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Ir(dpq/dpgx)2(przl-R) complexes were prepared and their electrochemical properties were investigated, where dpq,
dpgx and przl-R represent 2,3-diphenylquinoline, 2,3-diphenylquinoxaline and N-phenyl-R-pyrazolonate derivatives,
respectively. The iridium complexes containing dpq and dpgx as main ligands were reported to show red phospho-
rescence, and involvement of a pyrazolonate ancillary ligand in the iridium complexes led to high luminous efficiency
for organic light-emitting diodes. In this study, we synthesized red phosphorescent iridium complexes containing a
new pyrazolonate ancillary ligand and investigated the HOMOs, LUMOs and resulting electrochemical gaps of
Ir(dpg/dpgx)2(przl-R) by cyclic voltammetry. The emission wavelengths of the complexes at 600 - 640 nm were con-
sistent with the gaps of 1.95 - 2.03 eV measured from reduction and oxidation potentials of the complexes.
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Introduction

The iridium complexes have been utilized in practical appli-
cations such as organic light-emitting diodes (OLEDs) and light-
emitting electrochemical cells (LECs). Since the iridium metal
center can have the large d-orbital splitting relative to the other
transition metals, it is rather easy to tune the emission color of
its complexes by modification of the ligands in the Ir sphere.l'2
The lowest excited state is determined by the admixture of the
MLCT and LC transitions, which is associated to the main
ligands and ancillary ligand of the complexes. For the tuning
of the emission color, there are some strategies involving the
substituent effect or the control of the & conjugation length.
However, the relatively long phosphorescence life-time of the
iridium complexes could cause the triplet-triplet (T-T) annihila-
tion at high currents, and thus it might lower the efficiency in
the application of the OLEDs.>?

As recently reported, introduction of a new bulky ancillary
ligand, pyrazolonate (przl), to red-emitting Eu and Ir complexes
could not only improve the luminous efficiency but also lead to
the saturated red emission.”” Previously, we also applied this
concept to the iridium complexes of dpq/dpgx main ligands and
reported luminous efficiency improvement of the complexes
involving the pyrazolone-based ancillary ligands, 4-R-5-methyl-
2-phenyl-2,4-dihydro-pyrazol-3-one (przl-R) where dpq, dpqx
and przl-R represent 2,3-diphenylquinoline, 2,3-diphenylqui-
noxaline and N-phenyl-4-R-pyrazolonate derivatives, respect-
ively.® Herein, we prepared the new iridium complexes of
dpg/dpgx and przl-R ligands, and studied their electrochemi-
cal properties of these complexes with cyclic voltammetric
method.

Experimental Section
Synthesis and Characterization. All reagents were purchased

from Aldrich Co., except iridium trichloride hydrate (IrCls-
H,0), which was purchased from Strem Co. and used without

further purification. All reactions were carried out under a nitro-
gen or argon atmosphere. Solvents were dried by standard
procedures. All column chromatography was performed with
the use of'silica gel (230-mesh, Merck Co). Mass spectra were
determined on JEOL, IMS-AX505WA, HP 5890 Series II
Hewlett-Packard 5890A (capillary column) and 'HNMR and
Bc spectra were recorded at ambient temperature on a Bruker
300 NMR spectrometer using standard parameters.

Synthesis of Ligands (L=pizl series, 2,3-dpqx-F,, 4-Me-2,3-
dpq):

Prazolone Ligands (przl-R) — The new ancillary ligands,
przl-R, were prepared according to the analogous procedure
previously reported.8

4-Me-2,3-dpq and 2,3-dpqx-F; — dpq and dpgx ligand deri-
vatives were obtained according to Friedlander Reaction with
the corresponding precursors, [2-aminoacetophenone (10.0
mmol) and 2-phenyl-acetophenone (10.0 mmol)], and [1,2-
diaminobenzene (10.0 mmol) and 4,4'-difluorobenzil (10.0
mmol)], respectively.9

Synthesis of Complexes: Ir(4-Me-2,3-dpq).(przl-R), I((2,3-
dpqx-F2):(przl-R):

Ir(4-Me-2,3-dpq)2(przl-R) — The cyclometalated Ir(III) p-
chloro-bridged dimer, (4-Me-2,3-dpq).Ir (uCl),Ir(4-Me-2,3-
dpq)2 (1.9 mmol), was first prepared according to the Nonoyama
method."” In the second step, the resulting dimer and pyrazolone-
based ligands (6.5 mmol) were mixed with Na,CO3 (500 mg)
in 2-ethoxyethanol (30 mL). The mixture was refluxed for 2 h
and the red solid was filtered after cooling. Ir(4-Me-2,3-dpq)
(przl-R) were purified by chromatography on silica gel column
with dichloromethane and recrystallization.

