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Abstract: A new series of iridium(lll) mixed ligand complexes TBA[Ir(ppy)2(CN)2] (1), TBA[Ir(ppy)(NCS).]
(2), TBA[Ir(ppy)2(NCO);] (3), and [Ir(ppy)2(acac)] (4) (ppy = 2-phenylpyridine; acac = acetoylacetonate,
TBA = tetrabutylammonium cation) have been developed and fully characterized by UV—vis, emission,
IR, NMR, and cyclic voltammetric studies. The lowest energy MLCT transitions are tuned from 463 to 494
nm by tuning the energy of the HOMO levels. These complexes show emission maxima in the blue, green,
and yellow region of the visible spectrum and exhibit unprecedented phosphorescence quantum yields,
97 £ 3% with an excited-state lifetimes of 1—3 us in dichloromethane solution at 298 K. The near-unity
guantum yields of these complexes are related to an increased energy gap between the triplet emitting
state and the deactivating eq level that have been achieved by meticulous selection of ligands having strong
ligand field strength. Organic light-emitting devices were fabricated using the complex 4 doped into a purified
4,4'-bis(carbazol-9-yl)biphenyl host exhibiting a maximum of the external quantum efficiencies of 13.2%
and a power efficiency of 37 Im/W for the 9 mol % doped system.

1. Introduction electron to photon conversion efficiency of 5.596.In these
devices holes and electrons are injected by opposite electrodes,
which migrate to an internal interface and recombine to form
excited states that can be nonradiative or radiative singlet or
triplet in nature. The highest phosphorescence quantum yields
reported for ruthenium complexes containing substitutett 2,2
%ipyridine and 1,10-phenanthroline ligands at 298 K are around
40%1

One of the main requirements for organic light-emitting
diodes (OLED) is that the complex should exhibit very high
phosphorescence quantum efficiencies. Iridium(lll) complexes
containing 2-phenylpyridine are known to exhibit high triplet
guantum yields due to mixing the singlet and the triplet excited
states via spirrorbit coupling, which enhances the triplet-state
subsequently, leading to high phosphorescence efficieHcits.
Several groups have used extensively Ir(lll)-based sensitizers
in light-emitting devices and obtained up to 12.3% external
quantum efficiencie%1%-22 Therefore, by increasing the sen-

The photophysical and photochemical properties ofud
thenium(ll), osmium(ll), rhenium(l), rhodium(lll), and iridium-
(Il have been thoroughly investigated during the last 2
decaded 2 The main thrust behind these studies is to understand
the energy and electron transfer processes in the excited stat
and to apply this knowledge to potential practical applications
such as in solar energy conversibmrganic light-emitting
diodes®~8 electroluminescenc®®and sensorkl-12Application
of panchromatic &@ruthenium and osmium complexes in dye-
sensitized solar cells yielded near-unity incident photon-to-
current conversion efficiency (IPCE3.2*However, utilization
of ruthenium(ll) complexes in light-emitting devices offered

TInstitute of Physical Chemistry, Swiss Federal.
* Laboratoire d’opto’lectronique des matiaux Moléculaires, Institut
des Mateiaux.
8 CFG Microelectronic.
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efficiency of light-emitting diodes. Nevertheless, achieving tetrafluoroborate (TBATFB, 0.1 M) was used as supporting electrolyte
room-temperature phosphorescence quantum efficiency closen dichloromethane solution. Ferrocene was added to each sample
to unity using transition metal complexes remained as a Solution at the end of the experiments and the ferrocenium/ferrocene
challenge in the field of inorganic photochemistry. In this paper re‘iox Coufle was used as an internal potential reference.
we report the synthesis and characterization of tailored iridium ' @nd**C NMR spectra were measured with a Bruker ACP-200
mixed ligand complexes, which show phosphorescence quantumspectrometer at 200 MHz and 50.3 MHz, respectively. The reported
. . o . o . chemical shifts were against TMS. The ATR-FTIR spectra for all the
yields close to unity with excited-state lifetimes of 3 us in

. . samples were measured using a Digilab 7000 FTIR spectrometer. The
dichloromethane solution at 298 K. Also we demonstrate the r1|r data reported here was taken with the “Golden Gate” diamond

tuning aspect of MLCT transitions to achieve blue, green, and anyil ATR accessory (Graseby-Specac) using typically 64 scans at a

yellow emission colors. resolution of 2 cm'. The samples were all measured under the same
. . mechanical force pushing the samples in contact with the diamond
2. Experimental Section window. No ATR correction has been applied to the data.

2.1. Materials. The solvents (puriss grade), tetrabutylammonium  2-3. Organic Light-Emitting Device. The general architecture of
cyanide, tetrabutylammonium thiocyanate, tetrabutylammonium cyan- the complex multilayer diodes used in this study is as follows: The
ate, and acetyl acetone were purchased from Fluka. 2-Phenylpyridine!TO (indium—tin oxide) coated glass substrates (3@, Applied Film
ligand and hydrated iridium trichloride were used as received from Corp.) were first cleaned in ethanol, acetone, and soap ultrasonic bathes.
Aldrich and Johnson Matthey, respectively. Sephadex LH-20 (Phar- Then the ITO electrodes were covered by a 10 nm thick CuPc (copper
macia) was allowed to swell in methanol for 12 h before loading into Phthalocyanine) layer for hole injection improvement. Next a 40 nm
a 3 x 50-cm column. The dichloro-bridged iridium dimer [Ir(ppy) layer ofa-NPD (N,N'-diphenylN,N"-bis(1-naphthyl)-1,tbiphenyl-4,4-
(CI)]2 was synthesized using a reported procedtre. diamine) was evaporated as a hole-transporting layer, followed by a
20 nm layer of CBP (4,4bis(carbazol-9-yl)biphenyl) as a wide band
gap emitting matrix coevaporated with different rates of 0, 3, 6, 9, and
12 mol % of the phosphorent emitter molecule (ppyacac) (bis(2-

