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Various iridium complexes consisting of phenylpyrazole (ppz) ligands and isoquinolin-
ecarboxylic acids (iq) as ancillary ligands were designed by energy band-gap calculations
via ab initio calculations and synthesized to give rise to various emission wavelengths as
expected. Fine color tuning was achieved through varying the position of the methyl
substituent on the phenylpyrazole moiety with HOMO electron densities. Additional color
tuning was made possible by altering the LUMO through the use of different ancillary ligands
such as 1-isoquinolinecarboxylic acid (1iq) and 3-isoquinolinecarboxylic acid (3iq).

Introduction

During the past decade, organic light-emitting diodes
(OLEDs) were extensively studied for application as
next generation flat-panel displays because of their high
luminescence, low drive voltage, fast response, and
abundant range of colors. Since the strong spin-orbit
coupling of heavy metal ions allows for efficient inter-
system crossing (ISC) between singlet and triplet excited
states, high quantum efficiency can result. Therefore,
research on cyclometalated iridium or other heavy metal
complexes as dopants for highly efficient OLEDs has
received a great deal of attention recently.1,2,5 In fact,
it turns out that cyclometalated iridium complexes are
very efficient emissive dopants compared to those used
in conventional fluorescent OLEDs.1,2 However, emis-
sion color tuning in phosphorescent OLEDs is still
needed to improve color purity and to produce various
colors.

To achieve a full-color display, color tuning via
fluorescence has been studied for many years.3 Anzen-
bacher and other workers reported on a new class of
electroluminescent compounds based on AlQ3 with
substituents in which the electronic nature of the
substituents affects the emission color of the resulting
Al(III) complexes.3e-i Kim and co-workers showed that
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the fluorescence of bis-enediynes can be tuned through
the modification of their core and peripheral units.3d

However, color tuning via phosphorescence has only
recently been studied and there are few existing reports
in the literature.1h,2d,h,i,3d,5 For example, Thompson’s
group investigated ligand tuning of phosphorescence
based on iridium complexes with benzothiazole and
benzoxazole through the differences in the polarizabilty
and the basicity of sulfur relative to oxygen.1g They have
achieved color tuning through the substitution of vari-
ous electron-withdrawing groups at the phenylpyridine
ligand of iridium complexes2d and also developed an
ancillary ligand that can lead to blue-shifted emissions.2j

Many cyclometalated homoleptic iridium complexes and
heteroleptic iridium complexes with phenylpyridine
ligands have been reported in the literature.1,2,5,6 How-
ever, only few heteroleptic iridium complexes with ppz
ligands have been studied,4c although pyridyl and
pyrazole groups have similar electronic and coordinating
characteristics.4a,b There are few reports for color tuning
via ancillary ligand change.1g,2j,5b

In this study, we have designed heteroleptic iridium
complexes with ppz ligands and iq ancillary ligands as
tunable phosphors, where their emission wavelengths
are easily controlled through modification of their
HOMO and LUMO electron densities. In other words,
fine color tuning has been achieved through subtle
changes in the structure of phenylpyrazole and ancillary
ligands.

We obtained the HOMO-LUMO energy orbitals of
compounds (ppz)2Ir3iq and (ppz)2Ir1iq using an ab initio
calculation (DFT/B3LYP), which would provide a method
to achieve color tuning via structural modification on
the ligand (Figure 1).11 The advantage of this system is
the relative ease with which the emission wavelength
can be controlled by changing HOMO-LUMO electron
densities. This is because the HOMO electron densities
are located on the ppz ligand and iridium, while the
LUMO electron densities are located on the iq ligand,
which acts as an emitting mode (Figure 1). If the
electron densities of HOMO and LUMO exist in the
same position, it is difficult to predict and control the
emission energy because of the simultaneous energy
change of both HOMO and LUMO upon the structural
modification.2f,h,6 Therefore, the emission wavelengths
of (ppz)2Iriq complexes are easily controlled.

First, we wanted to control the phosphorescent emis-
sion wavelength of iridium complexes by varying both
the position and the number of methyl substituents on

the ppz ligand, which would affect the HOMO energy.
According to a DFT calculation, 1iq has more stable
LUMO energy than 3iq (Table 2).11 Therefore, we
expected that the color could also be tuned by employing
different ancillary ligands such as 3iq and 1iq. In this
manner, we were able to control the LUMO energy.

Results and Discussion

Synthesis of Ligands and Ir Complexes The ppz
derivatives were easily synthesized via the Buchwald
method as shown in Scheme 1.7

To a mixture of CuI, pyrazole derivatives, and K3PO4
in dioxane (or toluene) were successively added aryl
halide and (()-trans-1,2-diaminocyclohexane under ni-
trogen. The reaction tube was quickly sealed, and the
contents were stirred while being heated in an oil bath
at 110 °C for 24 h. The crude product was extracted with
ethyl acetate and purified by column chromatography.
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Figure 1. HOMO-LUMO energy orbitals of both (ppz)2-
Ir3iq and (ppz)2Ir1iq through ab initio calculation (DFT/
B3LYP). (a) (ppz)2Ir3iqHOMOenergyorbitals, (b) (ppz)2Ir3iq
LUMO energy orbitals, (c) (ppz)2Ir1iq HOMO energy orbit-
als, (d) (ppz)2Ir1iq LUMO energy orbitals
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The cyclometalated iridium complexes were synthe-
sized according to the general procedure as reported in
the literature (Scheme 2).1g,8 Cyclometalated Ir(III)
µ-chloro-bridged dimers of general formula C∧N2Ir(µ-
Cl)2IrC∧N2 were synthesized according to a modified
version of the Nonoyama procedure,8a by refluxing IrCl3‚
nH2O with 2-2.5 equiv of cyclometalating ligand in a
3:1 mixture of 2-methoxyethanol and water for 6-7 h.

