given in the section on the-
oretical approaches. All of these four complexes are weakly
emissive in solution, with a quantum efficiency, Fp, mea-
sured to be �10�3 in degassed CH2Cl2, and the observed
phosphorescence lifetime, tobs was <10 ns (see Table 1). The
radiative lifetime calculated by tf�tobs/Fp was deduced to
be �5 ms for 1–4. This value is comparable to that of the
red-emitting IrIII complexes.[16] Regarding the low emission
quantum efficiency in solution, we believe that the formally
d8 square-planar excited state may be subject to nonradia-
tive deactivation through strong interaction with solvent,
and/or nontotal symmetric distortion, giving the observed
poor luminescence efficiency in the fluid state. These effects
are to be suppressed in the solid state or solid matrices, and
a relatively unperturbed emission may thus be expected.
Support of this viewpoint is given by the more intense quan-
tum efficiency (Fp>5%) for 1–4 in solid film (see Table 1).
Nevertheless, it is worthy to note that the emission of the
solid sample of 1, 2, and 4, as listed in Table 1, exhibited a
slight blue-shift in comparison to that in solution. It appears
that the difference in emission energy between solution and
solid state is likely to be caused by the solvent relaxation in
solution, the result of which usually leads to the lowering of
the emission energy.

Electroluminescence : In view of possible technical applica-
tions, it is worthy to mention that complex 3, due to its satu-
rated red photoluminescence (PL) emission (630 nm) as
well as the highest emission yield among compounds 1–4,
has been utilized for the preparation of preliminary OLEDs
with a configuration of ITO/NPB ACHTUNGTRENNUNG(30 nm)/CBP:3 ACHTUNGTRENNUNG(30 nm)/
BCP ACHTUNGTRENNUNG(10 nm)/AlQ3 ACHTUNGTRENNUNG(30 nm)/LiFACHTUNGTRENNUNG(1 nm)/Al ACHTUNGTRENNUNG(150 nm), where
CBP, BCP, and AlQ3 stand for 4,4’-N,N’-dicarbazolyl-1,1’-bi-
phenyl, 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline, and
tris(8-hydroxyquinolinato) aluminumACHTUNGTRENNUNG(III), respectively. This
multilayer configuration was adopted from those first re-

Figure 2. UV/Vis absorption spectra of complexes 1–4 recorded in solu-
tion in CH2Cl2, and the respective solid-state emission spectra obtained
from a thin-film sample at room temperature.

Table 1. Photophysical properties of IrI complexes 1–5.

abs lmax [eR10�3, m�1 cm�1] PL[a] lmax [nm] F [%][a] tobs [ns][a] tr [ms]

1 316 (15.3), 404 (1.4), 506 (1.1) 614 [596] 0.046 [8] 1.38 [305] 3.0
2 320 (11.4), 383 (3.2), 411 (2.0), 485 (1.0) 613 [596] 0.028 [5] 1.40 [250] 5.0
3 349 (2.7), 420 (0.9), 510 (0.8) 630 [630] 0.10 [12] 2.06 [360] 2.0
4 301 (14.8), 375 (2.1), 511 (0.9) 625 [599] 0.033 [7] 1.47 [280] 4.5
5 268 (47.4), 369 (11.8), 438 (17.0), 460 (15.5) 625 37 2.2R104 59

[a] The absorption and emission spectra were recorded in degassed CH2Cl2 at room temperature, and the
solid-state spectra were measured by using vacuum-deposited thin-film samples and are listed in square brack-
ets.
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ported by Thompson and Forrest,[17] whereas the respective
efficiency data employing 7 and 14% of 3 are summarized
in Table 2. All devices exhibit a strong electroluminescent

signal (EL) centered at 614–616 nm (Figure 3), which is
slightly blue-shifted from the photoluminescence observed
in both solution and solid state, together with two weak and
broad emission signals covering the shorter wavelength
region of 420–500 nm. These emission signals, to a certain
extent, perturbed the main red emission and then shifted
the CIE chromaticity to a value of (0.56, 0.33) and (0.53,
0.34) for the 7 and 14% doped device, respectively. The
short wavelength EL can be attributed to the CBP host fluo-
rescence,[18] whereas the identity of the second longer wave-
length emission at about 500 nm is not known at this stage.