In((2,3-dpqx-F>)2(przl-R) — The complexes were prepared
from the reaction of 2,3-dpqxF,, with IrCl3-H>O and then treated
with the pyrazolone-based ligands, similar to the procedure
described above. Ir(2,3-dpgx-F»)>(przIl-R) were obtained as a
bright red powder.
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The characterization results of the new iridium complexes
are as follows:

I(4-Me-2,3-dpq)(przl-CeHs-F) — A red powder (Yield: 70%).
MS (FAB): m/z 1077 (M"). '"HNMR (CDCls, 300 MHz) 5 8.47-
6.40 (aromatic H’s 35H); 1.24 (CH3’s of przl, 3H each); 2.52,
2.50 (CHs’s of 4-Me, 3H each). °C NMR (DMSO-ds, 125.8
MHz) $ 187.0, 167.7 (d, Jcr = 8.8), 162.3, 161.9, 149.3, 148 4,
148.1, 147.9, 147.3, 146.6, 146.3, 144.9 (d, Jcr = 6.3), 138.6,
138.4,136.5 (d, Jcr = 6.3), 136.4 (d, Jor = 2.5), 132.4, 130.3,
129.5,129.4,129.3, 129.0, 128.9, 128.8 (d, Jcr = 6.3), 128.3,
127.2,126.6, 126.4, 125.5,125.1, 124.8, 120.1 (d, Jcr = 2.5),
118.9, 115.2 (aromatic C’s); 104.8 (CH’s); 16.3, 16.2, 16.1
(CHy’s).

In(4-Me-2,3-dpq)2(przl-CsHs-N(CH3)2) — A red powder
(Yield: 65%). MS (FAB): m/z 1101 (M"). '"H NMR (CDCl;,
300 MHz) 6 8.56-6.39 (aromatic H’s 35H); 1.39, 1.27, 1.19
(CHjy’s of przl, 3H each); 2.47, 2.46 (CHj3’s of 4-Me, 3H each).
C NMR (DMSO-ds, 125.8 MHz) & 188.4, 167.8, 167.7, 163.3,
152.0, 150.0, 148.7, 148.0, 146.9, 146.8, 146.4, 144.6, 144.5,
138.6, 138.9, 138.6, 138.5, 136.5, 132.4, 132.3, 130.4, 129.8,
129.5,129.4,129.3, 128.9, 128.8, 128.7, 128.2, 127.1, 127.0,
126.9, 126.6, 126.3, 125.4, 124.8, 124.7, 124.3, 120.0, 119.9,
119.0, 110.5 (aromatic C’s); 104.6 (CH’s); 40.0 (N(CH3).’s),
16.2, 16.1 (CH5’s).

I(4-Me-2,3-dpq):(przl-CsHs-CioH7) — A red powder (Yield:
68%). MS (FAB): m/z 1108 (M"). '"H NMR (CDCls, 300 MHz)
4 8.50-6.39 (aromatic H’s 38H); 1.19 (CH3’s of przl, 3H each);
2.50,2.52 (CHs’s of 4-Me, 3H each). °C NMR (DMSO-d,
125.8 MHz) 6 188.2, 167.6, 162.3, 149.4, 148.5, 148.2, 148.0,
147.4,146.7,146.4, 144.9, 144.5,138.6, 138.3, 136.7, 133 .4,
132.5,131.8,130.5, 130.3, 129.8, 129.5, 129.2, 129.1, 128.7,
128.3,128.0,127.7, 127.3, 127.0, 126.8, 126.7, 126.0, 125.7,
125.5,125.2,124.9,124.7,123.7, 120.1, 119.0 (aromatic C’s);
105.0 (CH’s); 16.3, 16.2 (CH3’s).