The reaction mixture was cooled to room temperature,
and more water was added to precipitate the product.
The resulting mixture was subsequently filtered through
a Büchner funnel and then washed with hexane and
ethyl ether several times to provide the crude product.
A mixture of the chloro-bridged dimer crude product, 3
equiv of isoquinolinecarboxylic acid, and 10-15 equiv
of sodium carbonate was refluxed in an inert atmo-
sphere in 2-ethoxyethanol for 4-5 h. After cooling to
room temperature, the solvent was evaporated in high
vacuum and dissolved in methylene chloride. The
organic phase was washed with water and dried over

Na2SO4. The solvent was evaporated to give the crude
product, which was applied to column chromatography
on silica gel, followed by eluting with methylene chlo-
ride, ethyl acetate, and methyl alcohol to provide the
desired product. Figure 2 shows the various iridium
complexes prepared according to Scheme 1 and Scheme
2. The structure of these compounds with ancillary
ligands is different from the iridium tris-chelate com-
pound.2h

X-ray Crystallography These heteroleptic com-
pounds exist only in a meridional-like structuresthe
nitrogen part of one ppz ligand trans to a π-acceptor N
atom in the adjacent ppz ligand and the nitrogen part
of the iq ligand trans to the σ-donor C atom in the
adjacent ppz ligandsas shown in Figure 3,1i,2j whereas
iridium tris-chelate compounds can have both facial and
meridional structures.2h That is, the complex exhibits
an octahedral coordination geometry around Ir and

Table 1. Selected Bond Distances and Bond
Angles for (ppz)2Ir3iq (1) and (4mppz)2Ir1iq (11)

bond type (ppz)2Ir3iq (1) (4mppz)2Ir1iq (11)

Bond Distances (Å)
Ir-N1 2.147(3) 2.134(4)
Ir-N2 2.027(4) 2.034(4)
Ir-N4 2.008(3) 2.015(5)
Ir-O1 2.153(3) 2.157(3)
Ir-C15 2.017(4) 2.019(5)
Ir-C24 2.003(4) 2.009(5)

Bond Angles (deg)
C(24)-Ir(1)-C(15) 89.91(16) 87.0(2)
C(24)-Ir(1)-N(2) 93.75(15) 96.8(2)
C(15)-Ir(1)-N(1) 170.22(14) 174.16(18)
C(24)-Ir(1)-O(1) 174.62(15) 172.76(17)
C(15)-Ir(1)-O(1) 93.07(14) 98.62(16)
N(2)-Ir(1)-O(1) 91.18(12) 88.66(15)
N(1)-Ir(1)-O(1) 77.51(11) 75.91(15)

Table 2. Comparison of Experimental vs
Calculated (DFT) Emission Wavelengths (λem) and
Electrochemical Data for Iridium Complexes 1-16
compd λem/nm (calc)a Eg/eVb compd λem/nm (calc) Eg/eVb

1 532 (532) 2.87 9 574
2 544 (550) 10 587 (592)
3 537 (537) 2.84 11 575 2.68
4 555 2.80 12 599 2.53
5 542 (540) 13 582
6 553 (543) 14 594
7 540 (541) 15 577
8 558 2.75 16 603 (597) 2.49
a 30 nm was added to the calculated DFT values for trend

comparison purposes with the experimental data. See the Sup-
porting Information. b All potentials were determined at room
temperature in acetonitrile solutions (0.1 M n-Bu4PF6) vs AgQRE.
Electrochemical data of compounds 8 and 12 were obtained at a
scan rate of 1 V/s and those of the others at 0.2 V/s. EHOMO ) E1/2

ox
+ 4.49 eV and ELUMO ) E1/2

red + 4.49 eV. Electrochemical band
gaps were determined using Eg ) EHOMO - ELUMO. More detailed
data can be found in the Supporting Information.

Scheme 1. Synthesis of Phenylpyrazole (ppz)
Derivatives

Scheme 2. Synthesis of (ppz)2Ir3iq (1) and
(ppz)2Ir1iq (9)

Figure 2. Various iridium complexes.
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prefers a cis-C,C trans-N,N chelate arrangement to
trans-C,C trans-N,N chelate. Electron-rich σ-phenyl
ligands usually display a very strong trans effect.
Therefore, the trans C-C arrangement is expected to
be thermodynamically higher in energy and thus kineti-
cally more labile.3d This well-known phenomenon has
been recently referred to as “transphobia”.3d,9 The Ir-O
bond length (2.153 and 2.157 Å) is longer than the mean
Ir-O bond length (2.088 Å) reported, and this observa-
tion reflects large trans influence of the phenyl group.1i,3d,6

The Ir-N1 bond length (2.134 Å) observed in (4mppz)2-
Ir1iq is slightly shorter than Ir-Nl bond length of
(ppz)2Ir3iq (2.147 Å). This would imply trans influence
of the phenyl group on the 4mppz ligand. Presumably,
this trans effect stabilizes the LUMO energy of (4mppz)2-
Ir1iq more than that of (ppz)2Ir3iq because the electron
density of the LUMO is concentrated in the iq ancillary
ligand.