The first device gave an external quantum efficiency of
1.16%, a luminance efficiency of 1.84 cdA�1 and a power ef-

ficiency of 0.55 lmW�1 at a current density of 20 mAcm�2,
and a maximum brightness of 3010 cdm�2 recorded at 15 V,
confirming the potential of 3 to serve as a dopant. Upon in-

creasing the dopant concentra-
tion to 14%, the maximum
brightness slightly decreased to
2171 cdm�2, whereas other effi-
ciency data also decreased to
0.86%, 1.28 cdA�1, and
0.42 lmW�1, respectively. In
comparison, these device effi-
ciencies as well as their color
purity seem inferior to those of
the IrIII-based red-emitting

complexes,[19] for which the higher oxidation stability of the
IrIII core and the fully saturated coordination environment
around the metal center are believed to be the key factors
in causing such dramatic changes in device performances.

Theoretical approaches : Theoretical confirmation of the un-
derlying basis for the photophysical properties of com-
pounds 1–4 was provided by ab initio MO calculations. By
using the TD-B3LYP method incorporating the B3LYP/6-
31GACHTUNGTRENNUNG(d’, p’) optimized geometry, the vertical (i.e. , Franck–
Condon) excitation energy from the ground-state to low-
lying excited states was calculated. Figure 4 depicts the fea-
tures of the two lowest unoccupied (LUMO and LUMO+

Table 2. Performance characteristics for ITO/NPB/CBP:x% 3/BCP/LiF/Al devices.

Conc [%] Max lum [V][a] EQE[b] LE[b] PE[b] lmax ACHTUNGTRENNUNG(CIE)[c]

7% 3010(15) 1.16 ACHTUNGTRENNUNG(0.94) 1.84ACHTUNGTRENNUNG(1.48) 0.55 ACHTUNGTRENNUNG(0.36) 614 (0.56, 0.33)
14% 2171(15) 0.86 ACHTUNGTRENNUNG(0.71) 1.28ACHTUNGTRENNUNG(1.05) 0.42 ACHTUNGTRENNUNG(0.27) 616 (0.53, 0.34)

[a] Values in parentheses are the applied driving voltage. [b] EQE=external quantum efficiency; LE= lumi-
nance efficiency; PE=power efficiency. Data collected under 20 mAcm�2 and values in parentheses are the
data collected under 100 mAcm�2. [c] Measured at the driving voltage of 8 V.

Figure 3. a) EL spectra of the doped OLED devices I (7%) and II (14%); b) voltage dependence of the EL intensity of devices I and II; c) dependence
of external quantum efficiencies and luminescence versus current density; d) 1931 CIE color chromaticity diagram. EQE=external quantum efficiency.
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2) and the highest occupied (HOMO) frontier orbitals for
complexes 1 and 3, which are mainly involved in the lower-
lying transitions, whereas the descriptions and the energy
gap of all complexes are listed in Table 3. Apparently, the

electron densities of the singlet and triplet states for the
HOMO are largely located on the central metal atom, for
example, >90% for the iridium dp orbital, whereas those of
the LUMO are mainly distributed on the pyridyl moiety
(e.g., >65% in LUMO). This result indicates that the
lowest electronic transition is predominantly MLCT in char-
acter. Note that the lowest-lying triplet state is contributed,
in a small part, by the LUMO+2 orbital, which possesses
the azolate (pyrazolate or triazolate) moiety. One can thus
expect that the azolate moiety of complexes 1–4 may act as
a substituent to the pyridyl chromophore and hence affect
the LUMO energy level, resulting in an alternation of the
photophysical properties. For example, in comparison to the
pyrazolate group in 1 and 2, the stronger electron-withdraw-
ing triazolate moiety in 3 should lead to a greater electron
deficiency of the pyridine moiety, to which the LUMO is
mainly contributed, leading to a decrease of the energy gap
for 3 in comparison to that for complexes 1 and 2. Converse-
ly, the addition of an electron-donating tert-butyl substituent