geometry. The emitted light was detected with a Hamamatsu R2658 phenylpyridine)iridium(lII) acgtylaceton.at.e). For .hole blocking and
photomultiplier operated in single photon counting mode. The emission "€Sulting charge confinement in the emitting matrix layer we used a 5
spectra were photometrically corrected using a NBS-calibrated 200-w "™ layer of BCP (2,9-dimethyl-4,7-diphenylphenatroline), and for the
tungsten lamp as reference source. A dilute solution of recrystallized elgctron transpprt layer we useq a40 nm Ia}lgr ot;@lqs(sl-hydroxy.-
quinine sulfater 1 N H,SO; was used as a quantum yield standrd. quinolato)aluminum). All organics were purified by gradient sublima-

A secondary standard using recrystallized Ru(k(s}f})2 solution was tion and thermally evaporated at a rate of 1.0 A/s at a base pressure of
; . . :
also employed to verify the yieldd. The emission lifetimes were ~ around 3.5< 107" Torr. A 0.8 nm LiF layer was then deposited right

measured by exciting the nitrogen-purged sample with a pulse from after the Al_q,, at a rate of 0.2 A/s. 'I_'he finishing Al electro_de (cathode_)
an active mode-locked Nd:YAG laser, using the frequency tripled line WaS deposited at a rate of 10 A/s in another chamber without breaking

at 355 nm. The emission decay was followed on a Tektronix DSA 640 the vacuum. The active area of the diode segments was 12 mm
digitizing signal analyzer, using a Hamamatsu R928 photomultiplier ~ The current versus voltageV) characteristics of each device were
to convert the light signal to a voltage waveform. The solutions were Measured in a nitrogen atmosphere glovebox by means of a LabView
prepared to give approximate concentrations gi\L controlled Keithley 236 measuring unit. Simultaneously, the light output

The thin films containing iridium complexes were prepared by was measured by a photodiode, calibrated with a Minolta LS110

blending 1% (by weight) of the required complex into poly(methacrylic luminance metgr. .

acid methyl ester) polymer. The photoluminescence quantum yields 24 Synthesis. 2.4.1. Synthesis of TBA[Ir(ppy{CN)] (1). The

of the dyes in a thin film were measured using an integrating sphere _dlmerlc |r|dmr_n(|||) complex [Ir(ppyX(Ch] (l7$ mg) was d|§solveq

coupled to the spectrofiuorimeter. A Kr ion laser excitation source was N 30 ML of dichloromethane solvent under nitrogen. To this solution

used to irradiate the sample at 468.04 nm. The procedure employed"as added tetrabutylammonium cyanide (534 mg) ligand. The reaction

was to measure the spectral response of the sphere under thrednixture was refluxed \{Vlth stlrrlng for 15 h. Then, to thg_solutlon was

configurations. First the sphere is empty and a background responseadded a 1:1 solvent m|xt.ur.e of dlethyl ether and low-boiling petrolgum

of the sphere is recorded using the laser light source. Next the sample€ther (60 mL). The precipitated solid was collected and recrystallized

is placed in the sphere but out of the laser beam so as to measure thd"om methanol and low-boiling petroleum ether. The air-dried product

emission contribution from the diffuse laser light. Last, the sample is Weighed 230 mg (yield 879%).

excited directly. The emission quantum yield is then extracted from _ Anal- Calcd for TBA[Ir(ppy)(CN),]: C, 60.43; H, 6.59; N, 8.80.

these three spectra using an approach analogous to that of Friend efound: C, 60.27; H, 6.60; N, 8.73.

al75 1H NMR 200 MHz, (DMSO6s) 6 ppm: 0.93 (12H, t, CH), 1.29
Electrochemical data were obtained by cyclic voltammetry using a (8H, q, CH), 1.48 (8H, m, CH), 3.15 (8H, t, CH), 6.08 (2H, d.J =

three-electrode cell and an Auto lab system (PGSTAT 30, GPES 4.8 /-2), 6.60 (2H, 11 =7.1), 6.73 (2H, tJ = 7.2), 7.3 (2H, tJ = 7.2),

software). The working electrode was a 0.0%qtassy carbon disk, /-89 (2H,dJ=7.4), 7.89 (2H, tJ=7.3), 8.07(2H, dJ = 7.8), 9.53

the auxiliary electrode was a glassy carbon rod, and a silver disk of (2H,d,J =5.9).

0.03 cn? was used as quasireference electrode. Tetrabutylammonium ¢ NMR 200 MHz, (DMSO¢k) 6 ppm: 170.2, 163.42, 154.97,

145.83, 139.76, 137.44,132.17, 129.64, 124.72, 123.36, 121.62, 120.11,

(19) Baldo, M. A.; Lamansky, S.; Burrows, P. E.; Thompson, M. E.; Forrest, 59.49, 24.77, 20. 70, 13.93.

2.2. Analytical Measurements.UV —vis spectra were recorded in
a 1 cm path length quartz cell on a Cary 5 spectrophotometer. Emission
spectra were recorded on a Spex Fluorolog 112 using°aopfical

S. R.Appl. Phys. Lett1999 75, 4. ] 2.4.2. Synthesis of TBA[Ir(ppyk(NCS)] (2). Using the same
(20) IZIEJaOI’l'\% Tl%‘gto' S.; Sakamoto, Y.; Suzuki, T.; Taga, Appl. Phys. Lett. conditions as for complex, starting from the dimeric iridium(il)
(21) Lee, C.-L.; Lee, K. B.; Kim, J.-JAppl. Phys. Lett200Q 77, 2280. complex and tetrabutylammonium thiocyanate, the title compound was

(22) Tsutsui, T.; Yang, M.-J.; Yahiro, M.; Nakamura, K.; Watanabe, T.; Tsuji, gbtained as a yellow powder (yield 72%).
T.; Fukuda, Y.; Wakimoto, T.; Miyaguchi, Sipn. J. Appl. Phys1999

38, L1502. Anal. Calcd for TBA[Ir(ppyX(NCS)]: C, 55.92; H, 6.09; N, 8.15;
(23) Wang, Y.; Herron, N.; Grushin, V. V.; LeCloux, D.; Petrov, Xpplied S, 7.46. Found: C, 55.94; H, 5.95; N, 7.96; S, 7.96.