The bond lengths of Ir-N1 (2.134 and 2.147 Å) trans
to the ppz phenyl are similar to those of the Ir-N bonds
(2.117-2.135 Å) of the facial isomer of the iridium tris-
chelate compound with the ppz ligand.2h Likewise, the
mutually trans Ir-N bond lengths (Ir-N2 and Ir-N4
bond lengths range from 2.008 to 2.034 Å) are similar
to those of the Ir-N bonds (2.013-2.026 Å) of the
meridional isomer of the iridium tris-chelate compound
with the ppz ligand.2h Also the Ir-N1 bond lengths
(2.147 and 2.134 Å) are longer than the Ir-N2 (2.027
and 2.034 Å) and the Ir-N4 (2.008 and 2.015 Å) bond
lengths due to the trans effect. The Ir-C15 bond lengths
(2.017 and 2.019 Å) of these complexes are similar to

those of the Ir-C bond lengths (2.015-2.027 Å) of the
facial iridium tris-chelate compound with the ppz
ligand.2h

Color Tuning Based on DFT Calculation. On the
basis of DFT calculations,11 the HOMO is concentrated
at positions R4 and R6 of the ppz ligand and the iridium
moiety (Figure 1). Therefore, if electron-donating groups
(EDGs) are attached at these positions, one would
expect a dramatic change in energy due to the desta-
bilization of the HOMO. Substituting methyl groups on
the remaining positions (R1-R3, R5, and R7) of the ppz
ligand would cause a small change in their emission
wavelengths. Substitution of more methyl groups on the
ppz ligand would cause a larger red shift in emission
spectra. It turns out that this expectation correlates well
with the emission data (Figure 4 and Table 2).

Complex 6 (λmax ) 553 nm), which has a methyl
substitutent at the R6 position, shows a dramatic change
of emission wavelength (a red shift of 21 nm) compared
to the unsubstituted complex 1 (λmax ) 532 nm). Two
methyl-substituted ppz complexess4 (λmax ) 555 nm)
and 8 (λmax ) 558 nm)sshow a red shift to a wavelength
ca. 25 nm larger than that for the unsubstituted ppz
complex 1 (λmax ) 532 nm).

According to DFT calculations (Figure 1 and Table
2), fine color tuning can be achieved through varying
the position of substituents on the ppz. Iridium com-
plexes with methyl substituents on the positions with
no electron density clouds show smaller red shiftss2
(λmax ) 544 nm), 5 (λmax ) 542 nm), 7 (λmax ) 540 nm),
and 3 (λmax ) 537 nm)scompared to 6 (λmax ) 553 nm),
where the electron density is concentrated on the R6

Figure 3. ORTEP drawing of (ppz)2Ir3iq (1) and (4mppz)2-
Ir1iq (11). The thermal ellipsoids for the image represent
the 30% probability limit. (a) (ppz)2Ir3iq (1), (b) (4mppz)2Ir1iq
(11).

Figure 4. Fine color tuning through the substitution on
the phenylpyrazole: (a) emission wavelength (λem/nm) of
(ppz)2Ir3iq series, (b) emission wavelength (λem/nm) of
(ppz)2Ir1iq series. Numbers (in nm) after the compound
numbering in insets are wavelengths of the maximum
emission intensity.
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position. Complex 3 (λmax ) 537 nm) places the methyl
substituent at the R2 position on the ppz ligand, which
is located furthest away from the HOMO. This would
constitute a plausible reason for its small red shift.
Position R2 on the ppz ligand would be an ideal place
to introduce a functionality with other properties such
as thermal stability without causing any color change.
The (ppz)2Ir1iq series also show the same trend.

Therefore, we conclude that substitution at the posi-
tion where the electron densities are concentrated in
the HOMO has a pronounced effect on its emission
wavelength. The greater the number of substituted
methyl groups on the ppz ligand, the larger the red shift
when compared to the unsubstituted ppz complex. Since
substitution with an EDG on the position with the
HOMO electron density causes a red shift, we expect
that substitution with an electron-withdrawing group
would possibly cause a blue shift.

Color tuning can also be achieved by using a different
ancillary ligand such as two structural isomerss3iq and
1iq (Figure 5). This is supported by ab initio calculations
and electrochemical studies via cyclic voltammety (Table
2). The electrochemical data are in accordance with the
electronic spectroscopy results and DFT calculations.
For example, through this structural change from 3iq
to 1iq, the energy gap (Eg) between the HOMO and
LUMO is reduced when compound 2 (HOMO -5.00,
LUMO -1.98, Eg 3.02 eV, triplet state 2.34 eV) is
compared with compound 10 (HOMO -5.00, LUMO
-2.09, Eg 2.91 eV, triplet state 2.21 eV) through the
DFT calculation,11 and also the energy gap (Eg) via cyclic
voltammetry is gradually reduced from compound 1
(2.87 eV) to compound 16 (2.49 eV) (Table 2).

This difference accounts for the fact that complex 1
(λmax ) 532 nm) displays a green color (CIE 0.38, 0.57)
as opposed to the reddish-yellow color (CIE 0.44, 0.44)
of 9 (λmax ) 574 nm). Therefore, a red color can be
obtained by using the dimethylphenylpyrazole ligand
along with a 1iq ancillary ligand as shown in 16 (CIE
0.56, 0.43). Figure 6 shows the Commission Internatio-
nale de L’Eclairage (CIE) chromaticity coordinate from
a 0.02 mM solution of various iridium complexes (1, 8,
9, and 16) in CH2Cl2.10

Quantum Efficiency and Phosphorescence Life-
time. The quantum efficiency measurements were
carried out at room temperature in degassed dichloro-
methane solution (Table 3). A solution of Ir(ppy)3 (ΦPL
) 0.40 in 2-methyltetrahydrofuran) was used as ref-
erence.2f,h All complexes show very weak emission at
room temperature (ΦPL < 0.2%), but are intensely

luminescent at 77 K (see the Supporting Information).
Several related ppz cyclometated Ir, Pt, and Rh com-
plexes have also been reported to be poorly emissive in
solution but highly emissive in glassy matrixes at 77
K.2h,12 Correlation between quantum effciency and
phosphorescence lifetime was reported by the Thompson
group.2h,13 Shorter lifetime and stronger trans effect
would cause lower quantum efficiency in the isomer
complexes. Similar trends are observed in iq complexes.
The 3iq complexes have longer emission decay lifetimes
and, concomitantly, much larger luminescence efficien-
cies than the 1iq complexes. The Ir-N1 bond in the 1iq
complexes is shorter than in the 3iq complexes because
of the trans effect of the phenyl group on the 4mppz
ligand. These results well coincide with the fact that
1iq complexes have lower quantum efficiencies than 3iq
complexes. Assuming that the emitting state of a
complex is formed with unit efficiency, one can calculate
the radiative (kr) and nonradiative (knr) rate constants.2h

The 3iq and 1iq complexes have similar radiative
constants (kr), but nonradiative rate constants (knr) for
the 1iq complexes are more than an order of magnitude
larger than those of the 3iq complexes (Table 4), as can
be expected from the lower quantum efficiencies of the
1iq complexes.