to the triazolate moiety, as in the case of 4, plays a comple-
mentary role to compensate the electron-withdrawing tria-
zolate moiety. It is thus not surprising that complex 4 reveals
a phosphorescent peak wavelength similar to that of com-
plexes 1 and 2. As for more quantitative detail, Table 4 lists

the MO compositions intuitively by calculating the density-
of-states spectra of complexes 1 and 3, respectively, in terms
of the contribution from each of the constituents. The result
provides a more quantitative overview in that about 14% of
the LUMO is contributed by the triazolate group in 3,
whereas only about 10% is from the pyrazolate moiety in 1.
As a result, the lowest T1!S0 transitions calculated for 1
and 3 (585 and 612 nm, respectively) are in very good agree-
ment with the tendency obtained from the phosphorescence
(1: 614 and 3 : 630 nm in CH2Cl2 solution, see Table 1). Note
that the deviation of the current theoretical approach from
the experimental results may plausibly be explained by the
negligible solvation effects in the gas-phase ab initio ap-
proach. Therefore, the theoretical level adopted here is suit-
able for studying the photophysical properties of IrI com-
plexes 1–4 in a qualitative manner.

3MLCT versus 3pp properties : From the photophysical point
of view, IrI complexes presented here provide an excellent
model to examine the fundamental difference for metal
complexes possessing ether pure pp* and/or MLCT as the
lowest-lying state. For example, one might expect that a
MLCT dominant transition involving metal (e.g., IrI) dp

electrons should greatly enhance the spin–orbit coupling.
This can be theoretically rationalized by: i) the d orbital of
the heavy metal (IrI) directly is directly involved in the tran-
sition, and; ii) the dp–p* transition requires an orbital flip-
ping, the tensor of which can be utilized to facilitate the
spin–orbit coupling. As a result, one would expect the sin-
glet–triplet mixing element hT1 jHso jS0i (or hS1 jHso jT1i) to
be large, giving rise to a significant extent of mixing between
singlet and triplet states, such that the phosphorescence ra-
diative lifetime is expected to be short, consistent with the
rather short radiative lifetime of �5 ms for 1–4 in CH2Cl2.

Figure 4. Selected frontier orbitals for the CF3-substituted complexes 1
and 3.

Table 3. The calculated electronic transitions of complexes 1–4.

Complex l [nm] E [eV] f Assignment

1 S1 530.2 2.34 0.0029 HOMO!LUMO (+96%)
T1 585.3 2.12 HOMO!LUMO (+98%);

HOMO!LUMO+2 (+8%)
2 S1 522.9 2.37 0.0026 HOMO!LUMO (+96%)

T1 577.4 2.15 HOMO!LUMO (+98%);
HOMO!LUMO+2 (+8%)

3 S1 550.1 2.25 0.0026 HOMO!LUMO (+95%)
T1 612.3 2.02 HOMO!LUMO (+99%);

HOMO!LUMO+2 (+7%)
4 S1 523.3 2.37 0.0027 HOMO!LUMO (+96%)

T1 579.1 2.14 HOMO!LUMO (+98%);
HOMO!LUMO+2 (+8%)

Table 4. Contribution of each constituent to the frontier orbitals for com-
plexes 1 and 3.

MO E [eV] Contributing percentage
complex 1 iridium cod pyridine pyrazolate

LUMO+2 �0.32 40.3 30.7 23 6
LUMO+1 �1.32 1.3 1.7 85.1 11.9
LUMO �2.1 7.6 11.7 69 10.4
HOMO �5.33 86.3 9.4 1.8 2.4
HOMO�1 �6.08 33.2 17.1 5.6 44

complex 3 iridium cod pyridine triazolate

LUMO+2 �0.54 40.6 30.9 21.1 7.4
LUMO+1 �1.55 0.6 1.2 87.6 10.6
LUMO �2.39 7.8 11.8 66.6 13.8
HOMO �5.55 86.3 9.8 1.7 2.3
HOMO�1 �6.37 37.8 16.0 8.6 37.6
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Another key feature is related to the S1–T1 energy gap.[20]