Physics Lett2001, 79, 449. .
(24) Nakamaru, KBull. Chem. Soc. Jpri982 55, 2697. 'H NMR 200 MHz, (DMSOds) 6 ppm: 0.98 (12H, t, Ch), 1.28
(25) Mello, J. C.; Wittmann, H. F.; Friend, R. dv. Mater. 1997, 9, 230. (8H, g, CH), 1.49 (8H, m, CH), 3.19 (8H, t, CH), 5.95 (2H, dJ =

J. AM. CHEM. SOC. = VOL. 125, NO. 29, 2003 8791
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7.4), 6.59 (2H, tJ = 7.2), 6.74 (2H, tJ = 7.7), 7.5 (2H, tI = 7), (DMSO), only the complexl and 4 were stable, but the
7.66 (2H, d, 7.9), 7.98 (2H, § = 7.1), 8.14 (2H, dJ = 7.5), 9.08 complexe2 and3 undergoes slow substitution of the pseudo-
(2H,d,J=5.5). halogen ligands upon standing for days in DMSO. The complex

13C NMR 200 MHz, (DMSOds) 6 ppm: 167.7, 150.32, 150.01,
144.91, 137.99, 131.33, 129.03, 128.76, 124.22, 123.07, 120.79, 119.33
58.29, 23.87, 20.01, 13.93. process due to heat

2.4.3. Synthesis of TBA[lr(ppyk(NCO);] (3). Using the same ’ 1
conditions as for comples, starting from the dimeric iridium(lI) 3.2. NMR SpectroscopyThe*H NMR spectrum of complex

complex and tetrabutylammonium cyanate the title compound was 1 measured in (CE),SO solution, displays eight well-resolved

4 was sublimed in a vacuum without any decomposition; the
anionic complexes were decomposed during a sublimation

obtained as a dark yellow powder (yield 69%). signals (four doublets and four triplets) in the aromatic region
Anal. Calcd for TBA[Ir(ppy}(NCO)]: C, 58.09; H, 6.33; N, 8.46. between 9.7 and 6 ppm, corresponding to the phenylpyridine
Found: C, 57.43; H, 6.22; N, 8.41. protons?’ In the aliphatic region, a triplet centered at 3.15 ppm,
'H NMR 200 MHz, (DMSOds) 6 ppm: 0.93 (12H, t, Ch), 1.30 two multiplets at 1.48 and 1.29 ppm, and a triplet at 0.93 ppm
(8H, 0, CH), 1.52 (8H, m, CH), 3.19 (8H, t, CH), 5.98 (2H, d.J = are assigned to the tetrabutylammonium cation. The complexes
6.5), 6.51 (2H, tJ=6.1), 6.67 (2H, tJ = 7.2), 7.36 (2H, tJ = 5.9), 2 and3 shows similar patterns in the aromatic and the aliphatic

;5\]8—(2:6? 6.7), 7.86 (2H, 1 = 7.5), 8.05 (2H, d) = 8), 9.25 (2H, region. The integrated ratio between aliphatic protons and
1°C NMR 200 MHz, (DMSOge) 6 ppm: 168.17, 150.49, 145.03, aromatic protons_m com_plexés—:%_ _sh_ow the presc_ence of one
tetrabutylammonium cation per iridium center, in agreement

139.68, 138.74, 138.94, 131.53, 128.58, 123.89, 122.25, 119.52, 116.55, " )
57.86. 23.40. 19.57. 13.83. with the analysis data. The proton NMR data of complelxe8

2.4.4. Synthesis of [Ir(ppy)(acac)] (4). This complex was synthe- clearly show that they are highly symmetric and also show the
sized with slight modification of a reported procedéfrécetyl acetone absence of any corresponding linkage isomers. The iridium
(80 mg) was dissolved in 0.5 mL of ethanol and was added to a solution metal with two phenylpyridine ligands forms a configuration
of dimeric iridium(lll) complex (340 mg), which was predissolved in  in which the two pyridine groups are trans to each other and
25 mL of dichloromethane. Then, tetrabutylammonium hydroxide (207 the phenyl groups are trans to the pseudohalogens, resulting in
mg) was introduced into the reaction mixture and was refluxed for 5 two electronically equivalent pyridines and phenyl grotf?8:28
h, after which the solution was evaporated to dryness and the resultingThere is no significant change in the NMR spectral pattern
solid was collected on a sintered glass crucible and washed thoroughlybetween the starting complex [Ir(pp¢&!)]» and the complexes
with ethanol. The yield of the dried product was 90%. T . h

1-4, indicating that the cleavage of the chloride bridge and

Anal. Calcd for [Ir(ppy}(acac)] @): C, 54.08; H, 3.87; N, 4.67; o S
Found: C, 54.16: H, 3.94: N, 4.72. the subsequent substitution of the chloride ligands by pseudohalo-

