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Abstract: The synthesis and photophysical study of a family of cyclometalated iridium(lll) complexes are
reported. The iridium complexes have two cyclometala@dN) ligands and a single monoanionic, bidentate
ancillary ligand (LX), i.e.,C"Nqlr(LX). The C*N ligands can be any of a wide variety of organometallic
ligands. The LX ligands used for this study were @Aitiketonates, with the major emphasis placed on
acetylacetonate (acac) complexes. The majority o&xhe,Ir(acac) complexes phosphoresce with high quantum
efficiencies (solution quantum yields, 6:0.6), and microsecond lifetimes (e.g- 14 us). The strongly allowed
phosphorescence in these complexes is the result of significart@hit coupling of the Ir center. The lowest
energy (emissive) excited state in th&XeN,Ir(acac) complexes is a mixture @¥LCT and 3(z—x*) states.

By choosing the appropriat®@"N ligand, C*Nlr(acac) complexes can be prepared which emit in any color
from green to red. Simple, systematic changes inGhi ligands, which lead to bathochromic shifts of the
free ligands, lead to similar bathochromic shifts in the Ir complexes of the same ligands, consiste@t'Wjth “
Ir’-centered emission. Three of tl& N.Ir(acac) complexes were used as dopants for organic light emitting
diodes (OLEDs). The three Ir complexes, i.e., bis(2-phenylpyridinatd-Jitj@ium(acetylacetonateppyslr-
(acac)], bis(2-phenyl benzothiozolato-N)@idium(acetylacetonatepfIr(acac)], and bis(2-(2benzothienyl)-
pyridinato-N,Q)iridium(acetylacetonate)bfp.Ir(acac)], were doped into the emissive region of multilayer,
vapor-deposited OLEDs. Thepylr(acac)-,bt:lr(acac)-, andbtpylr(acac)-based OLEDs give green, yellow,
and red electroluminescence, respectively, with very similar curnesitage characteristics. The OLEDs give
high external quantum efficiencies, ranging from 6 to 12.3%, witrpihelr(acac) giving the highest efficiency
(12.3%, 38 Im/W,>50 Cd/A). Thebtplr(acac)-based device gives saturated red emission with a quantum
efficiency of 6.5% and a luminance efficiency of 2.2 Im/W. Th&\,Ir(acac)-doped OLEDs show some of
the highest efficiencies reported for organic light emitting diodes. The high efficiencies result from efficient
trapping and radiative relaxation of the singlet and triplet excitons formed in the electroluminescent process.

Introduction of the 4d or 5d ion leads to efficient intersystem crossing of
the singlet excited states to the triplet maniféldhe long
lifetimes of these excited states are due to the triplet character
of this state. Mixing of the singlet and triplet excited states, via
spin—orbit coupling, removes the spin-forbidden nature of the
radiative relaxation of the triplet state, leading to high phos-
phorescence efficiencies.

Researchers have directed their attention to the photochem-
istry and photophysics of Rt and O%" complexes, with the
majority of the effort being focused on metaliimine com-
plexes, such as the bipyridine and phenanthroline compfexes.
*To whom correspondence should be addressed: (S.R.F.) forrest@ More recently, researchers have investigated the photophysics

The photophysics of octahedral ®and 5¢ complexes has
been studied extensivelyThese complexes, particularly those
prepared with Ru and Os, have been used in a variety of
photonic applications, including photocatalysis and photoelec-
trochemistry?2 These 8 complexes are attractive in photochemi-
cal applications, because they generally have long-lived excited
states and high luminescence efficiencies, increasing the likeli-
hood of either energy or electron transfer occurring prior to
radiative or nonradiative relaxation. Strong sporbit coupling
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Phosphorescent Bis-Cyclometalated Iridium Complexes

of isoelectronic Rf™ and 18" complexes, with both diimine
and cyclometalated ligands, such as 2-phenylpyidin&d-C
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electror-hole recombination are trapped at the phosphor, where
strong spir-orbit coupling leads to singletriplet state mixing

(ppy).® The cyclometalated ligands are formally monoanionic and, hence, efficient phosphorescent emission at room temper-
and can thus be used to prepare neutral tris-ligand complexesature. Both singlet and triplet excited states can be trapped at
which are isoelectronic with the cationic trisdiimine complexes the phosphor. OLEDs prepared with these heavy metal com-
of Ru and Os, e.g.fac-M(ppy)s,® fac-M(2-(a-thiopheneyl)- plexes are the most efficient OLEDs reported to date, with
pyridine) (fac = facial).” The & Ir complexes show intense internal quantum efficiencies exceeding 75% (photons/electrons)
phosphorescence at room temperature, while the Rh complexe>15% external efficiency}? Furthermore, OLEDs have been
give measurable emission only at low temperatures, consistentprepared withC*NIr(LX) phosphor dopants, giving efficient
with stronger spirorbit coupling of Ir relative to Rh. The  green, yellow, or red emission. The external quantum efficien-
electronic transitions responsible for luminescence in these cies for these devices vary from 5% to nearly 20%. In this work,
complexes have been assigned to a mixture of metal-to-ligandwe explore the photophysical and electroluminescent properties

charge-transfer (MLCT) an&(z—x*) ligand state$. We have

of a series of Ir complexes used as efficient phosphorescent

recently found that highly emissive Ir complexes can be formed dopants in OLEDs. We demonstrate that, by optimizing the

with two cyclometalated ligands (abbreviated hereaftet/as)
and a single monoanionic, bidentate ancillary ligand (EXhe

molecular structure of2"N,Ir(LX) dopants and the energy-
transfer process, exceedingly high external and power efficien-

emission colors from these complexes are strongly dependentcies can be obtained in the green to red spectral region.

on the choice of cyclometalating ligand, ranging from green to
red, with room-temperature lifetimes from 1 to 14. The
photophysical properties of the€&' N,Ir(LX) complexes are