The energy difference between singlet (S1) and triplet (T1)
states, DES1�T1, mainly lies in the matrix element J associated
with the electron repulsion due to the electron exchange, so
that:

DES1�T1 ¼ EðS1Þ�EðT1Þ � 2J

where the J value is essentially equivalent to the overlap in-
tegral between the electron wave functions in the S1 and T1

states. For the system with pure MLCT configurations in
both lowest singlet and triplet states, J can be expressed as
Equation (1)]:

J ¼ hdpð1Þp*ð2Þj
e
r12

jpð2Þp*ð1Þi ð1Þ

where the numbers refer to the electrons occupying these
orbitals and e/r12 represents the repulsion between exchang-
ing of the electrons. As a simplified approach, the latter can
be factored out so that J is qualitatively perceived to be pro-
portional to the overlap of participating orbitals, which can
be expressed as Equation (2):

Jdp ,p* / hdpð1Þp*ð2Þjdpð2Þp*ð1Þi ð2Þ

Conversely, for the case of iridium complexes possessing
mainly pp* characters in both S1 and T1, J can be expressed
as Equation (3):

Jp,p* / hpð1Þp*ð2Þjpð2Þp*ð1Þi ð3Þ

It is thus clear that Jp,p* is, in general, much larger than
Jdp,p* because the integral expressed in Equation (3) is great-
er than that in Equation (2) due to the better orbital overlap
between pp* than that of dpp*. As a result, DES1�T1

for com-
plexes possessing pp* as the lowest-lying transition in both
singlet and triplet manifolds is expected to be significantly
larger than that of complexes 1–4.

Experimentally, due to the low oxidation state for the IrI

cation, a search of IrI complexes possessing mainly pp* as
the lowest-lying state and having an energy gap similar to
those of 1–4 is difficult. Alternatively, IrIII complexes should
serve as better candidates due to their high oxidation states
and thus more-stabilized metal d orbitals. We thus designed
and synthesized isoquinoline pyrrolide complex 5 and ex-
pected that complex 5 may serve as the pp* extreme due to

the rise of energy of the p orbital in the isoquinoline moiety.
As depicted in Figure 5, complex 5 exhibits unique phos-
phorescence with a peak wavelength (lmax) at 625 nm. In

contrast to the strongly mixed S1 (absorption) and T1 (phos-
phorescence) spectra in 1–4 (see Figure 2), it clearly exhibits
a significantly large energy gap of about 11 kcalmol�1 be-
tween S1 (�500 nm) and T1 (�620 nm) states. Figure 6 de-
picts the features of the highest-occupied (HOMO) and two
lowest-unoccupied (LUMO and LUMO+1) frontier orbi-
tals mainly involved in the electronic transition, and the de-
scriptions and the energy gaps of each transition are listed
in Table 5. Apparently, the electron densities of the HOMO
are located mainly on the pyrrolide fragment of the mpiq

Figure 5. UV/Vis absorption and emission spectra of complex 5 in
CH2Cl2 (298 K).

Figure 6. Selected frontier orbitals of complex 5.

Chem. Eur. J. 2007, 13, 2686 – 2694 D 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 2691

FULL PAPERIridium(I) Pyridyl Azolate Complexes

www.chemeurj.org


ligand (>95%), whereas only a very minor contribution is
located on the IrIII atom (<5%, see Table 6). Conversely,
those of the LUMO are distributed over the entire isoquino-

line moiety. The results clearly indicate that the lowest
energy transition in both S0!S1 and S0!T1 manifolds are
dominated by pp* character. The lowest triplet state calcu-
lated for 5 (602 nm) is in good agreement with that obtained
experimentally (625 nm). According to Table 5, DES1�T1 was
calculated to be as large as 16 kcalmol�1 for complex 5. The
value is comparable to the experimentally resolved value of
11 kcalmol�1 and reveals a typical DES1�T1 for the pp* tran-
sition character. On the other hand, DES1�T1 were calculated
to be �5.2 kcalmol�1 for 1–4 (see Table 3), supporting the
great S1–T1 mixing observed experimentally.