(12) (a) Sandrini, D.; Maestri, M.; Ciano, M.; Balzani, V.; Lueoend,
R.; Deuschel-Cornioley, C.; Chassot, L.; Von Zelewsky, A. Gazz. Chim.
Acta 1988, 118, 661. (b) Maeder, U.; Stoeckli-Evans, H.; von Zelewsky,
A. Helv. Chim. Acta 1992, 75, 1320.

(13) For example, the nonradiative rate constant for mer-Ir(ppy)3
is more than an order of magnitude larger than that of fac-Ir(ppy)3.
The mutually trans Ir-C bonds in mer-Ir(ppy)3 are significantly longer
and trans Ir-N bonds in mer-Ir(ppy)3 are shorter than fac-Ir(ppy)3 as
a result of the strong trans influence of the phenyl groups. Therefore,
fac-Ir(ppy)3 shows higher quantum efficiency and longer lifetime than
mer-Ir(ppy)3.

Figure 5. Color tuning through the exchange of the
ancillary ligand (0.02 mM solution of CH2Cl2). Figure 6. CIE chromaticity coordinate from 0.02 mM

solution of various iridium complexes in CH2Cl2.

Table 3. Quantum Efficiencies and
Phosphorescence Lifetimes

compd ΦPL
a τ (µs)b compd ΦPL

a τ (µs)b

1 0.06 8.5 9 0.02 0.28
2 0.09 5.0 10 0.011 0.27
3 0.07 6.9 11 0.018 0.27
4 0.14 4.2 12 0.009 0.22
5 0.09 7.1 13 0.018 0.24
6 0.11 4.0 14 0.009 0.19
7 0.08 6.3 15 0.013 0.20
8 0.10 2.7 16 0.009 0.16

a Quantum efficiency measurements were carried out at room
temperature (298 K) in CH2Cl2 solution. Solution of Ir(ppy)3 (æ )
0.40 in 2-methyltetrahydrofuran) was used as reference.2f,h b Phos-
phorescence lifetime measurements were performed at room
temperature in 1% PMMA film.
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Conclusion

We have designed heteroleptic iridium complexes with
phenylpyrazole (ppz) and isoquinolinecarboxylic acid (iq)
as tunable phosphors, where their emission wavelengths
are easily controlled through modification of their
HOMO and LUMO electron densities. This study shows
that the prediction of the HOMO and LUMO energies
via ab initio calculation (DFT/B3LYP) is a very impor-
tant tool for tuning the color, and color fine tuning can
be achieved by substituting a methyl group on the ppz
main ligand and using a different ancillary ligand such
as 3-isoquinolinecarboxylic acid (3iq) and 1-isoquinoli-
necarboxylic acid (1iq). A DFT calculation correlates
well with experimental data. Efforts toward the devel-
opment of blue color complexes using different substit-
uents are currently underway.

Experimental Section

1H and 13C NMR spectra were recorded using an Advance
300 Bruker spectrometer in chloroform-d6, CD3OD, acetone-
d6, or DMSO-d6. 1H NMR chemical shifts in CDCl3 were
referenced to CHCl3 (7.27 ppm), and 13C NMR chemical shifts
in CDCl3 were reported relative to CHCl3 (77.23 ppm). UV-
visible spectra were recorded on a Beckman DU650 spectro-
photometer. Mass spectra were obtained using a QUATTRO
LC triple quadrupole tandem mass spectrometer and are
reported in units of mass to charge (m/z). Phosphorescence
lifetime measurements were performed on a Continuum
Surelite II-10 and measured by photomultiplier tube through
a monochromator by exciting the sample at the third harmonic
(355 nm) of a Q-switched Nd:YAG laser with a pulse duration
of 7 ns and a repetition rate of 10 Hz at room temperature.
Fluorescence spectra were recorded on a Jasco FP-750 spec-
trophotometer. Analytical thin-layer chromatography was
performed using Kieselgel 60F-254 plates from Merck. Column
chromatography was carried out on Merck silica gel 60 (70-
230 mesh). All solvents and reagents were commercially
available and used without further purification unless other-
wise noted.

Synthesis of Phenylpyrazole Derivatives (Scheme 1).
Phenylpyrazole derivatives were synthesized via the Buchwald
method.7 To a screw-cap test tube were added CuI (5 mol %),
pyrazole derivatives (1.2 mmol), K3PO4 (2.1 mmol), and toluene
(1 mL) followed by nitrogen bubbling for 10-20 min. Bro-
mobenzene derivatives (1.0 mmol) and (()-trans-1,2-diami-
nocyclohexane (10 mol %) were then successively added under
a stream of nitrogen. The reaction tube was quickly sealed,
and the contents were stirred while being heated in an oil bath
at 110 °C for 24 h. The reaction mixture was cooled to ambient
temperature, diluted with ethyl acetate (2-3 mL), and filtered
through a plug of silica gel, eluting with additional ethyl
acetate (10-20 mL). The filtrate was concentrated, and the
resulting residue was purified by column chromatography
(methylene chloride) to provide the desired product.