In(2,3-dpqx-F2)2(przl-CsHy-F) — A red powder (Yield: 73%).
MS (FAB): m/z 1122(M"). "H NMR (CDCls, 300 MHz) & 8.33-
6.17 (aromatic H’s 31H); 1.25 (CH3’s of przl, 3H each). e
NMR (DMSO-ds, 125.8 MHz) & 188.2, 168.0 (d, Jcr = 8.8),
163.0, 162.6, 152.3, 150.7, 150.3, 148.8, 148.2, 147.2, 146.9,
145.7 (d, Jor = 6.3), 139.6, 139.4, 137.9 (d, Jcr = 6.3), 137.3
(d, Jer=2.5),131.3, 130. 4, 130.1, 129.9, 129.7, 129.5 (d, Jcr =
6.3),129.2,128.3,127.5,127.6, 126.5, 126.0, 125.6, 121.3(d,
Jor =2.5), 120.1, 117.9 (aromatic C’s), 105.0 (CH’s).

In(2,3-dpqx-F>),(przl-CsHs-CioH7) — A red powder (Yield:
75%). MS (FAB): m/z 1154 (M"). '"H NMR (CDCls, 300 MHz)
8 8.37-6.16 (aromatic H’s 34H); 1.25 and 1.23 (CH3’s of przl,
3H each). "C NMR (DMSO-ds, 125.8 MHz) 5 189.6, 168.9,
164.0,150.9, 150.3, 149.9, 149.7, 149.1, 147.9, 147.7, 146.5,
146.1, 140.8, 140.5, 138.5, 135.2, 134.3, 133.8, 132.2, 132.0,
131.1, 130.8, 130.6, 130.5, 130.1, 129.9, 129.6, 129.0, 128.8,
128.6, 128.2,128.0, 127.7,127.0, 126.9, 126.5, 126.2, 126.0,
125.3, 122.1, 120.8 (aromatic C’s); 106.2 (CH’s).

Optical Measurements. UV-vis absorption spectra were mea-
sured on a Hewlett Packard 8425A spectrometer. PL spectra
were measured on a Perkin Elmer LS 50B spectrometer. UV-vis
and PL spectra of the iridium complexes were measured in a
10” M dilute CH,CL solution and in the PMMA film. The
PMMA film was fabricated by the spin-coating onto the glass
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substrate with 10 wt % Ir complexes of PMMA in 1,2-di-
chloroethane solution and the following solvent evaporation.

Results and Discussion

We previously reported that the Ir(III) complexes contain-
ing the przl-based ancillary ligands exhibited the higher lumine-
scent efficiency compared to the acac-based complexes.8 Itis
consistent with the premise that przl ligands in the complexes
have not only suitable triplet energy levels matching 5d orbital
of'the iridium center, but also provide good carrier transporting
properties. The energy level matching may lead to better metal-
to-ligand charge transfer (MLCT), resulting in high luminous
efficiency of the complex and improvement of carrier transport
can lead to better performance of the device. Herein we pre-
pared new przl ligands, 4-R-5-methyl-2-phenyl-2,4-dihydro-
pyrazol-3-one (R = p-fluorophenyl, p-dimethylaminophenyl,
p-naphthyl) and their iridium complexes as shown in Fig. 1.
The R groups were chosen to investigate the substituent effects
in the przl-based ligands with respect to the luminescence pro-
perties of their complexes. The main ligand (L), 2,3dpgx-F» and
4-Me-2,3-dpq, were synthesized according to the procedure
reported previously.

The UV-vis absorption spectra of the complexes in CH>Cl,
are shown in Fig. 2(a). The absorption patterns of these com-
plexes are similar. The strong absorption bands between 200
and 400 nm in the ultraviolet region are assigned to the spin
allowed '7-" transition of the cyclometallated 4-Me-2,3-dpq or
2,3-dpgx-F- ligands in the complexes. The weak bands between
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Figure 1. (a) Synthetic scheme of the ligands, 4-Me-2,3-dpq (b) 2,3-
dpgx-F> (c) przl-based ligands (d) Ir complexes.
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Figure 2. (a) UV-vis spectra of Ir complexes (b) solution PL spectra in the 10~ M CH,Cl, of Ir complexes (c) solid PL spectra of the complexes
doped (10 wt %) in PMMA films (d) EL spectra of the device with Ir(2,3-dpgx-F»)(przl-C¢HaF).