Conclusion

We have synthesized a new series of IrI azolate complexes
1–4 with an aim to probe their fundamental properties and
application in OLEDs. They possess pure MLCT character
for both S0–S1 and S0–T1 transitions with rather lower S0–T1

energy gaps of �16700 cm�1 (�590 nm), which are rare in
comparison with the IrIII complexes showing a similar emis-
sion energy gap. As for probing the fundamental properties,
complexes 1–4 serve as an excellent model for the case of a
pure MLCT transition, in which the proximity between S1

and T1 states is firmly supported by the strong spectral over-
lap. Conversely, complex 5, possessing dominant pp* char-
acter in both S1 and T1, greatly increases the S1–T1 separa-
tion, as supported experimentally and theoretically. A semi-
classical theory incorporating the electron repulsion during

exchange has thus been developed to rationalize the results.
Accordingly, DES1�T1 may be used as a feature to qualita-
tively examine the excited-state properties, that is, the
MLCT versus pp* transition, particularly for the second-
and third-row transition-metal complexes. From the applica-
tion viewpoint, despite their weak luminescent efficiency in
the solution phase, possibly due to the strong solvent inter-
action and/or nontotal symmetric distortion, much more in-
tense emission was observed in the solid film. As a result, a
decent EL performance with a quantum efficiency of about
1.2% could be achieved for complex 3. Thus, we present a
new and conceptual design of IrI pyridyl azolate complexes
suited to the red emitters for OLEDs. The relatively poor
performances for OLEDs employing these complexes are
likely to be due to the inferior chemical stability, which is
also the result of poor resistance to oxidation. However, we
also wish to emphasize that, in this paper, our main goal
was to deliver a new concept for OLED fabrication by using
previously unknown IrI phosphors, and not to achieve the
best phosphorescent materials. Of course, further realization
of this concept awaits new methodology for improving the
chemical stability. We believe that there is room for further
improvement based on this class of complexes. For example,
improvement of the chemical stability, as well as fine tuning
of the emission efficiency and color hue may be achieved by
systematically introducing the rigid and bulky or even the
electron-donating/-withdrawing substituents to the chelating
ligands. Work focusing on these issues is currently in prog-
ress.

Experimental Section

The iridium complex [{(cod)Ir ACHTUNGTRENNUNG(m-Cl)}2] was prepared by using cycloocta-
diene and IrCl3·nH2O in a 2:1 mixture of ethanol and water,[21] and the
pyridyl pyrazole (or triazole) ligands were prepared by using literature
methods.[22] All manipulations were performed under N2 atmosphere by
using the standard Schlenk technique. Mass spectra were obtained by
using a JEOL SX-102A instrument operating in either the electron
impact (EI) or fast atom bombardment (FAB) mode. 1H and 13C NMR
spectra were recorded on a Varian Mercury-400 instrument and elemen-
tal analysis was carried out by using a Heraeus CHN-O Rapid Elemental
Analyzer.

Spectroscopic measurements : Steady-state absorption and emission spec-
tra were recorded by using a Hitachi (U-3310) spectrophotometer and an
Edinburgh (FS920) fluorimeter, respectively. Both the wavelength-depen-
dent excitation and emission response of the fluorimeter had been cali-
brated. An integrating sphere (Labsphere) was applied to measure the
quantum yield in the solid state, in which the solid sample film was pre-
pared by using the spin-coating method and was excited by a 514 nm Ar+

laser line. The resulting luminescence was channeled to an intensified
charge-coupled detector for subsequent quantum-yield analyses. To
obtain the PL quantum yield in the solid state, the emission was collected
by using the integrating sphere, and the quantum yield was calculated ac-
cording to a reported method.[23]

Lifetime studies were performed with an Edinburgh FL 900 photon-
counting system by using a hydrogen-filled or a nitrogen lamp as the ex-
citation source. Data were analyzed by using the nonlinear least-squares
procedure in combination with an iterative convolution method. The
emission decays were analyzed by the sum of exponential functions,
which allows partial removal of the instrument time-broadening and con-

Table 5. The calculated energy levels of the low-lying excited-state tran-
sitions for 5.