1H NMR 200 MHz, (DMSOds) & ppm: 1.71 (6H, s, Ch), 5.25 gens takes place without change in the geometry of the iridium
(1H, s CH), 6.05 (2H, dJ = 7.4), 6.59 (2H, tJ = 7.4), 6.78 (2H,t,  Octahedral complex.
J=17.4),7.38 (2H,t)=7), 7.68 (2H, d, 7.5), 7.93 (2H, 8, = 7.5), The ¥3C NMR spectrum of complexed—4 show 12
8.13 (2H, d,J = 7.8), 8.42 (2H, dJ = 5.3). resonance peaks in the aromatic region in which eleven carbon

13C NMR 200 MHz, (DMSOQ¢k) 6 ppm: 184.31, 167.90, 148.10, resonances are due to phenylpyridine and one pseudohalogen/
147.73,145.41, 138.24, 132.94, 128.87, 124.29, 122.78, 120.85, 119-19carbonyl carbon of acetyl acetone. Watts et al. have assigned
100.84, 57.86, 26.57. individual carbon resonances of phenylpyridine ligand in iridium
3. Results and Discussion complexgs u§ing 'COSY specﬁ%Here no attempts were mgde

) ) o to deal with individual aromatic carbons. However, the signal

3.1. Synthetlp Stud|esThe'|r|d|um pseudohalogen complexes at 163.42 ppm in complek s assigned to the coordinated CN
were synthesized under inert atmosphere by reacting thejigand by comparing th&C NMR spectra ofl with that of the
dlchlorobrl_dged iridium dimer [Ir(ppyCl)]2 in dlchlo_romethane starting [Ir(ppy}(Cl)]> complex?® In complexes2 and 3 the
solvent with an excess of a pseudohalogen ligand such ascqon signal corresponding to the NCS and NCO ligands were
tetrabutylammonium cyanide, tetrabutylammonium thiocyanate, jnserved at 128.76 and 139.66 ppm, respectivelne striking
or tetrabutylammonium cyanate, which gave over 70% yields itference in the peak positions of the CN carbon compared to
of the anionic TBA[Ir(ppy}(CN), (1), TBA[Ir(ppy)2(NCS)| the NCS and the NCO carbons is due to direct C-coordination
(2), and TBA[Ir(ppy(NCO)] (3) complexes, respectively. The ot the CN ligand to the metal center, which deshields signifi-
complex [Ir(ppy)(acac)] €) was synthesized by refluxing the  cantly. Whereas, in the case of NCS or NCO, the coordination
dimer and acetyl acetone in the presence of the strong basgg hrough the nitrogen and, consequently, the carbon atoms are
tetrgputylammonlum hydroxide. The crud.e complexes Were mare shielded compared to those of the CN ligand. It is
purified on a Sephadex LH-20 column using methanol as an interesting to note the absence of any linkage isomers in iridium-
elu_ent. In all th_e complexes there was a small dull yellow ba_nd, (Ill) pseudohalogen complexes compared to ruthenium(ll)
whlch eluted first followed by a bright yellow band._The main - complexes, where 510% formation of linkage isomers is
bright yellow band was concentrated te2mL to which was  gyjident. In complex the three peaks at 184.3 100.64, and 28.57
added slowly diethyl ether to crystallize the required complex. ppm are assigned to the acetyl acetone carbons. In the aliphatic

Elemental analysis data are consistent with the proposedregion of complexed—3 there are four resonance peaks due
structures. These complexes are stable at room temperature ag, ihe tetrabutylammonium grodp.

a solid and in solution containing noncoordinating solvents such 3 3 FT.|R Data. Infrared spectra of the compounds-3
as dichloromethane, chloroform, methanol, or ethanol. However,

¢ = e A Y=l showed the characteristic bands for the coordinated cyanide,
in strong a coordinating solvent such as dimethyl sulfoxide

(27) Garces, F. O.; Watts, R. Magn. Reson. Chem1993 31, 529.

(26) Lamansky, S.; Djurovich, P.; Murphy, D.; Abdel-Razzaq, F.; Kwong, R.; (28) Graces, F. O.; Dedian, K.; Keder, N. L.; Watts, RAdta Crystallogr.
Tsyba, |.; Bortz, M.; Mui, B.; Bau, R.; Thompson, M. Eorg. Chem. 1993 49, 1117.
2001 40, 1704. (29) Kohle, O.; Ruile, S.; Gtael, M. Inorg. Chem.1996 35, 4779.
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Table 1. Absorption and Electrochemical Data of Complexes 1—4
abs. Ama, NM Vs Fett
complex (6, 103M~tcm™) Ew LiL-¢

1 463 (0.21), 433,(0.61), 384 (0.58), 0.91 —1.7

337 (0.85), 260 (41.7) @
2 476 (0.65), 437 (2.3), 400 (3.4), 045 -1.95 g

355 (5.3), 335 (6.7), 300 (16.9), 2

266 (38.9) g
3 497 (1.26), 464, (2.36), 408 (3.41), 0.18 —2.07 =

384 (4.22), 347 (6.62), 276 (35.1)
4 492 (1.03), 450 (3.15), 403 (4.76), 0.46 —1.72

356 (8.17), 260 (4.9)
[Ir(ppy)2(Cl)]2 484 (0.63), 450 (3.32), 437 (3.5), 052 -—-1.71

403 (5.49) 354 (9.47), 260 (60.1) 0.78 0o

. [rrrr[rrrr[rrrr [ rrr [ r 1Tt
aMeasured in dichloromethane at 298 'Krerrocene was used in each 250 300 350 400 450 500 550 600

sample as an internal referenéérreversible reduction wave.

thiocyanate, and cyanate ligands. The FT-IR spectra of complex
1in the 506-4000 cnT1! region display a strong absorption at
2092 cnt! that is assigned to the C-coordinate(CN). The
strong and intense bands at 2099 and 2229'care due to
v(NC) of NCS and thev(NC) of NCO in complex2 and 3,
respectively. The intensity of theNC) in complexe2 and3
is at least three times higher than th€N) of complexl. The
NCS™ and NCO groups have two characteristic mode@\C)
andv(CS/0), which are frequently considered as diagnostic wit
respect to the coordination mode of the liga#dThe observed
band positions are in agreement with the N-coordination of the
NCS and NCO ligands in these complexes. The ring stretching
modes were observed at 1601, 1581, 1470, and 14186.d&rhe
four peaks between 2870 and 2965 @nare assigned to the
tetrabutylammonium symmetric and asymmetmi¢C—H)
modes®!