Synthesis of Iridium Complexes (Scheme 2). All syn-
thetic procedures involving Ir(III) species were carried out in
an inert gas atmosphere. Cyclometalated Ir(III) µ-chloro-
bridged dimers of general formula C∧N2Ir(µ-Cl)2IrC∧N2 were
synthesized according to a modified version of the Nonoyama
procedure, 8 by refluxing IrCl3‚nH2O with 2-2.5 equiv of
cyclometalating ligand in a 3:1 mixture of 2-methoxyethanol
and water for 6-7 h. The reaction mixture was cooled to room
temperature, and more water was added to precipitate the
product. The resulting mixture was subsequently filtered
through a Büchner funnel and then washed with hexane and
ethyl ether several times to provide the crude product. The
chloro-bridged dimer crude product (0.08 mmol), 0.25 mmol
of 3-isoquinolinecarboxylic acid, and 1 mmol of sodium carbon-
ate were refluxed in an inert atmosphere in 2-ethoxyethanol
for 4-5 h. After cooling to room temperature, the solvent was
evaporated in high vacuum and dissolved in methylene
chloride. The organic phase was washed with water and dried
over Na2SO4. The solvent was evaporated to give the crude
product, which was applied to column chromatography on
silica gel, eluting with methylene chloride and methyl alcohol
to provide the desired product.

(ppz)2Ir3iq (1). 1H NMR (300 MHz, CDCl3): δ (ppm) 9.41
(s, 1H), 8.69 (s, 1H), 8.15-8.06 (m, 4H), 7.86-7.80 (m, 4H),
7.12 (d, J ) 6.0 Hz, 2H), 6.78 (t, J ) 7.5 Hz, 2H), 6.66 (t, J )
3.0 Hz, 2H), 6.54 (t, J ) 8.9 Hz, 2H), 6.02 (d, J ) 6.0 Hz, 2H).
13C NMR (300 MHz, CDCl3): δ (ppm) 174.06, 152.16, 145.34,
143.96, 143.86, 138.37, 137.36, 135.77, 134.61, 134.40, 132.45,
131.19, 130.34, 129.78, 128.88, 128.61, 127.79, 126.55, 126.40,
126.27, 126.02, 126.01, 122.35, 122.02, 111.22, 111.00, 107.58,
107.46. ESI-MS: m/z 652.6 [M + H+]. Anal. Calcd for C28H20-
IrN5O2‚H2O: C 50.29; H 3.32; N 10.47. Found: C 50.75; H 3.30;
N 10.18.

(3mppz)2Ir3iq (2). 1H NMR (300 MHz, CDCl3): δ (ppm)
8.81 (s, 1H), 8.46 (s, 1H), 8.07 (d, J ) 12 Hz, 1H), 8.03 (d, J )
3.0 Hz, 2H), 7.89-7.80 (m, 2H), 7.73-7.69 (m, 1H), 7.24-7.12
(m, 2H), 7.01 (t, J ) 4.5 Hz, 1H), 6.90 (t, J ) 4.5 Hz, 1H), 6.88
(t, J ) 4.5 Hz, 1H), 6.72 (t, J ) 4.5 Hz, 1H), 6.50 (d, J ) 6.0
Hz, 1H), 6.31 (d, J ) 6.0 Hz, 1H), 6.29-6.21 (m, 2H) 2.49 (s,
3H), 1.58 (s, 3H). ESI-MS: m/z 680.5 [M + H+]. Anal. Calcd
for C30H24IrN5O2: C 53.09; H 3.56; N 10.32. Found: C 53.03;
H 3.61; N 9.54.

(4mppz)2Ir3iq (3). 1H NMR (300 MHz, CDCl3): δ (ppm)
8.76 (s, 1H), 8.53 (s, 1H), 8.06 (d, J ) 6.0 Hz, 1H), 7.86-7.80
(m, 4H), 7.67 (d, J ) 6.0 Hz, 2H), 7.17 (d, J ) 6.6 Hz, 1H),
7.11 (d, J ) 6.0 Hz, 1H), 6.97 (t, J ) 6.0 Hz, 1H), 6.87 (t, J )
6.0 Hz, 1H), 6.81 (t, J ) 6.0 Hz, 1H), 6.71 (t, J ) 6.0 Hz, 1H),
6.58 (s, 1H), 6.48 (t, J ) 3.6 Hz, 1H), 6.33 (d, J ) 1.2 Hz, 1H),
2.19 (s, 3H), 2.15 (s, 3H). 13C NMR (300 MHz, CDCl3): δ (ppm)
174. 07, 152.09, 145.36, 144.21, 144.10, 138.39, 137.30, 135.70,
134.55, 134.34, 132.30, 131.21, 130.31, 129.67, 128.77, 128.57,
127.75, 126.43, 125.88, 125.54, 125.08, 124.76, 122.16, 121.83,
118.12, 117.93, 110.78, 110.587, 9.65, 9.56. ESI-MS: m/z 680.5
[M + H+]. Anal. Calcd for C30H24IrN5O2‚0.5H2O: C 52.39; H
3.66; N 10.18. Found: C 52.01; H 3.59; N 10.11.

(1p3,5dmpz)2Ir3iq (4). 1H NMR (300 MHz, CDCl3): δ
(ppm) 8.62 (s, 1H), 8.52 (s, 1H), 8.22 (d, J ) 6.0 Hz, 1H), 7.93-
7.88 (m, 2H), 7.74 (t, J ) 7.91 Hz, 1H), 7.55-7,44 (m, 3H),
6.84 (t, J ) 7.2 Hz, 1H), 6.73 (t, J ) 7.5 Hz, 1H), 6.63 (t, J )
7.5 Hz, 1H), 6.53 (t, J ) 7.5 Hz, 1H), 6.27-5.22 (m, 3H), 2.39
(s, 6H), 1.55 (s, 6H). 13C NMR (300 MHz, CDCl3): δ (ppm)
174.09, 151.90, 150.59, 148.99, 146.11, 145.82, 145.63, 140.30,
140.27, 140.22, 135.58, 134.94, 134.42, 132.18, 131.84, 130.49,
129.98, 129.58, 128.59, 127.72, 126.13, 125.13, 124.65, 122.21,
121.73, 112.11, 109.72, 109.63, 14.83, 14.59, 13.06, 12.67. ESI-
MS: m/z 708.7 [M + H+]. Anal. Calcd for C32H28IrN5O2: C
54.38; H 3.99; N 9.91. Found: C 54.47; H 4.23; N 9.28.