States l [nm] E [eV] f Assignment

S1 450 2.76 0.0320 HOMO!LUMO (+54%);
HOMO!LUMO+1 (+41%)

S2 429 2.89 0.0145 HOMO�1!LUMO (+60%);
HOMO�1!LUMO+1 (+25%);
HOMO!LUMO+2 (8%)

T1 603 2.06 0.0000 HOMO!LUMO (+95%);
HOMO!LUMO+1 (17%)

T2 464 2.67 0.0000 HOMO�1!LUMO+1 (+39%);
HOMO�1!LUMO (+36%);
HOMO�3!LUMO+2 (+9%)

Table 6. Contribution of each constituent to the frontier orbitals for com-
plex 5.

MO E
[eV]

Iridium Pyrrolide Isoquinoline Pyridine p-
Tolyl

LUMO+1 �1.08 4.0 3.6 19.8 54.0 18.6
LUMO �1.24 1.3 12.4 62.3 17.8 6.2
HOMO �4.49 3.8 68.7 25.6 0.8 1.0
HOMO�1 �4.82 42.1 5.6 1.1 7.0 44.3
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sequently renders a temporal resolution of about 200 ps. Dichlorome-
thane (DCM) was used as a reference, assuming a quantum yield Ff=

0.44,[24] to determine fluorescence quantum yields of the studied com-
pounds in solution. Solution samples were degassed by three freeze–
pump–thaw cycles. The resulting luminescence was acquired by an inten-
sified charge-coupled detector.

Preparation of [(cod)IrACHTUNGTRENNUNG(fppz)] (1): A 50-mL reaction flask was charged
with (fppz)H (31 mg, 0.16 mmol), NaH (5.4 mg, 0.22 mmol), and anhy-
drous THF (30 mL). The mixture was stirred for 20 min, until the H2 evo-
lution ceased, and the solution was filtered under N2 to remove the un-
reacted NaH. The filtrate was transferred to a second reaction flask
charged with [{(cod)IrACHTUNGTRENNUNG(m-Cl)}2] (50 mg, 0.075 mmol), and the color imme-
diately turned from brown to dark red. After stirring for 15 min, the solu-
tion was filtered and the filtrate was evaporated to dryness. This crude
product was purified by recrystallization in toluene at �20 8C to give
dark red crystals (48 mg, 0.092 mmol, 62%). The related IrI complexes 2–
4 were prepared by using similar procedures.

Complex 1: 1H NMR (400 MHz, [D6]benzene, 25 8C, TMS): d=7.03 (d, J-
ACHTUNGTRENNUNG(H,H)=6.0 Hz, 1H), 6.63 (dt, J ACHTUNGTRENNUNG(H,H)=1.2, 7.6 Hz, 1H), 6.52 (d, J-
ACHTUNGTRENNUNG(H,H)=8.4 Hz, 1H), 6.48 (s, 1H; CH), 5.98 (ddd, J ACHTUNGTRENNUNG(H,H)=7.6 Hz,
5.6 Hz, 1.2 Hz, 1H), 5.28–5.14 (m, 2H), 3.47–3.37 (m, 2H), 2.24–2.08 (m,
4H), 1.72–1.58 ppm (m, 4H); MS (FAB, 193Ir): m/z : 513 [M+], 405 [M+

�cod]; elemental analysis calcd (%) for C17H17F3IrN3: C 39.84, H 3.34, N
8.20; found: C 40.20, H 3.73, N 8.17.