Experimental Section

Synthesis.All synthetic procedures involving IrgH,O and other

Slml|al'. to thos_e observed for the tris-cyclometalated complexes, Ir(Ill) species were carried out in inert gas atmosphere despite the air
and will be discussed below. stability of the compounds, the main concern being the oxidative
Heavy metal complexes, particularly those containing Pt and stability of intermediate complexes at the high temperatures used in
Ir, can serve as efficient phosphors in organic light emitting the reactions. NMR spectra were recorded on Bruker AMX 360- or
devicest?In these devices, holes and electrons are injected into 500-MHz instruments. High-resolution mass spectrometry was carried
opposite surfaces of a planar multilayer organic thin film. The outby the mass specroscopy facility at the Frick Chemistry Laboratory,
holes and electrons migrate through the thin film, to a material Princeton University. Elemental analyses (C, H, N) were carried out
interface, where they recombine to form radiative excited states, PY standard combustion analysis by the Microanalysis Laboratory at
or excitons. This electrically generated exciton can be either athe University of lllinois, Urbanac_hampa_gne.
. . . L . Cyclometalated Ir(lll)u-chloro-bridged dimers of a general formula
singlet or a triplet. Both theoretical predictions and experimental

measurements give a singlet/triplet ratio for these excitons of 1

to 31! Fluorescent materials typically used to fabricate organic
light emitting diodes (OLEDs) do not give detectable triplet

emission (i.e., phosphorescence), nor is there evidence for

C*Nalr(u-Cl)2lrC*N, were synthesized according to the Nonoyama
route, by refluxing IrCi{-nH,O (Next Chimica) with 2-2.5 equiv of
cyclometalating ligand in a 3:1 mixture of 2-ethoxyethanol (Aldrich
Sigma) and watet®

C"Nzlr(acac),C"N = ppy, tpy, bzq bt, absn andpqg were prepared

significant intersystem crossing between the triplet and singlet as described previousty.

manifolds at room temperature. The singlet/triplet ratio thus
implies a limitation of 25% for the internal quantum efficiency
for OLEDs based on fluorescence. By doping OLEDs with
heavy metal phosphors, we have shown that the singfiplet
limitation can be eliminate# The excited states generated by

(4) (a) Anderson, P. A.; Anderson, R. F.; Furue, M.; Junk, P. C.; Keene,
F. R.; Patterson, B. T.; Yeomans, B. horg. Chem.200Q 39, 2721
2728. (b) Li, C.; Hoffman, M. Zlnorg. Chem.1998 37, 830-832. (c)
Berg-Brennan, C.; Subramanian, P.; Absi, M.; Stern, C.; Hupp, lhofg.
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(6) (a) Garces, F. O.; King, K. A.; Watts, R. lhorg. Chem.1988 27,
3464-3471. (b) Dedian, K.; Djurovich, P. I.; Garces, F. O.; Carlson, G.;
Watts, R. JInorg. Chem.1991], 30, 1685-1687. (c) Schmid, B.; Garces,
F. O.; Watts, R. Jinorg. Chem1994 33, 9—14. (d) King, K. A.; Spellane,
P. J.; Watts, R. . Am. Chem. S0d.985 107, 1432-1433.

(7) Colombo, M. G.; Brunold, T. C.; Riedener, T..'@Gal, H. U.; Fatsch,
M.; Burgi, H.-B. Inorg. Chem.1994 33, 545-550.

(8) (@) Wilde, A. P.; King, K. A.; Watts, R. Jl. Phys. Cheml991, 95,
629-634. (b) Sprouse, S.; King, K. A.; Spellane, P. J.; Watts, R. Am.
Chem. Socl984 106, 6647-6653. (c) Crosby, G. Al. Chim. Phys1967,

64, 160. (d) Columbo, M. C.; Hauser, A.;"@el, H. U.Top. Curr. Chem.
1994 171, 143.

(9) Lamansky, S.; Djurovich, P.; Murphy, D.; Abdel-Razagq, F.; Kwong,
R.; Tsyba, |.; Bortz, M.; Mui, B.; Bau, R.; Thompson, M. Borg. Chem.
2001 40, 1704-1711.

(10) (a) Baldo, M. A.; O'Brien, D. F.; You, Y.; Shoustikov, A.; Sibley,
S.; Thompson, M. E.; Forrest, S. Rature1998,395 151—-154. (b) Baldo,

M A.; Lamansky, S.; Burrows, P. E.; Thompson, M. E.; Forrest, SAfl.
Phys. Lett1999, 75 4—6. (c) Thompson, M. E.; Burrows, P. E.; Forrest,
S. R.Curr. Opin. Solid State Mater. Sc1999,4, 369.

(11) Baldo, M. A.; O'Brien, D. F.; Thompson, M. E.; Forrest, S.ARys.

Rev. B 1999 60, 14422.

Synthesis of C"N).Ir(acac) Complexes. General ProcedureThe
chloro-bridged dimer complex (0.08 mmol), 0.2 mmol of acetyl acetone,
and 85-90 mg of sodium carbonate were refluxed in an inert
atmosphere in 2-ethoxyethanol for-125 h. After cooling to room
temperature, a colored precipitate was filtered off and washed with
water, hexane, and ether. The crude product was flash chromatographed
on a silica column with dichloromethane mobile phase to yieldb—
90% of the pureC”Nzlr(acac), after solvent evaporation and drying.

thpar(acac): Iridium(lll) bis(2-(2-thienyl)pyridinato-N,@) (acetyl
acetonate) (yield 83%}H NMR (360 MHz, acetonek): &, ppm 8.41
(d, 2H,35.8 Hz), 7.79 (id, 2HJ 7.9, 1.6 Hz), 7.56 (d, 2H] 7.9 Hz),
7.22 (d, 2HJ 4.7 Hz), 7.11 (id, 2H) 6.3, 1.6 Hz), 6.09 (d, 2H] 4.7
Hz), 5.29 (s, 1H), 1.72 (s, 6H). Anal. Found C 45.33, H 3.00, N 4.81.
Calcd C 45.16, H 3.13, N 4.58.

btplr(acac): Iridium(lll) bis(2-(2-benzothienyl)pyridinato-N,&
(acetylacetonate) (yield 72%3)H NMR (360 MHz, acdtonek): 9,
ppm 8.39 (d, 2H, 5.9 Hz), 7.80 (t, 2H,) 7.9 Hz), 7.77 (d, 2H, 8.0
Hz), 7.68 (d, 2H, J 8.0 Hz), 7.25 (t, 2H, J 7.0 Hz), 7.10 (t, 2H, J 7.1
Hz), 6.82 (t, 2H, J 8.0 Hz), 6.40 (d, 2H,7.3 Hz), 5.70 (s, 1H), 1.90
(s, 6H). Anal. Found C 52.51, H 3.29, N 4.01. Calcd C 52.30, H 3.26,
N 3.94.

dpalr(acac): Iridium(lll) bis(2,4-diphenyloxazolato-1,3-NYJacetyl
acetonate) (yield 93%3H NMR (360 MHz, CDC}): 6, ppm 7.79 (d,
4H,J 7.4 Hz), 7.53 (d, 2H) 7.9 Hz), 7.49 (m, 6H), 7.45 (s, 2H), 7.40
(t, 2H,J 7.4 Hz), 6.84 (t, 2H) 7.4 Hz), 6.76 (t, 2HJ 7.4 Hz), 6.62 (d,
2H, J 7.9 Hz), 5.25 (s, 1H), 1.86 (s, 6H). Anal. Found C 56.35, H
3.67, N 3.89. Calcd C 57.44, H 3.72, N. 3.83.