(4tpz)2Ir3iq (5). 1H NMR (300 MHz, CDCl3): δ (ppm) 8.73
(s, 1H), 8.52 (s, 1H), 8.03-8.00 (m, 3H), 7.81 (t, J ) 4.5 Hz,
3H), 7.66 (t, J ) 9.1 Hz, 1H), 7.13 (d, J ) 6.0 Hz, 1H), 7.07 (d,
J ) 4.5 Hz, 1H), 6.78-6.74 (m, 2H), 6.69 (d, J ) 6.0 Hz, 1H),

Table 4. Radiative and Nonradiative Decay Rates
at Room Temperature

compd kr
a knr

b compd kr
a knr

b

1 7.1 × 103 1.1 × 105 9 7.1 × 104 2.8 × 105

2 1.8 × 104 1.8 × 105 10 4.1 × 104 3.7 × 106

3 1.0 × 104 1.3 × 105 11 6.7 × 104 3.7 × 106

4 3.3 × 104 2.0 × 105 12 4.1 × 104 4.5 × 106

5 1.3 × 104 1.3 × 105 13 7.5 × 104 4.1 × 106

6 2.8 × 104 2.3 × 105 14 4.7 × 104 5.2 × 106

7 1.3 × 104 1.5 × 105 15 6.5 × 104 4.9 × 106

8 3.7 × 104 3.3 × 105 16 5.6 × 104 6.2 × 106

a kr ) ΦPL/τ. b ΦPL ) kr/( kr + knr), knr ) kr(1 - ΦPL)/ΦPL.
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6.54 (d, J ) 2.4 Hz, 1H), 6.43 (t, J ) 2.1 Hz, 1H), 6.21 (s, 1H),
6.08 (s, 1H) 2.17 (s, 3H), 2.13 (s, 3H). 13C NMR (300 MHz,
CDCl3): δ (ppm) 174.04, 152.08, 145.31, 141.81, 141.78, 137.89,
136.95, 135.78, 135.68, 135.35, 134.99, 132.34, 131.06, 130.28,
129.67, 128.74, 128.57, 127.79, 126.48, 125.81, 125.55, 123.04,
122.68, 110.84, 110.67, 107.25, 107.19, 106.277, 21.61, 21.54.
ESI-MS: m/z 680.7 [M + H+]. Anal. Calcd for C30H24IrN5O2‚
H2O: C 51.71; H 3.76; N 10.05. Found: C 51.79; H 3.68; N
9.80.

(5tpz)2Ir3iq (6). 1H NMR (300 MHz, CDCl3): δ (ppm) 8.75
(s, 1H), 8.57 (s, 1H), 8.03 (t, J ) 3.6 Hz, 3H), 7.83 (t, J ) 4.2
Hz, 3H), 7.72-7.68 (m, 1H), 7.07 (s, 1H), 7.02 (s, 1H), 6.76 (d,
J ) 2.1 Hz, 1H), 6.64(d, J ) 4.5 Hz, 1H), 6.58-6.56 (m, 2H),
6.45 (d, J ) 2.3 Hz, 1H), 6.30 (d, J ) 7.4 Hz, 1H), 6.15 (d, J )
7.5 Hz, 1H), 2.30 (s, 3H), 2.23 (s, 3H). 13C NMR (300 MHz,
CDCl3): δ (ppm) 174.13, 152.13, 145.36, 143.86, 143.78, 138.22,
137.20, 135.67, 134.18, 133.93, 132.32, 131.60, 131.27, 130.31,
129.68, 128.57, 127.73, 127.40, 127.04, 126.82, 126.46, 125.99,
125.73, 124.12, 112.12, 111.89, 107.37, 107.25, 21.35, 21.26.
ESI-MS: m/z 680.7 [M + H+]. Anal. Calcd for C30H24IrN5O2‚
H2O: C 51.71; H 3.76; N 10.05. Found: C 51.29; H 3.61; N
9.92.

(6tpz)2Ir3iq (7). 1H NMR (300 MHz, CDCl3): δ (ppm) 8.76
(s, 1H), 8.50 (s, 1H), 8.33 (t, J ) 3.1 Hz, 2H), 8.03 (d, J ) 6.2
Hz, 1H), 7.91 (d, J ) 3.0 Hz, 1H), 7.81 (t, J ) 3.2 Hz, 2H),
7.72-7.61 (m, 1H), 6.80-6.77 (m, 2H). 6.71-6.68 (m, 2H),
6.63-6.60 (m, 2H), 6.48 (t, J ) 3.0 Hz, 1H), 6.26 (d, J ) 6.0
Hz, 1H), 6.04 (d, J ) 6.2 Hz, 1H), 2.66 (s, 3H), 2.60 (s, 3H).
13C NMR (300 MHz, CDCl3): δ (ppm) 174.06, 151.92, 143.24,
143.20, 137.66, 136.65, 135.71, 133.26, 132.52, 132.39, 132.36,
131.13, 130.70, 130.43, 130.43, 130.31, 129.73, 128.60, 127.79,
126.76, 126.55, 126.34, 125.86, 125.44, 121.61, 121.29, 107.51,
107.33, 21.90, 21.86. ESI-MS: m/z 680.7 [M + H+]. Anal. Calcd
for C30H24IrN5O2‚0.5H2O: C 52.39; H 3.66; N 10.18. Found:
C 52.59; H 3.85; N 9.91.