3.4. Electrochemical Analysis.The cyclic voltammogram
of the dimeric complex [Ir(ppy(Cl)]. measured in dichlo-
romethane containing 0.1 M tetrabutylammonium tetrafluo-
roborate shows two reversible waves at 0.52 and 0.78 V vs
ferrocene due to oxidation of the two iridium metal centers,
which is consistent with reported daf&The separation between
the cathodic and the anodic wave is 130 mV, with a peak current
ratio of 0.75. The complexes and 2 show a quasireversible
couple at 0.91 and 0.45 V, respectively. The ratio between the
cathodic and anodic peak current is 0.21, which decreases furthe

h

on increasing the scan rate per second. Nevertheless, under

identical experimental conditions compl@shows a reversible
wave at 0.18 V vs ferrocene (Table 1). Changes in the electron-
donating or -withdrawing nature of the ligand can result in a
variation of electronic properties at the metal center. It is
interesting to compare complexds and 3, which contain
cyanide and cyanate ligands, respectively. The 730 mV cathodic
shift in oxidation potential of comple® compared to complex

1 shows the extent oft back-bonding to the cyanide ligand
from the iridium(lll) center. The enormous enhancement in
back-bonding leads to a significant blue shift in the low-energy
MLCT (metal-to-ligand charge transfer) and the emission
maxima of this complex compared & Complex4 shows a
reversible couple at 0.6 V vs ferrocene. In complekegl no
reversible reduction waves in dichloromethane due to phenyl-
pyridine ligand were observed. However, significant reduction

(30) Nakamoto, Kinfrared and Raman Spectrdth ed.; John Wiley & Sons:
New York, 1986.
(31) Finnie, K. S.; Bartlett, J. R.; Woolfrey, J. Langmuir1998 14, 2744.

Wavelength [nm]

Figure 1. Absorption spectra ot (solid line), 2 (dashed line)3 (dotted
line), and4 (dashed-dotted line) in degassed dichloromethane solution at

currents at above-1.7 V are visible in the cyclic voltammo-
gram, which were not analyzed in dethif:

3.5. Electronic Spectra.Figure 1 show a comparison of
absorption spectra of complexds-4 measured in dichloro-
methane solution at 298 K, and the pertinent data are gathered
in Table 1. The absorption spectra of these complexes display
bands in the UV and the visible region due to intraligane(

m*) and MLCT transitions, respectiveff. The low-energy
MLCT band in complexL (463 nm), significantly blue-shifted
compared to those of complex29478 nm) and3 (494 nm),
indicates the extent of the-acceptor strength of the CNigand
compared to the NCSand NCO' ligands. The spectral shifts
are consistent with the electrochemical data of these complexes.
Hay in his recent paper has analyzed the spectral properties of
iridium(lll) phenylpyridine complexes using density functional
theory (DFT), in which the low-lying transitions are categorized
as metal-to-ligand charge-transfer transitions and the high-energy
bands at above 280 nm are assigned to the intraliganad*
transition of 2-phenylpyridiné? It is interesting to note the
changes in the molar extinction coefficient of the low-energy
MLCT band that in comples is two times higher than that of
the thiocyanate comple®, which in turn is three times higher
Fhan that of the cyanide complex

3.6. Emission Spectroscopic Datarigure 2 show a com-
parison of the emission spectra of completes8 measured in
dichloromethane solution at 298 K. Argon-degassed solutions
of complexesl, 2, and3, when excited within ther—z* and
MLCT absorption band at 298 K, show emission maxima at
470, 506, and 538 nm, respectively, with longer lifetimes<0.8
3.4 us). In contrast, air-equilibrated dichloromethane solutions
exhibit short luminescence lifetimes (00 ns). It is exciting

to note that the argon-degassed dichloromethane solution of
these complexes show bright luminescence in a lighted room.
Even in the solid state the complexes are highly luminescent,
but the emission maximum is slightly red-shifted compared to
the solution spectra. The photoluminescence maxima and the
guantum yields of thin films containing iridium complexes3

were measured using an integrating sphere and are collected in
Table 2. Figure 3 shows a schematic representation of highest
occupied and lowest unoccupied molecular orbitals of complexes

(32) Schmid, B.; Garces, F. O.; Watts, RIdorg. Chem.1994 33, 9.
(33) Hay, P. JJ. Phys. Chem. R002 106, 1634.
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Figure 2. Emission spectra df (solid line),2 (dotted line), an (dashed The iridium complexe4—3 display unusual phosphorescence
line) in degassed dichloromethane solution at 298 K. quantum yields in solution at room temperature, which is due
to meticulous selection of the ligands that have higher ligand
Table 2. Emission, Lifetime, and Quantum Yields Data of . . .
Cf)meplexes 1',4' Mea'sur'ed at 298?<u am 1 field strength. Introducing Ilgands such as C_h:hcreases the
solid-state gap between lowest unoccupied molecular orbital levels (LUMO)
SIS A emis Ay, Solid-state lfetime pf the phenyl pyridine ligand and the metgj d)rbit.als,. resulting
complex  solvent nma emis @ nm emis &; (¥), s in a blue shift of the lowest MLCT and the emission maxima.
1 CH,Cl, 470,502 0.94- 005 500 0.75: 0.1 3.14% 0.5% Moreover, the gap between the LUMO of th(_e phe_nyl pyridine
1  CHsCN 470,502 0.7% 0.1 ligand and the metal emptyy @rbitals effectively increases
2 CHCl> 506,520 0.9 0.05 506 0.78 0.1 1.43+0.5% because of the strong ligand field strength of cyanide ligands
g g:zgt‘ ggg’ggg 8'3& 8'82 556  0.86: 0.1 0.85.4 0.5% prohibiting nonradiative pathways, leading to 97% quantum
3 CHsCN 540, 560 0.69: 0.1 ' o ' yields in solution at room temperature with long lifetimes (Table
4 THF 516 0.34 1.6 2, Figure 3).
. ) . ” The emission spectra of these complexes were measured in
aThe emission spectra were obtained from degassed solutions by exciting . .
into the lowest MLCT band® Values from ref 26. dichloromethane and acetonitrile solvents at 298 K and the data