Cé6lr(acac): Iridium(lll) bis(3-(2-benzothiazolyl)-7-(diethylamino)-
2H-1-benzopyran-2-onato:N?) (acetyl acetonate) (yield 59%)H

(12) Adachi, C.; Baldo, M. A.; Forrest, S. R.; Thompson, M.Appl.
Phys. Lett.200Q 78, 1704.
(13) Nonoyama, MBull. Chem. Soc. Jprl974 47, 767—768.
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Table 1. Photophysical Data foE"N.lr(acac) Complexés

C"N emission lifetime (us) quantum
ligand absorbance (log ) Amax (NM) 298 K efficiency
bo 262 (4.7), 269 (4.6), 298 (4.6), 310 (4.5), 343 (4.0), 525 1.1 0.25

383 (3.8), 425 (3.7), 462 (3.6), 510 (2.6)
bon 266 (4.8), 298 (4.7), 326 (4.6), 360 (4.4), 410 (4.1), 586 1.3 0.11
458 (4.0), 491 (4.0)
bzd 260 (4.6), 360 (3.9), 470 (3.3), 500 (3.2) 548 4.5 0.27
o-bsn 274 (4.7), 300 (4.6), 345 (4.5), 427 (4.0), 476 (4.0), 506 (3.9) 606 1.8 0.22
p-bsn 328 (4.7), 348 (4.6), 420 (3.8), 496 (3.5) 594 2.2 0.16
btth 286 (4.4), 327 (4.4), 405 (4.0), 437 (4.0), 478 (3.9) 593 3.6 0.21
bt® 269 (4.6), 313 (4.4), 327 (4.5), 408 (3.8), 447 (3.8), 557 1.8 0.26
493 (3.4), 540 (3.0)
btp 286 (4.5), 340 (4.1), 355 (3.9), 495 (3.7) 612 5.8 0.21
C6 444 (4.8), 472 (4.8) 585 14 0.6
op 258 (4.4), 294 (4.2), 336 (4.1), 372 (3.8), 456 (3.5) 520 2.3 0.14
dpo 297 (4.8), 369 (4.0), 420 (3.9), 443 (3.9) 550 3.0 0.1
ppy 260 (4.5), 345 (3.8), 412 (3.4), 460 (3.3), 497 (3.0) 516 1.6 0.34
pc? 268 (5.0), 349 (4.4), 433 (3.9), 467 (3.9), 553 (3.6) 597 2 0.1
thp 302 (4.4), 336 (4.1), 387 (3.8), 453 (3.5) 562 5.3 0.12
tpy? 270 (4.5), 370 (3.7), 410 (3.5), 460 (3.4), 495 (3.0) 512 3.1 0.31

a All of the data were collected for 2-methyltetrahydrofuran solutions.

NMR (360 MHz, CDC}): 6, ppm 7.86 (d, 2HJ 8.0 Hz), 7.58 (d, 2H, (CBP) host and a phosphorescent dopant, with both deposition rates

J 8.0 Hz), 7.29 (t, 2HJ 8.0 Hz), 7.21 (t, 2H)] 7.4 Hz), 6.29 (s, 2H), being controlled with two independent quartz crystal oscillatopse.-

6.05 (d, 2H,J 9.7 Hz), 5.83 (d, 2H)J 9.1 Hz), 5.27 (s, 1H), 3.20 (m, Ir(acac),bt.lr(acac), andbtplr(acac) with a dopant concentration of

8H), 1.68 (s, 6H), 1.03 (t, 12H] 7.4 Hz). Anal. Found C 52.45, H ~7% were utilized to promote short-range Dexter transfer of the triplet

4.33, N 5.33. Calcd C 54.58, H 4.17, N 5.66. excitons without concentration quenchihglext, a 10-nm-thick 2,9-
bonplr(acac): Iridium(lll) bis(2-(1-naphthyl)benzooxazolato-N)C dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) as a hole and exciton

(acetyl acetonate) (yield 709 NMR (360 MHz, CDC}): o, ppm blocking layer (HBL) and 40-nm-thick tris(8-hydroxyquinoline)-

1.82 (s,6 H), 5.24 (s, 1H), 6.70 (d, 28,8.5 Hz), 7.07 (d, 2H, 8.2 aluminum (Alg) as an electron transport layer were deposited on the
Hz),7.28 (t, 2H,J 7.5 Hz), 7.41(t, 2HJ 7.5 Hz), 7.47 (d, 2HJ 8.2 emitter layer. Finally, a shadow mask with 1-mm-diameter openings
Hz), 7.55 (m, 6H), 7.80 (d, 2H] 7.50 Hz), 8.89 (d, 2H, 8.5 Hz). was used to define the cathode consisting of a 100-nm-thick My
High-resolution MS: calculated W780.1600; observed M780.1592. layer, with a 20-nm-thick Ag cap. Current densityoltage—luminance

pbsnr(acac): Iridium(Ill) bis(2-(2-naphthyl)benzothiazolato-N)C (J—V—L) measurements were obtained using a semiconductor param-
(acetyl acetonate). (yield 7094 NMR (360 MHz, CQCl,): 8, ppm eter analyzer and a calibrated silicon photodiode.
8.25 (s, 2 H), 8.16 (d, 2 HJ 8 Hz), 8.05 (d, 2 HJ 8 Hz), 7.71 (t, 2
H, J4.5 Hz), 7.52 (m, 4 H), 7.18 (m, 6 H), 6.74 (s, 2 H), 5.24 (s, 1 H),
1.79 (s, 6 H). Anal. Found C 56.68, H 3.22, N 3.59. Calcd C 56.56, H
3.51,N3.03. . , Synthesis and Characterization ofC"NIr(LX) Complexes.
oplr(acac): Iridium(lll) bis(2-phenyl oxazolinato-NZCacetyl ac- C*NJIr(LX) complexes have been prepared, with several dif-

etonate) (yield 70%)H NMR (360 MHz, CQ.Cl,): d, ppm 7.26 (d, N . . .
2H, 7.8 Hz), 6.86 (m, 4 H), 6.8 (t, 2H1 6.8 Hz), 5.22 (s, 1 H), 4.98 ferentC"N and LX ligands, Figure 1 and Table 1. The synthetic