(4m5tpz)2Ir3iq (8). 1H NMR (300 MHz, CDCl3): δ (ppm)
8.82-8.70 (m, 1H), 8.09-8.05 (m, 1H), 7.90-7.81 (m, 5H),
7.80-7.62 (m, 3H), 6.99-6.95 (m, 1H), 6.86 (s, 1H), 6.54 (s,
1H), 6.36-6.31(m, 2H), 5.87 (d, J ) 7.5 Hz, 1H), 2.25 (s, 6H),
2.14 (s, 6H). 13C NMR (300 MHz, CDCl3): δ (ppm) 174.09,
152.07, 145.50, 144.15, 144.05, 138.28, 137.19, 135.65, 134.14,
133.93, 132.17, 131.37, 131.03, 130.30, 129.54, 128.55, 127.72,
126.88, 126.58, 126.31, 124.85, 124.51, 124.20, 124.12, 117.92,
117.73, 111.75, 111.55, 21.37, 21.28, 9.68. 9.58. ESI-MS: m/z
708.7 [M + H+]. Anal. Calcd for C32H28IrN5O2‚0.5H2O: C 53.69;
H 4.08; N 9.78. Found: C 53.25; H 4.12; N 9.62.

(ppz)2Ir1iq (9). 1H NMR (300 MHz, CDCl3): δ (ppm) 10.26-
10.24 (m, 1H), 8.07 (m, 2H), 7.86-7.84 (d, J ) 3 Hz, 1H), 7.82-
7.78 (m, 4H), 7.65 (d, J ) 3 Hz, 1H), 7.24-7.18 (m, 2H), 6.96
(t, J ) 6 Hz, 1H), 6.89 (t, J ) 6 Hz, 1H), 6.80-6.73 (m, 3H),
6.61 (t, J ) 1.5 Hz, 1H), 6.47 (s, J ) 2.4 Hz, 1H), 6.41 (d, J )
3.0 Hz, 1H) 6.27 (d, J ) 3.0 Hz, 1H). ESI-MS: m/z 652.5 [M +
H+]. Anal. Calcd for C28H20IrN5O2‚0.5H2O: C 50.98; H 3.21;
N 10.76. Found: C 51.15; H 3.38; N 9.89.

(3mppz)2Ir1iq (10). 1H NMR (300 MHz, CDCl3): δ (ppm)
10.17-10.13 (m, 1H), 7.96-7.94 (m, 2H), 7.85-7.79 (m, 4H),
7.69 (d, J ) 3.6 Hz, 1H) 7.23-7.11 (m, 2H), 6.98 (t, J ) 4.5
Hz, 1H), 6.90 (d, J ) 3.6 Hz, 1H), 6.82-6.65 (m, 2H), 6.44 (d,
J ) 3 Hz, 1H), 6.29 (dd, J ) 4.7 Hz, 3,3 Hz, 2H), 6.19 (d, J )
7.3 Hz, 1H), 2.48 (s, 3H), 1.57(s, 3H). ESI-MS: m/z 680.7 [M
+ H+]. Anal. Calcd for C30H24IrN5O2: C 53.09; H 3.56; N 10.32.
Found: C 53.07; H 3.72; N 10.01.

(4mppz)2Ir1iq (11). 1H NMR (300 MHz, CDCl3): δ (ppm)
10.29-10.26 (m, 1H), 7.91 (d, J ) 6.0 Hz, 1H), 7.84-7.78 (m,
5H), 7.63 (d, J ) 6.0 Hz, 2H), 7.15-7.10 (m, 2H), 7.00-6.88
(m, 2H), 6.77 (t, J ) 1.0 Hz, 1H), 6.71 (t, J ) 1.0 Hz, 1H), 6.55
(s, 1H), 6.44 (d, J ) 3.0 Hz, 1H), 6.30 (d, J ) 3.0 Hz, 1H), 2.15
(s, 3H), 2.05 (s, 3H). 13C NMR (300 MHz, CDCl3): δ (ppm)
174.06, 151.03, 144.10, 143.97, 141.37, 140.61, 138.39, 137.40,
137.01, 134.55, 134.27, 132.60, 131.83, 129.59, 128.85, 126.78,
126.17, 125.86, 125.59, 125.02, 124.70, 122.14, 121.71, 118.09,

117.98, 116.81, 110.78, 110.61, 9.71, 9.60. ESI-MS: m/z 680.5
[M + H+]. Anal. Calcd for C30H24IrN5O2‚3H2O: C 49.17; H 4.13;
N 9.56. Found: C 49.29; H 3.55; N 9.26.

(1p3,5dmpz)2Ir1iq (12). 1H NMR (300 MHz, CDCl3): δ
(ppm) 10.27-10.24 (m, 1H), 7.78-7.73 (m, 4H), 7.60 (d, J )
6.0 Hz, 1H), 7.39 (d, J ) 9.0 Hz, 1H), 7.34 (d, J ) 6.0 Hz, 1H),
6.96 (t, J ) 3.02 Hz, 1H), 6.86 (t, J ) 3.0 Hz, 1H), 6.75 (t, J )
3.0 Hz, 1H), 6.67 (t, J ) 3.0 Hz, 1H), 6.55 (d, J ) 4.0 Hz, 1H),
6.21 (d, J ) 4.0 Hz, 1H), 6.02 (d, J ) 4.1 Hz, 2H), 2.82 (s, 3H),
2.80 (s, 3H), 2.41 (s, 3H), 1.53 (s, 3H). 13C NMR (300 MHz,
CDCl3): δ (ppm) 174.27, 151.32, 149.00, 146.06, 145.62, 141.25,
141.10, 140.21, 136.92, 134.91, 134.19, 131.97, 131.18, 129.72,
129.59, 129.36, 126.78, 126.64, 126.53, 126.35, 125.05, 124.68,
122.21, 121.60, 112.24, 112.06, 109.22, 109.13, 14.70, 14.31,
12.81, 12.73. ESI-MS: m/z 708.7 [M + H+]. Anal. Calcd for
C32H28IrN5O2: C 54.38; H 3.99; N 9.91. Found: C 54.14; H
4.01; N 9.65.