are collected in Table 2. The emission quantum yields are
independent of the temperature variation. The emission spectral
profile is independent of excitation wavelength and the excitation
spectra matches well with the absorption spectra (Figure 4). In
all these complexes the emission decayed as a single exponential
with lifetimes of 0.8-3.4us in degassed Gi€l, solution, where
the origin of the emitting state is the same. These lifetimes are
indicative of strong spirrorbit coupling leading to intersystem
E crossing from the singlet to the triplet state. Hence, we believe
ﬁ_:ﬁz—H / that in these complexes the emission originates from the triplet
12 tuning 4
Metal states’
t2g orbitals éﬁ 12g tuning T
PR Orthometalated iridium complexes are known to have the
Ligang  LIM(Ppy) 2(CN) 21 [Ir(ppy) 2(NCS) 2]~ Lir(ppy) 2(NCO . . . . -
Ligand highest triplet quantum yields due to several factors: (a) Iridium
has large d-orbital splitting compared to other metals in the
series. (b) The strong ligand field strength of phenyl anion ligand
increases the energy between thgand g orbitals, leading to
an enhanced gap between thegaad LUMO of the ligand. (c)
Close lyingz—a* and MLCT states together with the heavy
atom effect enhance the spiorbit coupling. An even more
effective strategy to magnify the quantum yields of this class
Figure 3. Schematic drawing of HOMO and LUMO orbitals for complexes of Comp|exes is to increase further the gap between Jme
1-3 and their photoluminescence properties, which were obtained by . : : :
exciting at 415.4 nm using a krypton ion laser. LUMO orbitals py introducing the ligands such as gl‘NCS.,
and NCO, which are known to have strong ligand field
stabilization energy. In such type of complexes, the charge-
transfer excited states decay through radiative pathways. The
guantum yield data of complexds-3, which were measured
using recrystallized quinine sulfate L N H,SO, as a quantum

Metal
eq orbitals

Ligand
* orbitaks

Energy

1-4. The difference in the emission maxima is due to the
difference in the ligand field strength of the pseudohalogen
ligands. The photoluminescence obtained by exciting at 415.4
nm using a krypton ion laser is presented in Figure 3. It is
app_arent from the figure that COI‘I‘IpJEXﬂESZ, and3 ShOV\_I a (34) Ichimura, K.; Kobayashi, T.; King, K. A.; Watts, R. J. Phys. Chem.
brilliant blue, green, and yellow luminescence, respectively. 1987, 91, 6104.
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Figure 5. Current versus voltage as a function of doping concentration of the phosphorescent dyk(gmay) in a CBP matrix. In the inset, the same on
a linear scale is presented.

. . . Table 3. | h isti F i f the Doping R f
yield standard, are collected in Table 2. At the same time a Ci?]%[zx 4(}2 gcaégcﬁgfrti'ff as a Function of the Doping Rate o

widely referred sample, Ru(bpylPFs)2, was used as a secondary

exponent X;:

standard _to verify the yields obtained with quinine sulfate. The from ] = 3 x 108 exponent x;:
data obtained using both the standards are in excellent agreement goping rate Ups, V to1x 104 Alem? Una, V 751 % 104 Alem?
and indeed show yields remarkably close to un|ty: The anionic ~nqoped 35 127 111 8.0
complexedl—3 are unprecedented in that they exhibit emission 3% 3.35 13.4 10.5 7.5
quantum efficiencies approaching one. 6% 3.1 14.7 10.0 7.4
Up to now, most strategies to tune the photophysical prop- 9% 30 16.1 9.75 7.0
' 12% 2.9 16.9 9.4 6.8