Results and Discussion

(dd, 2H,J 8.6, 8.3 Hz), 4.87 (dd, 2H] 8.6, 8.3 Hz), 4.04 (dd, 2H] procedure used to prepare these complexes involves two®steps.
12.7, 7.7 Hz), 3.82 (dd, 2HJ) 12.7, 7.7 Hz), 1.80 (s, 6H). High- I the first step, IrG#nH,O is reacted with an excess of the
resolution MS: calculated M584.1287; observed M584.1295. desiredC”N ligand to give a chloride-bridged dimer, i.€}N,-

Optical Measurements.Absorption spectra were recorded on AVIV  Ir(u-Cl)2IrC”Nz, eq 1. The NMR spectra of these complexes
model 14DS UV~ visible—IR spectrophotometer (re-engineered Cary
14) and corrected for background due to solvent absorption. Emission A .
spectra were recorded on PTI QuantaMaster model C-60SE spectro- 2|rC| "NH,0 + 2C°NH
fluorometer with 928 PMT detector and corrected for detector sensitivity C"N,Ir(u-Cl),IrC"N, + 2HCI + 2CI (1)
inhomogeneity. Emission quantum yields were determined usittg
Ir(ppy)s as a referenc¥. Emission lifetimes were obtained by expo- A _ A oA
nential fit of emission deca§ curves recorded on a PTI TimeMaster CONIr(u-ClrC™N, + 2LXH — 2C"NIr(LX) + 2HC|2
model C-60SE spectrofluorometer.

OLED Fabrication and Testing. The OLED structure employed . . _— .
in this study is shown in the inset of Figure 6. Organic layers were are consistent with the heterocyclic rings of @@eN ligands

fabricated by high-vacuum (18Torr) thermal evaporation onto a glass ~ P€iNg in a trans disposition, as shown in Figure 1b. The chloride-
substrate precoated with an indiutin—oxide (ITO) layer with a sheet  bridged dimers can be readily converted to emissive, monomeric
resistance of 2@/0. Prior to use, the ITO surface was ultrasonicated complexes by replacing the bridging chlorides with bidentate,
in a detergent solution followed by a deionized water rinse, dipped monoanionigs-diketonate ligands (LX), eq 2. These reactions
into acetone, trichloroethylene, and 2-propanol, and then degreased ingive C"N,Ir(LX) with a yield of typically >80%.

2-propanol vapor. After degreasing, the substrate was oxidized and v 5\, orystallographic studies have been carried out for two
cleaned in a UV-ozone chamber before it was loaded into an evaporator.CANzlr(LX) complexes, i.e., ipyslr(acac) and tpy)lr(acac)

A 50-nm-thick film of 4,4-bis[N-(naphthyIN-phenylamino)biphenyl - g
(a-NPD) served as the hole transport layer (HTL). The light emiting (2C2C= acetylacetonaté)The Ir in both of thes€”N,lIr(acac)

layer was prepared by coevaporating a-4A-dicarbazolebiphenyl ~ complexes is octahedrally coordinated by the three chelating
ligands, with the pyridyl groups in a trans disposition, as shown

10§1‘1‘)4§i2f191v4§-3'°\-3 Spellane, P. J.; Watts, R.d. Am. Chem. S04985 schematically in Figure 1b. The coordination geometries of the

(15) O'Connor, D. V.; Phillips, D.Time-Correlated Single Photon ~ C'Nal” fragment in both thetpy and ppy iridium.acac.
Counting Academic Press: London, 1984; p 287. complexes are the same as that reported for the chloride-bridged
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Figure 1. Cyclometalating €"N) and ancillary (LX) Ilgands used to prepa2Nalr(LX) complexes, (a). The abbreviations used throughout the
paper for each ligand are listed below tHe"N.Ir” or “Ir(LX)” fragment. The coordination geometries of the chloride-bridged dimer @nil,-
Ir(LX) complexes are shown in (b).

dimers andC"NaIr(bpy)* complexes of the san@"N ligands1® 6000 M1 cm™?, respectively. Ther—x* absorption bands for

The C"Nalr(LX) complexes are stable in air and can be sublimed these complexes fall in the ultraviolet and closely resemble the

in a vacuum without decomposition. spectra of the fre€"N ligands. BothtMLCT and3MLCT bands
Photophysical Properties of C*"Nalr(LX) Complexes. In are typically observed for these complexes. The high degree of

order for theC"Nalr(LX) complexes to be useful as phosphors spin—orbit coupling is evident in comparing the oscillator
in organic light emitting diodes, strong spinrbit coupling must strengths for the two MLCT bands. For example, the singlet
be present to efficiently mix the singlet and triplet excited states. and triplet MLCT bands foppy.lr(acac) fall at 410 and 460
Clear evidence for significant mixing of the singlet and triplet nm, respectively (see Figure 2 and Table 1), with less than a
excited states is seen in both the absorption and emission spectrgactor of 2 difference in their extinction coefficients. Strong
of these complexes. All of th€ Nalr(LX) complexes show  spin—orbit coupling on Ir gives the formally spin-forbiddén
intense absorption fror@”N ligand 7—s* and MLCT transi- M| CT an intensity comparable to the allowdMLCT. The

tions. The absorption spectra for tippy, bzq thp, and btp energies of these singlet and triplet MLCT absorptions are very
complexes are shown in Figure 2. The extinction coefficients similar to those reported fqupysIr(bpy)*,7 ppyslr(H,0),", 18

for these bands are in the ranges expectedtferr* ligand-

K. W.; Watts, R. JJ. Phys. Chem1987 91, 1047-1058. (b) Colombo,
(16) Carlson, G. A.; Djurovich, P. I.; Watts, R. lhorg. Chem.1993 M. G.; Hauser, A.; Gudel, H. Unorg. Chem.1993 32, 3088-3092.