400 and 500 nm in the visible region can be assigned to the
spin-allowed metal-to-ligand charge transfer band (IMLCT).
The weaker absorption band at the longer wavelength can be
attributed to the spin-forbidden *MLCT and *z-n" transition en-
hanced by the spin-orbit coupling. The formally spin forbidden
*MLCT gains the intensity by mixing with the higher-lying
'MLCT through the strong spin-orbit coupling on the Ir center.

The photoluminescence (PL) spectra of the Ir complexes in
CH,Cl, solution are shown in Fig. 2(b). The emission maxima
for Ir(4-Me-2,3-dpq)2(przl-R) appeared around 600 nm, and
those of Ir(2,3-dpgx-F)»(przl-R) were shown around 640 nm,
regardless of the different R-substituents. The PL peak wave-
lengths were not affected by the substituent difference in the
ancillary ligand. Thus, the main ligands, dpq and dpgx deriva-
tives, are major moieties that determine the emission color of
their complexes. This is also supported by the previously report-
ed PL data of their corresponding complexes, Ir(4-Me-2,3-dpq)»
(acac) and Ir(2,3-dpgx-F>)»(acac), which showed the peaks at
604 and 631 nm, respectively.® Meanwhile, the R groups in the
ancillary ligands have an insignificant effect on the emission
color determination of the complexes.

The solid structures of the new complexes prepared in this
study were presumed to have geometric isomers as the X-ray
structure of Ir(4-Me-2,3-dpq)»(przl-CsH4Cl) previously report-
ed." The complexes were not sublimable enough to be fabri-
cated in the electroluminescence (EL) device. We attribute such
low sublimability to the heavy molecular weight (more than

1000 g/mol) of the complexes. Thus, their luminescence pro-
perties in the solid films were investigated for the possible appli-
cation to polymer-based fabrication of the EL devices, instead.
The PL spectra of Ir(4-Me-2,3-dpq)2(przl-R) doped (10 wt %)
in the poly-(methylmethacrylate) (PMMA films) exhibited the
emission between 606 and 610 nm, as shown in Fig. 2(c). These
solid PLs showed a small bathochromic shift and broader emi-
ssion than the solution PLs of the complexes. Such red-shift
and larger full width of half maximum (FWHM) of the film PL
spectra were attributed to the formation of complex excimers
through the strong n-x interaction. "> The iridium complexes
of 4-Me-2,3-dpq and przI-R also showed similar phenomena.

We investigated electrochemical properties of the Ir com-
plexes by the cyclic voltammetry (CV), which reveal their po-
sitions of the HOMO/LUMO.'*" The oxidation potentials which
indicates the HOMOs of Ir(4-Me-2,3-dpq)(przl-R) were re-
versible in the range of 0.32 - 0.39 eV relative to an internal
ferrocenium/ferrocene reference (Fc'/Fc). The deduced HOMO
levels of the Ir(4-Me-2,3-dpq).(przl-CsHsF) and Ir(4-Me-2,3-
dpq)a(przl-CsHa-C1oH7) were lowest (=5.19 and -5.18 eV, res-
pectively), while that of Ir(4-Me-2,3-dpq)»(przl-CsHs-N(CH3),)
was highest with =5.12 eV. Therefore, it is possible to consider
that an electron donating and an electron withdrawing group
in przl-R effectively raises and lowers the HOMO level of the
complex, respectively. In addition, increase of the w conjuga-
tion length in przl-R contributes to lowering of HOMO level of
the complex. The oxidation potentials of the iridium complexes
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Table 1. Physical parameters for the complexes
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Ir complex Aab/NM’  Aem/nm” EodV’ Ees/V' HOMO/eV’ LUMO/eV’  AE/eV!
Ir(4-Me-2,3-dpq)a(przl-CsHy-F) 350, 430 600 0.39 -1.64 -5.19 -3.16 2.03
Ir(4-Me-2,3-dpq)a(przl-CeHs-N(CH3)2) 352, 430 601 0.32 -1.67 -5.12 -3.13 2.0
Ir(4-Me-2,3-dpq)a(przl-CoHy) 348, 430 600 0.38 -1.64 -5.18 -3.16 2.02
Ir(2,3-dpqx-F2)x(przl-CsHy-F) 366, 468 637 0.23¢ -1.72 -5.03¢ -3.08 1.95¢
Ir(2,3-dpqx-F2)x(przl-CioHy) 365, 468 637 0.22¢ -1.72 -5.02¢ -3.08 1.95°