erties of the phenylpyridine-based iridium complexes have been
substitution of donor and/or acceptor groups on the pyridine  aUy, is defined for 1zA/cm? and Uy is defined for 0.1 Alcra
and/or the phenyl grougd:3® However, the quantum yields in
these complexes remained in the same range as the tris-doped in CBP host for various doping concentrations ranging
phenylpyridine iridium(lll) complex. This is not surprising, from zero to 12 mol %. The voltage region belov2.5-3 V
because the substitution of donor and/or acceptor groups tuness characterized by a single carrier type transport, and the exact
both the lowest unoccupied molecular orbitals (LUMO) and the value depends on the doping concentration. Above this threshold
highest occupied molecular orbitals (HOMO) levels of the metal voltage, we observe a steep increase in the diode current
complex in parallel, leading to marginal changes in the corresponding to two-carrier injection, which leads to light
photophysical properties. On the other hand, in the case of mixedgeneration. We found, that the lower current threshold field
ligand complexes such dsthe LUMO level remained the same  (Uy,;), here defined as the voltage for a current giA/cn?,
as phenylpyridine. Nevertheless, the HOMO level has stabilized decreases monotonically from 3.5 V for the undoped case to
significantly compared to tris-phenylpyridine iridium(lll) com- 2.9 V for the maximum doped case of 12 mol % (see Table 3).
plex, leading to a blue shift of the emission maxima, which is This indicates that the dye molecules seem to improve carrier
evident from the electrochemical data (Table l) Therefore, this injection into the matrix |ayer. The energy barrier for holes at
class of compounds provides an exciting opportunity to tune the «-NPD/CBP interface is 0.43 eV (HOMEHOMO barrier).
the emission spectral properties from blue to red by simply However, the energy barrier from-NPD to complex4 is
selecting appropriate donor/acceptor spectator ligands. negligible, which is less than 0.1 eV [cyclovoltametric measure-
3.7. Organic Light-Emitting Device. Figure 5 shows the  qents were done in our laboratory: HOMO's @fNPD =
different current-voltage [(V)] characteristics for comple# 5.53 eV, CBP= 5.96 eV, and of compleXt = 5.6 eV]. For
(35) Grushin, V. V.; Herron, N.; LeCloux, D. D.; Marshall, W. J.; Petrov, V. higher (_10pin_g conce_ntrations, this injection am_j transport
A.; Wang, Y.Chem. Commur2001, 2494, mechanism is even improved. The energy barriers for the
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electrons are less important for the organic/organic interfaces "
(0.2 eV) untila-NPD, where they get blocked at the 0.6 eV 407 | oot 40
barrier. 1 aocece,, g T g

As the doping concentration increases, the edge il (e 35, °°., £,
curve at around k 10~* A/lcm? gets more visible. This edge . | ‘%0 é : S
marks the transition between two kinds of transport behavior 32 304 'o.f D R e L
as the applied electric field increases. At the lower current side § 5_' %,a Doping concentraton (maF) ;25%
of the edge { < 1 x 1074 A/lcm?) an increase of the steepness o7 o, T =
of the I(V) line for increasing doping ratio is seen. For better 0. \ L 20 &
interpretation we determined the power-law exponért U*.2) = ,§
of thel(V) lines, and the results are presented in Table 3. This g 15 _15%
increase of the exponent can be interpreted as injection 8 | o0 0090009090000 =
improvement at the-NPD/complex4 interface. This interface 010_0 0 °? M _103
can therefore be considered as the transport-limiting factor in h\ I
the considered current range. Also, the upper current threshold 5 - 5
field (Un2), here defined as the voltage for a current of 100 0,01 0,1 1 10
mA/cn¥, decreases monotonically from 11.1 V for the undoped Current density (mA/cm’)

case to 9.4 V for the maximal doped case of 12 mol %. BUt 06 Quantum and power efficiency versus current using the complex
contrary to this, the power-law exponert of the current [Ir(ppy)2(acac)] @). In the inset, the quantum efficiency as a function of
(voltage) curve above the current edge decreases slightly,the doping concentration of the complésis presented.

indicating a small deterioration of the total charge transport oy jumps up to 20%. In our case the maximum value of the
behavior in this current (voltage) range. Such a change can ariseexperimental quantum efficiency increases from 0.94% for the
from a dop_ant-induced in_c_rease in t_he trap dgnsity accompaniedundoped case up to 13.2% for the 9 mol % doped case, which
by a lowering of the mobility, resulting in an increase of space s an improvement of more than 1 order of magnitude. Still
charges screening in some way the applied electric ffeld. more impressive is the improvement for the power efficiency,

Itis necessary to introduce a hole-blocking layer (HBL) into \yhjch increases from 0.65 to 37 Im/W, which represents a factor
our diode composition to confine the recombination zone inside of 56

the doped CBP layer; without the HBL the recombination takes  These values are close to the values cited in the recent
place inside the Alg layer (emission maximum at 530 NM  jiterature?® However, they are lower than the best values
wavelength). This indicates that with HBL the emission takes chieved with triplet emitters in TAZ hoét. For a better
place in CBP just near the CBP/BCP interface as the electron comparison, the same architecture was used for the undoped
are entering CBP. Algused as the standard matrix material case, including the BCP hole-blocking layer of 5 nm. This im-
for luminescent dyes cannot be used for compleiecause its  pressive value of quantum efficiency necessities also well-
band gap is too small to allow for an effective energy transfer pajanced charge relations inside the emission layer, without any
rate from the host to the dye via'fter transfef! By this current leaking either to the anode or to the cathode. Prior ex-
mechanism the transfer rate is in principle proportional to the periments showed us the way to get two extended well-working
overlap of the emission spectra of the host and the absorptionebctrodes’ with ITO/CuPc and LiF/Al, which provides an
spectra of the dye, which is negligible for Algnd complex. obviously good charge balance, taking into account the hole-
The doping with well-selected dye molecules into the piocking capabilities of BCP and the electron-blocking capabili-
emission matrix of an OLED results not only in a red shift of tjes of a-NPD42-46 Another characteristic of phosphorescent
the emitted wavelengths but also in a considerable increase ofgye doped OLED is that the maximum of the external quantum
the quantum efficiency. For a long time people thought that efficiency (QE) is located at low voltages (4.8 V) and that for
the luminescent dyes used since the discovery by Tang et al.higher voltages a strong decrease in the QE is seen. This kind
are theoretically limited to an internal conversion efficiency of of decrease is discussed as arising from a trigtéplet
25%38 This factor arrives from the quantum mechanics, where znninilation effect7:48
75% of the charge wave functions are of the nonemissive triplet  ap, advantage of the family of triplet emitters (compkis

case and only 25% of the singlet case, allowing radiate the |arge effective doping concentration range from low doping
recombination. Taking into account that only one-fifth of the

created photon can leave the device, the external quantum(40) kgminsgéy_, E Dj%r%/ig,_!?h: Murphy,l\l/?-jE /j&)del(-zﬁazzag,gaoLlefég. E;
efficiency was limited to 5%¢ But in contrary to this, the ag0q, o rorrest 5. K. Thompson, M.EAM. Lhem. S0

complex 4 permits the opening of an additional radiative (41) Qggfgbcs';o Egldo, M. A; Thompson, M. E.; Forrest, S.JRAppl. Phys.
recombination channel because of spambit coupling, resulting (42) Masenelli, J. B.; Berner, D.; Bussac, M. N.:@ch, F.; Zuppiroli, LAppl.
in a harvesting of up to nearly 100% of the exited states to Phys. Lett2001, 79, 4438.