Complex 2 : 1H NMR (400 MHz, [D6]benzene, 25 8C, TMS): d=7.12 (d, J-
ACHTUNGTRENNUNG(H,H)=6.0 Hz, 1H), 6.75 (d, J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 1H), 6.68 (t, J ACHTUNGTRENNUNG(H,H)=
7.6 Hz, 1H), 6.27 (s, 1H), 5.98 (t, J ACHTUNGTRENNUNG(H,H)=6.4 Hz, 1H), 5.42–5.28 (m,
2H), 3.46–3.36 (m, 2H), 2.34–2.14 (m, 4H), 1.82–1.64 (m, 4H), 1.61 ppm
(s, 9H; CH); MS (FAB, 193Ir): m/z : 501 [M+], 393 [M+�cod]; elemental
analysis calcd (%) for C20H26IrN3: C 47.98, H 5.23, N 8.39; found: C
47.41, H 5.34, N 8.18.

Complex 3 : 1H NMR (400 MHz, [D6]benzene, 25 8C, TMS): d=7.50 (d, J-
ACHTUNGTRENNUNG(H,H)=7.6 Hz, 1H), 6.90 (d, J ACHTUNGTRENNUNG(H,H)=6.0 Hz, 1H), 6.60 (dt, J ACHTUNGTRENNUNG(H,H)=
1.2, 7.6 Hz, 1H), 6.01 (ddd, J ACHTUNGTRENNUNG(H,H)=1.2, 5.6, 7.6 Hz, 1H), 5.09–4.96 (m,
2H), 3.47–3.30 (m, 2H), 2.18–2.00 (m, 4H), 1.67–1.48 ppm (m, 4H); MS
(FAB, 193Ir): m/z : 514 [M+], 406 [M+�cod]; elemental analysis calcd (%)
for C16H16F3IrN4: C 37.42, H 3.14, N 10.91; found: C 37.23, H 3.56, N
10.71.

Complex 4 : 1H NMR (400 MHz, [D6]benzene, 25 8C): d=7.69 (d, J-
ACHTUNGTRENNUNG(H,H)=7.6 Hz, 1H; TMS), 7.00 (d, J ACHTUNGTRENNUNG(H,H)=5.2 Hz, 1H), 6.61 (dt, J-
ACHTUNGTRENNUNG(H,H)=1.2, 8.0 Hz, 1H), 5.96 (ddd, J ACHTUNGTRENNUNG(H,H)=1.6, 5.6, 7.2 Hz, 1H), 5.37–
5.30 (m, 2H), 3.48–3.36 (m, 2H), 2.27–2.12 (m, 4H), 1.77 (s, 9H), 1.72–
1.56 ppm (m, 4H); MS (FAB, 193Ir): m/z : 502 [M+], 394 [M+�cod]; ele-
mental analysis calcd (%) for C19H25IrN4: C 45.49, H 5.02, N 11.17;
found: C 45.54, H 5.24, N 10.80.

Selected crystal data for complex 3 : C16H16F3IrN4, Mw=513.53, triclinic,
space group P1̄, a=7.1616(2), b=10.9549(3), c=11.5488(3) M, a=

107.909(1), b=103.474(1), g=107.994(1)8, V=764.24(4) M3, Z=2, 1calcd=

2.232 gcm�1, F ACHTUNGTRENNUNG(000)=488, crystal size 0.25R0.05R0.02 mm3, lACHTUNGTRENNUNG(MoKa)=
0.7107 M, T=295 K, m=8.774 mm�1, 12855 reflections collected, 2687
with RACHTUNGTRENNUNG(int)=0.0400, final wR2ACHTUNGTRENNUNG(all data)=0.1454. R1ACHTUNGTRENNUNG[I>2s(I)]=0.0508.
CCDC-624072 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Synthesis of 1-(5-methyl-1H-pyrrol-2-yl)isoquinoline : 1-(5-Methyl-1H-
pyrrol-2-yl)isoquinoline (mpiqH) was prepared from 1-methyl isoquino-
line by using the established procedure described in reference [25].
1H NMR (400 MHz, [D]chloroform, 25 8C, TMS): d=10.52 (br s, 1H;
NH), 8.74 (d, J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 1H), 8.38 (d, J ACHTUNGTRENNUNG(H,H)=6.0 Hz, 1H), 7.76
(d, J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 1H), 7.67–7.56 (m, 2H), 7.40 (d, J ACHTUNGTRENNUNG(H,H)=8.4 Hz,
1H), 6.93 (d, J ACHTUNGTRENNUNG(H,H)=3.2 Hz, 1H), 6.12 (d, J ACHTUNGTRENNUNG(H,H)=2.8 Hz, 1H),
2.34 ppm (s, 3H); MS (EI): m/z : 208 [M+]; elemental analysis calcd (%)
for C14H12N2: C 80.74, H 5.81, N 13.45; found: C 80.89, H 5.71, N 13.52.