“Measured in CH>Cl, solution. “scanrate: 100 mV/s, Electrolyte: tetrabutylammonium hexafluorophosphate. The potentials are quoted against the inter-
nal ferrocene standard. “Deduced from the equation HOMO = ~4.8 - E,,,, LUMO =—4.8 — E,.... ““Calculated from the optical edge and the relation AE =

HOMO - LUMO.

Table 2. Characteristic of OLED devices with the iridium complex

Ir complexes PL Amax EL Amax Luminance’ Luminance Efﬁciencyb CIE
p (nm) (nm) (cd/m’) (cd/A) Coordinates
Ir(2,3-dpgx-F2)2(przl-CsHuF) 637 636 1212 2.61 (0.689, 0.309)

“Luminance and luminance efficiency were measured at 11 and 5V, respectively.

containing 2,3-dpgx-F» were not clearly shown in the electro-
chemical windows and thus their HOMOs were estimated from
their optical edges. In the meantime, the reduction potentials of
the complexes did not show the reversible wave. The reduc-
tion potentials of the complexes in this study were measured
between —1.64 and —1.72 eV. The electronic effects by the elec-
tron donating/withdrawing groups on the LUMOs of the com-
plexes were also consistent with their HOMO results. How-
ever, it was found that the resulting AEs (Eox - Ereq) of the com-
plexes were almost identical in the range of 2.0 - 2.03 eV for
Ir(4-Me-2,3-dpq)2(przl-R) and 3.07 - 3.08 eV for Ir(2,3-dpgx-F>)
(przl-R). Thus, the emission color which is determined by the
HOMO and LUMO gap of the complexes did not show a sub-
stantial change related to the substituent in the ancillary ligands.
The detailed CV data were summarized in Table 1. Therefore,
the substituents on przl ancillary ligand studied herein did not
have a significant effect on PL color determination of their
iridium complexes though electronic properties of ancillary
substituents had an influence on the HOMOs and LUMOs of
the complexes individually. On the other hand, our study con-
firmed that the emission color of the iridium complexes were
mostly determined by the main ligand, dpg/dpgx, in the com-
plexes.

The electroluminescence (EL) properties were also investi-
gated. The configuration of the EL devices with Ir(2,3-dpgx-F>),
(przl-CsH4-F) was ITO/ NPB (50 nm)/ CBP: 8% Dopant (30 nm)/
Bphen (30 nm) / Liq (2 nm)/Al (100 nm). As shown in Fig. 3(d),
the EL spectrum resembles its corresponding PL spectrum from
the dilute solution, indicating that the same optical transition is
responsible for the light emission. The luminance and luminous
efficiency of Ir(2,3-dpqx-F2)2(przl-C¢Hs-F), were 1212 cd/m’
and 2.61 cd/A, respectively.

Conclusion

The new red phosphorescent iridium complexes, Ir(4-Me-
2,3-dpq)2(przl-R) and Ir(2,3-dpgx-F2)2(przl-R), were prepared
for the potential application to OLEDs, and their photoabsorp-
tion, PL and electrochemical properties were investigated. The

main ligands, dpq and dpgx, had an important effect on the
photophysical properties of their iridium complexes and the
resulting emission color of the complexes. The electron-do-
nating/withdrawing properties of the substituents in the przl
ancillary ligands were also reflected in the energy levels of the
HOMOs and the LUMO:s of the complexes, respectively. How-
ever, the electrochemical gaps between their HOMO and LUMO
levels remained almost the same and thus the emission color
which was determined by these gaps was not affected signi-
ficantly.
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