32, 4483-4484. (18) Schmid, B.; Garces, F. O.; Watts, Rinbrg. Chem1994 33, 9—14.
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complexes. The spectra have been offset for clarity. All four complexes
have extinction coefficients 0f0.0 at 550 nm. (bottom) Photolumi-
nescence spectra for the same complexes.

Figure 3. Solution photoluminescence, excitation, and absorption
spectra ofC6;Ir(acac) andC6 (top) anddpalr(acac) andipo (bottom).

and no observable phosphorescence. Fur®@gnddpo have

the requisite structures to make them suitable for cyclometalation
reactions with Ir and have been used to m&ke\,lr(acac)
complexes. Coordination to Ir shifts the emission maximum of
C6 from 500 nm in the free dye to 570 nm f@6;lr(acac), as
shown in Figure 3, providing striking evidence for intersystem
crossing induced by the proximity of the heavy Ir atom. This Ir
complex has a high quantum yield for emission of 0.6 and the

andppylr(u-Cl)2lrppye.t® The ppy, bzq thp, andbtp complexes
have very similaMLCT energies, withimax values ranging
from 440 to 490 nm (top inset of Figure 2 and Table 1). The
similarity of MLCT energies for these complexes is not
surprising, since all four complexes have MLCT states involving
very similar (pyridyl) acceptors.

1. Correlation of Absorption and Emission Bands. In
addition to SMLCT absorption bands with high oscillator
strengths, strong spirorbit coupling leads to efficient phos-  lifetime is 14 us. The excitation spectrum faZ6Ir(acac) is
phorescence in the majority of th&"Nalr(LX) complexes very similar to that of pureC6 and gives a good match to the
reported here. The room-temperature (solution) quantum yieldsabsorption spectrum of the Ir complex. A more marked red shift
of these complexes range from 0.1 to 0.6 (Table 1), and their is observed on metalation dpo, whoseimax for emission shifts
luminescent lifetimes fall between 1 and A4, consistent with ~ from 365 nm for fluorescence from the free dye to 550 nm for
emission from a triplet excited state. The positions of the Phosphorescence fromiposlr(acac). The excitation spectrum
maximums in the excitation spectra for these complexes arematches the absorption spectrum dpolr(acac), with a
very similar to those in their absorption spectra. Pumping either maximum efficiency at an energy close to the MLCT band. The
ligand-based or MLCT transitions efficiently gives the same quantum efficiency and lifetime for thépoIr complex are 0.1

phosphorescent excited state, as illustratedf@r(acac) and ~ and 3us, as expected for Ir-promoted phosphorescence from
dpolr(acac) in Figure 3. the dpo ligand. The quantum vyields for these phosphorescent

Note thatC6 and dpo are common fluorescent laser dyes. transitions are high, especial.lr(acac), which has a quantum

Solutions ofC6 give green fluorescence, while solutionsipo yield nearly as high as those of the fluorescent transi@én
give UV/violet fluorescenc& Both of these laser dyes give alone. In bothC6- and dpo-based complexes, the Ir center

h|gh quantum efficiencies for fluorescence at room temperature facilitates intersystem CrOSSing into the triplet levels of the laser

(19) Sprouse, S.; King, K. A.; Spellane, P. J.; Watts, R. Am. Chem. (20) Brackman, ULambdachrome Laser Dygand ed.; Lambda Physik
Soc.1984 106, 6647-6653. Ink.: Gdtingen, Germany, 1997.
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dye and efficient phosphorescence from these low-energy triplet

states. Efficient, ligand-based phosphorescence is common in

C"Ngalr(LX) complexes, making the design of new phosphors
straightforward, as described below.

Although theppy, bzq thp, andbtp complexes have similar
MLCT absorption energies, their emission spectra differ mark-
edly, Figure 2 (bottom). Thppy andbzqcomplexes exhibit a
small Stokes shift between tABILCT absorption and emission
bands, while thehp andbtp complexes give larger shifts. The
energy differences betweép, for the3MLCT absorption and
emission spectra gbpylr(acac) andozglr(acac) are 55 and
58 nm, respectively~+2200 cntl), wheras significantly larger
shifts are observed for tthp andbtp complexes (105 and 120
nm, respectively~4100 cnt?). It has been shown that the
emission spectra dac-Irppys andfac-Irthp; complexes result
from mixtures of MLCT and¥(z—s*) transitions?? fac-Irppys
emits from an excited state that is predominantly due to MLCT,
while fac-Irthps emits from a largely ligand-basefz—n*)
excited state. Thé(x—x*) level for phenylpyridine ppy) has
an energy of 460 nri#% which puts it at a sufficiently high energy
such that théMLCT becomes the lowest energy excited state.
In contrast, thé¥(x—x*) transition for thienylpyridine thp) is
at Amax = 564 nm, which is at an energy below tARILCT

J. Am. Chem. Soc., Vol. 123, No. 1831

N O N~

2888
o &y

—

—_
o
}

1

o
[$)]
1

Emission Intensity (arb. units)

o
o
1

550 6(|)0
Wavelength (nm)

Figure 4. Solution photoluminesccence spectrabofir(acac),btlr-
(acac)bonplr(acac) andxbsnlr(acac). The structures of the individual
C”N ligands are shown above the corresponding spectrum.

All four complexes show vibronic fine structure in their

energy, so a predominantly ligand-based state is the lowestemission spectra, as expected for ligand-based transitions. The

energy excited state ifac-Irthps. The Stokes shifts observed
for the C"Nglr(acac) complexes support similar assignments
here. Emission from a predominanflylLCT state would be
expected to have a small Stokes shift between 3eCT
absorption and emission bands, as seen dpy and bzq
complexes. Emission from a predominantly ligand-based excited

highest energy emission is observed for the benzoxabale (
complex. Substitution of S for O in a chromophob® (— bt)
leads to a 30-nm red shift, due the higher polarizibility and
basicity of sulfur relative to oxygetf, in this ligand-based
excited state. Increasing the size of the ligandystem is
expected to bathochromically shift electronic transitions, as is

state, however, should give a large Stokes shift between theobserved in converting a phenyl group to a naphthyl grdngp (

SMLCT absorption and emission bands, as observed fothjhe
andbtp complexes.