Preparation of [(tpy)2Ir ACHTUNGTRENNUNG(mpiq)] (5): A mixture of [{(tpy)IrCl}2] (180 mg,
0.16 mmol), 1-(5-methyl-1H-pyrrol-2-yl)isoquinoline (mpiqH, 80 mg,
0.38 mmol) and Na2CO3 (168 mg, 1.59 mmol) in 2-ethoxyethanol (20 mL)
was refluxed for 4 h. An excess of water was added after cooling of the

solution to room temperature. The precipitate was collected by filtration
and washed with diethyl ether (10 mL). Finally, this precipitate was puri-
fied by silica gel column chromatography by eluting with CH2Cl2 solvent.
Yellow crystals of [(tpy)Ir2 ACHTUNGTRENNUNG(mpiq)] (5) were obtained by diffusing metha-
nol into a saturated solution of CH2Cl2 (154 mg, 0.21 mmol, 65%) at
room temperature. 1H NMR (400 MHz, [D6]acetone, 25 8C, TMS): d=

8.93 (d, J ACHTUNGTRENNUNG(H,H)=10.0 Hz, 1H), 7.95 (d, J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 1H), 7.91 (d, J-
ACHTUNGTRENNUNG(H,H)=8.0 Hz, 1H), 7.81 (dd, J ACHTUNGTRENNUNG(H,H)=6.8, 1.6 Hz, 1H), 7.67–7.59 (m,
8H), 7.46 (d, J ACHTUNGTRENNUNG(H,H)=6.0 Hz, 1H), 7.26 (d, J ACHTUNGTRENNUNG(H,H)=3.6 Hz, 1H), 6.92–
6.85 (m, 3H), 6.71 (dd, J ACHTUNGTRENNUNG(H,H)=7.8, 1.6 Hz, 1H), 6.64 (dd, J ACHTUNGTRENNUNG(H,H)=7.8,
1.2 Hz, 1H), 6.18 (s, 2H), 6.01 (d, J ACHTUNGTRENNUNG(H,H)=3.6 Hz, 1H), 2.05 (s, 3H),
1.99 (s, 3H), 1.58 ppm (s, 3H); MS (FAB): m/z : 737 [M+]; elemental
analysis calcd (%) for C38H31IrN4: C 62.02, H 4.25, N 7.61; found: C
62.18, H 4.11, N 7.57.

Computational methodology : Calculations on the electronic ground state
of complexes 1–3 were carried out by using B3LYP density functional
theory.[26, 27] A “double-z” quality basis set consisting of the Hay and
Wadt effective core potentials (LANL2DZ)[28] was employed for the Ir
atom and 6-31G* basis[29] for H, C, N, and F atoms. A relativistic effective
core potential (ECP) replaced the inner core electrons of IrI, leaving the
outer core (5s25p6) electrons and the 5d8 valence electrons. Time-depen-
dent DFT (TDDFT) calculations[30] by using the B3LYP functional were
then performed based on the structural optimized geometries. Typically,
the lowest ten triplet and ten singlet roots of the nonhermitian eigenval-
ue equations were obtained to determine the vertical excitation energies.
Oscillator strengths (f) were deduced from the dipole transition matrix
elements (for singlet states only). The ground-state B3LYP and excited-
state TDDFT calculations were carried out by using Gaussian 03, as de-
scribed in our previous publications.[31] The UV/Vis spectrum was convo-
luted with Gaussian curves of full-width at half-maximum (fwhm) of
3000 cm�1 by using SWizard 4.14.[32]
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