. 9 .p . y 0 . (43) Ntesch, F.; Carrara, M.; Schaer, M.; Romero, D. B.; ZuppiroliChem.
photon creation. Taking into account an unchanged out coupling Phys. Lett2001 347, 311.

factor of one-fifth, the theoretical external quantum efficiency (44) gﬁggvz%éf%%ﬁ%o’v'- N.; Masenelli, B.; Carrard, M.; Zuppiroli,LAppl.

(45) Masenelli, B.; Tutis, E.; Bussac, M. N.; Zuppiroli, Bynth. Met2001,

(36) Jain, S. C.; Geens, W.; Mehra, A.; Kumar, V.; Aernouts]).TAppl. Phys. 122 141.
2001, 89, 3804. (46) Masenelli, B.; Tutis, E.; Bussac, M. N.; Zuppiroli, Bynth. Met2001,
(37) Turo, N. JModern Molecular Photochemistriniversity Science Books: 121, 1513.
Mill Valley, CA, 1991. (47) Hertel, D.; Romanovskii, Y. V.; Schweitzer, B.; Scherf, U sBler, H.J.
(38) Tang, C. W.; Van Slyke, S. AAppl. Phys. Lett1987 51, 913. Synth. Met2001, 116, 139.
(39) Kim, J. S.; Ho, P. K. H.; Greenham, N. C.; Friend, R.JAppl. Phys. (48) Murata, H.; Merritt, C. D.; Kafafi, Z. HJ. Selected Top. Quantum Electron.
200Q 88, 1073. 1998 4, 119.

8796 J. AM. CHEM. SOC. = VOL. 125, NO. 29, 2003



Highly Phosphorescence Iridium Complexes ARTICLES

Table 4. Summary of Operating Conditions of Complex 4 in a

104 o0 - CBP Matrix
] e bias, V
08 e £ doping rate at 100 cd/m? at 1000 cd/m? at 10000 cd/m?
3 a !; ’ undoped 8.1 10.9
I i 3% 5.2 6.9 ~10.1
b 6% 4.7 6.2 ~9.5
§ 0,6- -E-'.. 3 A5 8 T & 8 10 9% 4.4 5.8 8.7
% Bt 12% 4.4 5.8 8.7
5 0.4 ;f shift for increasing doping concentration is seen, but the
E £ emission spectra was independent for current densities up to
0.2 150 mA/cn?. Such a red shift as a function of the doping
’ " 3% doped concentration was seen for DCM2, even if there the effect is
= 12% doped much biggee? In this publication the red shift was attributed
0,0 to a polarization effect of the molecule introduced from the

L -7t 1 r-~1Trr-r1r 1T 171
460 480 500 520 540 560 580 600 620 640 matrix, but then it should also be slightly current dependent,
A [nm] which it is not in our case. It is evident from Figure 7 that all

) . ) the emitted light comes directly from the compkéerolecules.
Figure 7. Electrophosphorescence of compkein a CBP matrix for two h L Kis f df luti h h
doping concentrations. Additionally, the luminosity versus voltage is The same emission peak is foun rom 6.‘50 ution phosphores-
presented for the 9% doped case. cence spectra of compléx Also, the emission peaks ofNPD

and the host, which are located in the blue around-4/8D

concentrations up to more than 12 mol % without a significant and 480 nm, or intermediate exciplexes are not present. Another
change in the quantum efficiency (see the inset in Figure 6). In characteristic of phosphorescent dyes is the considerable reduc-
comparison, the quantum efficiency dependence on dopingtion of the line width of the emitted spectra compared to standard
concentration of singlet emitters (e.g., rubrene, quinacridone, luminescence materials such as Al our case, the line width
coumarin) is much more pronounced and the maximum is (fwhm) of the triplet emitter is only 52 nm in comparison with
mostly located between doping ratios of 0.5 and 2 md®98. the line width of 83 nm of undoped Ademission, which leads
The electrophosphorescence intensity as a function of theto the saturated color that is necessary for high performance
voltage is shown for the 9% case in the inset of Figure 7. Table color displays, in assumption that the emission maximum is well
4 shows a summary of the operating conditions for all the located around one of the primary colors, green, blue, or red.
investigated devices. With increasing doping concentration the  acknowledgment. We acknowledge financial support of this
voltage to achieve a defined brightness decreases, which reflectgyork by the Swiss Federal Office for Energy (OFEN) and
well the change of th&(V) characteristic upon only a slightly  phjlips Research Laboratories, D-52066 Aachen. We thank
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Figure 7 shows the electrophosphorescence spectra of comchemical data.
plex 4 for 3% and 12% doped in CBP. However, a slightly red IA021413Y

(49) Shoustikov, A. A.; You, Y.; Thompson, M. Bhoustike, A. A.; You, Y.; (50) Bulovi, V.; Shoustikov, A.; Baldo, M. A.; Bose, E.; Kozlov, V. G
Thompson, M. E., J. Selected Top. Quantum Electt888 4, 1998. Thompson, M. E.; Forrest, S. Rhem. Phys. Lettl998 287, 455.
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