— bon), which leads to a 60-nm red shift. The effects of the
naphthyl and sulfur substitutions are nearly additive, leading to

The line shapes of the phosphorescence spectra of theséh 80-nm red shift when comparirgp to absn complexes.

complexes also support the hypothesis that gpg and bzq
complexes emit primarily from a MLCT state, while the other
complexes emit from(z—x*) CN states. The emission spectra

Unfortunately, we have been unable to detect phosphorescence
spectra from the free ligands, even at temperatures below 10
K, so we cannot directly correlate the phosphorescence spectra

for thp,Ir(acac) closely resemble the phosphorescence spectrunff the Ir complexes with those of th§z—z*) of the free

reported for the free organic ligarfd?-23supporting the assign-
ment of the lowest energy excited state to be predominantly
ligand-based? Vibronic fine structure is clearly observed for
the thp and btp ligands and is absent for thepy and bzq
complexes. Emission bands from MLCT states are generally
broad and featureless, whiler—7*) states typically give highly
structured emissioff. Significant vibronic fine structure is also
observed in the PL spectra of both t86 anddpo complexes,
consistent with emission from ligand-based excited states in
these complexes as well.

2. C"N Ligand Tuning of Phosphorescence.Further
evidence for significant ligand character in the emission spectra
can be seen in a series©@fNalr(acac) complexes prepared with
bo, bt, bon andabsnligands. The photoluminescence spectra
of these complexes show a pronounced red shift, Figure 4.

(21) (a) Colombo, M. G.; Brunold, T. C.; Riedener, T.;d&l, H. U.;
Fortsch, M.; Birgi, H.-B. Inorg. Chem1994 33, 545-550. (b) Colombo,
M. G.; Hauser, A.; Gudel, H. Unorg. Chem.1993 32, 3088-3092.

(22) Sarkar, A.; Sankar, A. Lumin.1995 65, 163-168.

(23) Colombo, M. G.; Hauser, A.; Glel, H. U.Top. Curr. Chem1994
171, 143-171 (Electronic and Vibronic Spectra of Transition Metal
Complexes ).

(24) sandrini, D.; Maestri, M., Ciano, M.; Balzani, V.; Lueoend, R.;
Deuschel-Cornioley, C.; Chassot, L.; von Zelewsky,@az. Chim. Ital.
1988 118 661.

(25) Sandrini, D.; Maestri, M., Ciano, M.; Balzani, V.; Deuschel-
Cornioley, C.; von Zelewsky, A.; Jolliet, RHelv. Chim. Actal988 71,
1053. Balton, C. B.; Murtaza, Z.; Shaver, R. J.; Rillema, DinBrg. Chem.
1992 31, 3230.

ligands. The luminescence energies of the four Ir complexes
do follow the same trend seen in the fluorescence spectra of
the free ligands, however, which ha¥ga.x values of 350, 360,
380 and 400 nm, respectively.

We also attempted to decrease the size of the ligasyktem,
in the hope of achieving a shift form green to blue emission.
The first approach we chose was to replace the metalated phenyl
group of theppy ligand with a smaller group, such as a vinyl
or cycloalkene (e.gC"N = 2-vinylpyridine, vinylbenzoxazole,
and 1-cyclohexenylbenzoxazole). Unfortunately, we have been
unable to cyclometalate ligands in which the phenyl has been
replaced with olefinic groups. We have succeeded in decreasing
the size of ther system in the benzoxazole portion of the ligand,
however, i.e op (2-(1-phenyl)oxazole, Figure 1). lap, the
phenylene group of thieo benzoxazole group has been replaced
with a vinylene group. The emission spectrumogklr(acac)
has itsimaxat 520 nm, only 5-nm blue shifted frobm,Ir(acac),
Table 1. Ther* state in both of these complexes is presumably
localized in the oxazole group and does not extend significantly
into the added phenyl ring of the benzoxazole group, leading
to only a modest shift in the phosphorescence energy on removal
of the phenyl ring.

Two different isomers of the naphthylbenzothiazoddgn
and pbsn have been used to prepare cyclometalated Ir

(26) Zollinger, H.Color Chemistry: Syntheses, Properties and Applica-
tions of Organic Dyes and Pigmen&nd ed.; VSH: Weinheim, Germany,
1991.



4310 J. Am. Chem. Soc., Vol. 123, No. 18, 2001

7723 acac
XN tmd
B bza

0.34F

%

e

€ 024 - 4
@ / Y

g o1 N
5 N

5 N

o 0.0 j e NG é&:&g .......

bzq, 540  thp, 565
C*Nligand, PL&__ (nm)

15 bt

[2]
(=]

5

PRy, 5 P,

Figure 5. Solution phosphorescence efficiencies@®N;Ir(LX) as a
function of the LX ligand for acac, tmb, bza, and dbm (see Figure 1).

complexes. The only chemical difference between these com-
plexes is the substitution at the naphthyl groups. The emission
efficiencies, lifetimes, and emission spectral line shapes of the
two complexes are similar. The principal difference in the
photophysical properties efbsnandgbsncomplexes are blue
shifts in the phosphorescence and absorption spectra 8btme
relative to theabsncomplex (e.g., emissioAmax = 593 and
606 nm, respectively). Both phosphorescence spectra sho
vibronic fine structure, consistent with ligand-based emission.
Unfortunately, we have been unable to observe phosphorescenc
from frozen solutions of thebsnandpgbsnfree ligands, so we
cannot determine if the blue shift for thieisomer is due the
electronic structure of the two ligands. On the basis of the
photophysics of related naphthyl complexes,henblue shift
is most likely not related to the Ir substitution. Similar blue
shifts are observed in other acceptor substituted naphthalen
derivatives, substituted in the &)- and 2 (3)-positions. For
example, the phosphorescence energy of 2-nitronaphthalene
blue shifted relative to that of 1-nitronaphthalene by 16%Am.
3. C’N vs LX Centered Emission. Three fac-IrC"Ns
complexes have been reported, ifacIr(ppy)s,28 fac-Ir(bzgs,?
andfac-Ir(thp)s.2° All three tris-chelate complexes have emission
spectra that are nearly identical to tBeNyIr(acac) complexes
with the same ligand$The phosphorescence quantum yields
and lifetimes for the two classes of complex for a given ligand

are also the same. The similarity of the two classes of complexes

is consistent with emission predominantly from th@"Nalr”
fragment inC"Nalr(acac) complexes.