(4tpz)2Ir1iq (13). 1H NMR (300 MHz, CDCl3): δ (ppm)
10.26-10.24 (m, 1H), 8.01 (d, J ) 3.0 Hz, 2H), 7.90 (d, J ) 6.0
Hz, 1H), 7.80-7.75 (m, 4H), 7.61 (d, J ) 6.0 Hz, 1H), 7.12 (d,
J ) 4.5 Hz, 1H), 7.07 (d, J ) 4.5 Hz, 1H), 6.78 (d, J ) 9.0 Hz,
1H), 6.70-6.63 (m, 2H), 6.53 (d, J ) 1.1 Hz, 1H), 6.42 (d, J )
1.1 Hz, 1H), 6.17 (d, J ) 1.1 Hz, 1H), 6.06 (d, J ) 1.1 Hz, 1H),
2.15 (s, 3H), 2.08 (s, 3H). 13C NMR (300 MHz, CDCl3): δ (ppm)
174.12, 151.19, 141.39, 141.27, 137.98, 137.81, 137.09, 136.97,
135.83, 135.76, 135.41, 131.22, 129.98, 129.84, 129.67, 129.53,
126.84, 126.68, 125.80, 125.71, 125.56, 125.46, 123.08, 122.96,
110.94, 110.75, 107.27, 107.21, 21.96, 21.13. ESI-MS: m/z
680.6 [M + H+]. Anal. Calcd for C30H24IrN5O2‚1.5H2O): C
50.41; H 3.95; N 9.80. Found: C 50.70; H 3.38; N 9.61.

(5tpz)2Ir1iq (14). 1H NMR (300 MHz, CDCl3): δ (ppm)
10.27-10.24 (m, 1H), 8.04 (d, J ) 3.0 Hz, 2H), 7.95 (d, J ) 6.1
Hz, 1H) 7.83-7.79 (m, 4H), 7.63 (d, J ) 3.0 Hz, 1H), 7.08(s,
1H), 7.03(s, 1H), 6.73 (d, J ) 2.1 Hz, 1H), 6.63 (d, J ) 2.2 Hz,
1H), 6.56 (d, J ) 2.5 Hz, 2H), 6.45 (t, J ) 2.4 Hz, 1H), 6.27 (d,
J ) 3.8 Hz, 1H), 6.13 (d, J ) 3.8 Hz, 1H), 2.29 (s, 3H), 2.23 (s,
3H). 13C NMR (300 MHz, CDCl3): δ (ppm) 174.06, 151.12,
143.84, 143.71, 141.37, 140.46, 138.24, 137.31, 137.02, 134.23,
133.95, 132.41, 131.84, 131.58, 131.18, 129.99, 129.58, 128.89,
127.40, 127.11, 126.75, 126.13, 125.91, 125.68, 112.13, 111.92,
107.35, 107.30, 21.32, 21.25. ESI-MS: m/z 680.6 [M + H+].
Anal. Calcd for C30H24IrN5O2: C 53.09; H 3.56; N 10.32.
Found: C 53.33; H 3.81; N 9.50.

(6tpz)2Ir1iq (15). 1H NMR (300 MHz, CDCl3): δ (ppm)
10.26-10.24 (m, 1H), 8.32 (d, J ) 1.2 Hz, 2H), 7.88-7.77 (m,
5H), 7.61 (d, J ) 6.4 Hz, 1H), 6.76 (d, J ) 3.0 Hz, 2H), 6.67-
6.58 (m, 4H), 6.47 (t, J ) 3.0 Hz, 1H), 6.21 (d, J ) 4.0 Hz,
1H), 6.05 (d, J ) 4.0 Hz, 1H), 2.64 (s, 3H), 2.59 (s, 3H). 13C
NMR (300 MHz, CDCl3): δ (ppm) 174.06, 151.92, 143.24,
143.20, 137.66, 136.65, 135.71, 133.40, 132.52, 132.39, 131.13,
130.70, 130.43, 130.43, 130.31, 129.73, 128.60, 127.79, 126.76,
126.55, 126.34, 125.86, 125.44, 121.61, 121.29, 107.51, 107.33,
104.82, 21.90, 21.86. ESI-MS: m/z 680.6 [M + H+]. Anal. Calcd
for C30H24IrN5O2‚0.5H2O): C 52.39; H 3.66; N 10.11. Found:
C 52.60; H 3.67; N 9.91.

(4m5tpz)2Ir1iq (16). 1H NMR (300 MHz, CDCl3): δ (ppm)
10.27-10.24 (m, 1H), 7.96-7.76 (m, 6H), 7.71 (s, 1H), 7.62 (s,
1H), 6.98-6.86 (m, 3H), 6.56-6.52 (m, 1H), 6.36-6.29 (m, 1H),
6.18 (d, J ) 6.0 Hz, 1H), 5.86 (d, J ) 9.0 Hz, 1H), 2.27 (s, 6H),
2.12 (s, 6H). 13C NMR (300 MHz, CDCl3): δ (ppm) 174.02,
152.12, 144.07, 143.93, 141.44, 138.30, 137.29, 136.95, 134.14,
133.88, 131.72, 131.36, 130.96, 129.98, 129.51, 128.86, 126.94,
126.87, 126.77, 126.63, 126.07, 125.11, 124.82, 124.48, 117.91,
117.79, 111.77, 111.60, 21.34, 21.28, 9.71, 9.60. ESI-MS: m/z
708.6 [M + H+]. Anal. Calcd for C32H28IrN5O2: C 54.38; H 3.99;
N 9.91. Found: C 54.38; H 3.84; N 9.42.
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