For all of the complexes discussed thus far, the triplet levels
of the LX ligand (acac) lie well above the energies of €N
ligand and MLCT excited states. Thus, the luminescence is
dominated byC"N and MLCT transitions, leading to efficient
phosphorescence. If the triplet-state energy of the LX ligand is
lower in energy than th€”N 3(z—x*) or 3MLCT, however, a
triplet LX level will be the lowest energy excited state. A switch
from “C*Nqlr” to LX-based emission can be seen in a series of
complexes prepared with differefitdiketonates (i.e., acac, tmd,

bza, and dbm in Figure 1). The phosphorescence quantum

efficiencies for these complexes are provided in the bar graph
of Figure 5. The emission spectra and phosphorescence ef
ficiencies for the tmd complexes ppy, bzqg thp, andbtp are

(27) Rusakowicz, R.; Testa, A. Gpectochim. Acta, Part A971, 27,
787—92.

(28) (a) Garces, F. O.; King, K. A.; Watts, R.ldorg. Chem1988 27,
3464-3471. (b) Dedian, K.; Djurovich, P. I.; Garces, F. O.; Carlson, G.;
Watts, R. JInorg. Chem.1991 30, 1685-1687.

(29) Colombo, M. G.; Brunold, T. C.; Riedener, T.; @al, H. U.; Fatsch,
M.; Burgi, H.-B. Inorg. Chem.1994 33, 545-550.
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identical to those of the same complexes prepared with an acac
LX ligand. All of these complexes emit from states within the
“C”NgIr” fragment as discussed above. When the LX ligand is
bza, emission from thppy, bzq andthp complexes are largely
qguenchedgpnos < 0.01). In contrast, thétp complex ptpslr-
(bza)) gives a quantum efficiency of 0.1 and an emission
spectrum identical to that ddtpylr(acac). For theC”"Nalr(dbm)
complexes, all foulC”N ligands give very weak phosphores-
cence $pnos < 0.01). The triplet levels of these thrgedike-
tonates fall in the order tme& bza > dbm. Apparently, only
the ligand with the lowest triplet energy, i.€€"N = btp, has
a triplet level lower than dbm. Thus, only thég complex gives
emission from an excited state on th&"Nalr” fragment for
bza complexes. The other three complexes have their excited
states localized predominantly on the on the bza ligand, leading
to weak phosphorescence. All foGrN ligands give “C”*N).-
Ir’” fragments with triplet levels higher than dbm, so the emission
results from a dbm-based excited state, giving rise to very
inefficient phosphorescence for all fo@"N ligands.

4. OLEDs Prepared with C*"NaIr(LX) Complexes. Using
the phosphors discussed above it is possible to prepare efficient
OLEDs, which emit in a variety of colors. The OLED structure
used is the same one previously developeddcir(ppy)s-based
OLEDs, which gave green electroluminescence (EL), at an
external efficiency of 9%fex, photons/electronsy.In the C*N,-
Ir(acac)-based devices, the Ir phosphor was doped into the
emissive layer of the OLED, at a concentraion of 7 wt %. Figure
® (top) shows external quantum efficiencye{) and power
efficiency as functions of current density for OLEDs with a
ppy.lr(acac) dopant. A maximum external quantum efficiency
(nexy) Of 12.34 0.3% and a power efficiency of 38 3 Im/W-31
were obtained at a current density 0.01 mA?cifihe device
showed a gradual decrease 4y with increasing current

edensity, which is attributed to increasing triptdtiplet an-
_nihilation of the phosphor-bound excitoHs12 A maximum
I%ptical output of 32 500 cd/fwas obtained al = 2.4 Alcn?.

OLEDs prepared withbtpylr(acac) gave a peak quantum
efficiency of 6.6% and a power efficiency of 2.2 Im/W (at 1
mAJ/cn?). The external quantum efficiency and power efficiency
as functions of current density fdatp,lr(acac) based OLEDs
are shown in Figure 6 (bottom). These efficiency values are
the highest values reported for a red emissive OLED. Table 2
summarizes the EL performance withylr(acac),bt,Ir(acac),
and btpylr(acac) doped OLEDs. These devices give high
performance with EL emission colors in green, yellow, and red,
respectively. The device structures and layer thickness used here
were identical to those reported fiac-r(ppy)z-based OLED®
They have not been optimized for either low-voltage or high-
efficiency operation, so the quantum and power efficiency values
are lower limits. For example, lowering the doping concentration
of btlr(acac) from 7 to 4% increases the maximygy; from
9.5 to 11.9%, Figure 6 (middle). Data are also shown for an
OLED in which the bt)r(acac)-doped CBP film has been
replaced with a purdtlr(acac) luminescent film. Increasing
the concentration obtyr(acac) to 100% lowers the device
efficiency to 1.5%, due to enhanced self-quenching in the neat
btlr(acac) film. The device performances and electrical proper-

ties of the threeC"Nalr(LX)-based OLEDs are very similar,
which is consistent with similar mechanisms for exciton
formation and trapping at the phosphorescent centers. The lower

(30) Baldo, M. A.; Lamansky, S.; Burrows, P. E.; Thompson, M. E.;
Forrest, S. RAppl. Phys. Lett1999 75, 4—6.

(31) The lumen is a unit of optical power that is weighted by the human
eye response. For the EL spectrumppfplr(acac), there are roughly 500
lumens/optical watt.
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Ir(acac Table 2. OLED Performance oppy.lr(acac)-,bt.Ir(acac)-, and
PpY: ( ) btpyIr(acac)-Based OLEDs

dopant phosphor

ppylr(acac) btlr(acac) btpylr(acac)

EL color green yellow red
peak wavelength (nm) 525 565 617
CIE-x 0.31 0.51 0.68
CIE-y 0.64 0.49 0.33
luminance 3.300 2500 470
at 10 mA/cni(cd/n?)
drive voltage (V) 9.3 9.5 11.6
at 10 mA/cn?
ext quantum effic (%)
at 1 mA/cn? 10.0 9.7 6.6
at 10 mA/cni 7.6 8.3 6.0
1 at 100 mA/cm 5.4 5.5 4.6
S0 600 700 ‘ 1 power effic (Im/W) 18 11 2.2
10" N at 1 mA/cn?

10* 10" 10° 10" I .....1..02 | .....1..03. ““10“ i
) ) a Device structure, IT@-NPD (500 A)/doped CBP (300 A)/BCP
Current density (mA/cm”) (100 A)/Algs (400 A)/Mg—Ag. All three devices were prepared with
the dopant at a 7% loading in the CBP layer.

ot

-
A

-
=)
°
I

Quantum efficiency (%)
Power efficiency (Im/W)

EL intensity (a.u.)

400

bt,Ir(acac)
efficiency of thebtp ,lr(acac)-based OLED relative to tipgy-
T T _m— 4% doping in CBP ] Ir(acac) andtlr(acac) may be due to a lower phosphorescence
—0— 7% doping in CBP efficiency of the btp complex relative to theppy and bt
—A— 100% bt,Ir(acac) complexes.
‘ The EL spectra of th€"Nalr(acac)-based devices match those
of the same phosphors in a dilute solution. Thus, all EL emission
originates from the triplet excited states of the phosphors. The
Commission Internationale de L’Eclairage (CIE) coordinates for
the three OLEDs are shown in Figure 7 (left). The CIE system
is the standard for evaluating color quality for visual applica-
tions32 The btpylr(acac)-doped OLED gives a saturated red
O e 1 emission that has CIE coordinates close to the National
aaaasdaadarhase Television Standards Committee (NTSC) recommended red for
] 4 i, | a cath_od_e ray tube (CRT). Green emission figoglr(acac) is
very similar to Ir(ppy}-based OLEDs and a common fluores-
cence-based green OLED (Coumarin6:Aldrhe three com-
Current Density (mA/cm?) plexes used to fabricate OLEDs were chosen to be representative
of the family of C"NaIr(LX) phosphors. Figure 7 (right) shows
btp,Ir(acac) the CIE coordinates of the solution phosphorescent spectra of

T, all of theC"NyIr(acac) complexes reported here. All of {GEN,-

L { ] Ir(acac) complexes are expected to give OLEDs with efficiencies

. ]
] ﬂ-‘_j—\ ‘ ] similar to those reported for thepy, bt, and btp complexes.
b * ]

AT We expect that the EL and photoluminescence spectra of these
F ""'«««.,,,,,« phosphors are similar, so the coordinates of the phosphorescence
10° L I — ] % \

spectra shown in Figure 7 (right) will likely be the same for
\% = 10°

]
5

EL intensity (a.u.}

Quantum Efficiency (%)

1E-3 - 001 0.1 1 10 100

OLEDs prepared with these phosphors. TfeéNlr(acac) are
clearly a broad and widely tunable class of OLED phosphors.

Summary

It has been reported that phosphorescence in iridium tris-
cyclometalated complexes comes from a mixture of ligand
centeredd(z—n*), and SMLCT excited state$:33 While phos-

y 3 . phorescence results from a mixture of the two triplet states (and
10 T I E—— the IMLCT via spin—orbit coupling), the emissive excited state
10 10 10 10 10 10 . . . :
is predominantly(z—) or 3MLCT, depending on the energies
of the two excited states. The same situation is present in the

A
Figure 6. External quantum and power efficiencies of OLEDs using ((;cl:lzcl;(lfl;;(\zecr?igr?.l:ﬁgf&?ﬁg%zgf(;?;t)étspﬁ]réatchicg’ ;C?E%SIII:UC-
ppy.lr(acac):CBP (top)btlr(acac):CBP andtlr(acac) (middle), and ; . ' ’
btpelr(acac):CBP (bottom) emissive layers. The inset to the top plot tUred, predominantlyMLCT emission. The other complexes
shows the OLED structure used in this study. The EL spectrum of each f€ported here give phosphorescence spectra with a reasonable
device is shown as an inset on the relevant platdlPD = 4,4-bis- - — - -
[N-(naphthyIN-phenylamino)biphenyl, CBR 4,4-N,N'-dicarbazolyl- p|iégﬁgxg?&i§:édlﬁ!ﬁftﬁgx \[(DCISE Ia_}lygsgélzrgcgg\ology, Design, and Ap-

biphenyl, BCP= 2,9-dimethyl-4,7- diphenyl-l,10-phenanthroline (ba— (33) Colombo, M. G.; Hauser, A.; Gudel, H. Lhorg. Chem1993 32,
thocuproine), and Alg= tris(8-hydroxyquinoline)aluminum. 3088-3092.
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# X y OLED

1 026 062 Coumarin:Alg,

2 027 063 fac-Ir(ppy),
{13 031 064 ppy,lr(acac)

4 051 049 bt Ir(acac)

5 DCJT:Alg,

6 bip,Ir(acac)

0.0 02 0.4 0.6 0.8
X

0.0 0.2 0.4 0.6 0.8

Figure 7. The Commission Internationale déHclairage (CIE) chromaticity coordinates of OLEDs and phosphorescence speCtir LX)

complexes. The CIE coordinates for OLEDs wihyslr(acac):CBPbtilr(acac):CBP, anthtp.lr(acac)lr:CBP are shown relative to the fluorescence-

based devices, coumarine6:Algnd DCJT:Alg on the left. The CIE coordinates of the phosphorescence spectra of many 6fNak(LX)

complexes prepared here are shown to the right. The NTSC standard coordinates for the red, green, and blue subpixels of a CRT are at the corners
of the black triangle.

degree of vibronic fine structure and significant Stokes shifts, can result in a reduction of operating voltage and increased
consistent with predominant§(z—n)* C*N-based emission.  quantum efficiency.

By changing theC"N ligands in cyclometalated Ir complexes,

we demonstrated green to red electrophosphorescence with higib
1178(;4':I?ehsSlt':gspiEo:gsgﬁjn%?giﬁszﬁgﬁﬁzrild gfflggsesolssfag:%n the National Science Foundation for financial support of this
from the green to the red. We note that the device structure haswork'
the potential for further optimization. For example, the use of ~ Supporting Information Available: Synthetic and spec-
Li-based cathode'$;>*optimization of dopant concentration and  troscopic data for all of th€"Nalr(LX) complexes where LX
thickness of organic layers, and other device configurations = tmd, bza, and dbm reported in this paper. This material is
available free of charge via the Internet at http://pubs.acs.org.
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