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Abstract: We report on the spectroscopic, electrochemical, and electroluminescent properties of [Ir(ppy)2-
(dtb-bpy)]*(PFe)~ (ppy: 2-phenylpyridine, dtb-bpy: 4,4'-di-tert-butyl-2,2'-dipyridyl). Single-layer devices were
fabricated and found to emit yellow light with a brightness that exceeds 300 cd/m? and a luminous power
efficiency that exceeds 10 Lm/W at just 3 V. The PFs~ space charge was found to dominate the device
characteristics.

Introduction of high efficiency, sufficient stability, and various colors of

Chelated ruthenium(ll) complexes, such as [RuGBIPF:- )2 emission fgr such ma'ten{als to be (?onS|dered promising C.andl
. L dates in display applications. Tuning of the color to achieve
(where bpy is 2,2bipyridine), have attracted a great deal of o . -
) - . . red, green, and blue emission is a particularly important feature
interest in the past few years as multifunctional chromophores -
; : X of any new chromophore class, as mixing these colors produces
for single-layer, solid-state electroluminescent devicésin

these devices, electrons and holes injected from two electrodes\’\lh'te_a prerequisite for display and lighting applications. Al

. . . - ..~ ““single-layer devices from ruthenium chromophores reported thus
into a single layer of the ruthenium complex recombine, giving

. . . L far emit in the orange-red part of the spectrbih.Exploring
rise to light emission. External quantum efficiencies up to 5.5% different metal centers miaht provide a pathway to color tunin
have been achievedyhich rival those from multilayer devices gntp P y g

N - in this class of materials.
whose fabrication is more complex, requiring several layers for Chanaing th tal ter table third i
charge injection, transport, and light emission. What makes this anging the metal center to a more stable third-row tran-

class of materials different from the other organic semiconduc- Slt'?)q. me_:l'_[ﬁ! IS r?lso a clfar |Opdt'0n f(;.r |rﬂprovmg chrt(r)]moprlolre
tors typically used in solid-state electroluminescent devices is stability. This change not only dramatically improves the meta

the presence of mobile ions: [Ru(bglf) carries a 2 net ligand bond stability, but also increases the ligand field splitting

positive charge, which is balanced by two negative counterions, M€Y (LFSE), rer_1der|ng the dissociativg @rbitals less -
such as P§ . These counterions drift under the influence of an accessible and Ieaqllng toan enhancem_ent QT the photos_tablllty
applied bias, leading to accumulation of negative ionic charge compared to ruthenium complexes. In this spirit, multifunctional

near one electrode and depletion near the other electrode. Thisggrgplexgs (I)f (I)smlurfllastwlell as rhenu:nthve alrcc:sady lbeen f
ionic space charge creates high electric fields at the electrodes,rle N single-layer electroluminescent devices. LompIexes o

which enhances electronic charge injection into the transition- Iridium have been used extensively to produce highly efficient

. . rganic electrolumin nt deviced! However, th wer
metal complexes. As a result, devices based on a single Iayero ganic electroluminescent de owever, these were

of such transition-metal complexes operate at a low voltage and mainly in the neutral form (as opposed to the charged one which

have been shown to be rather insensitive to the choice of ywll be discussed here) and have been used primarily as emitters

electrode material, allowing the use of air-stable anodes and” multilayer devices, rather than as multifunctional chromo-
cathoded ' phores. In this article, we report on a charged iridium complex,

As with any new class of electroluminescent materials, these [Ir(ppy)2(dtb-bpy)I"(PF") and its use as a multifunctional

. : . i chromophore for single-layer electroluminescent devices. Two
multifunctional chromophores must be shown to yield devices S . .
cyclometalating ligands (ppy: 2-phenylpyridine) were chosen

to coordinate the iridium metal center to further increase the
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LFSE. The third ligand in the studied chromophore,’ 44 200-A thick Ca film protected with a 200-A thick Al film was used as
tert-butyl-2,2-dipyridyl (dtb-bpy), ensures redox reversibility, cathpdes and was depqsited through a shadow mask that ngined SixX
decreases self-quenching, and enhances device characteristic§evices per substrate with a 3-rhective area each. The deposition of

We discuss the spectroscopic, electrochemical, and electroly-Au was carried out in an intermittent way to minimize heating of the
minescent properties of this m,aterial ' organic film. The electrical characteristics of the devices were measured

with a Keithley 236 source-measure unit, and the radiance measure-
Experimental Section ments were collected with a calibrated UDT S370 optometer coupled

) ~to anintegrating sphere. The electroluminescence spectra were measured

Solvents and reagents for synthesis were purchased from Aldrich \yith 5 calibrated S2000 Ocean Optics fiber spectrometer.

and used without further purification. Acetonitrile (Fluka, puriss,
anhydrous, over molecular sieves) and Tetzitylammonium hexaflu- Results and Discussion
orophosphate (T_BAH) (Fluka, eIect_rochemistfy grade) were used fpr A strong emission can be observed from [Ir(pgsib-bpy)] -
the spectroscopic and electrochemical experiments. Redox potentlals(PFB,) in an acetonitrile solution and as a spin-coated film. The
(vs Ag/AgCl) were determined using an Analytical Instruments Systems ) ) . . .
Inc. DLK-60 potentiostat. The redox potentials were determined through luminescence peak maX|mum. in SOIUt'On (581 nm) Indlgates
cyclic voltammetry employing a 0.2 mM solution of the iridium that thetert-butyl groups do not interfere with the photophysical
complex in a 0.1 M solution of tetra-butylammonium hexafluoro-  properties of the parent compound [Ir(pgdapy)]*(PFs™) (580
phosphate with a Pt disk electrode (surface: 0.79 (#nia) a scan nm).13 For a system that contains a combination of orthometa-
rate of 100 mV/s. A Varian Inova-500 spectrometer was used to collect lating and neutral ligands, such as [Ir(pgippy)]"(PFR~), both
'H and™*C NMR data. The photophysical measurements were carried metal-to-ligand charge transféMLCT) and3r—z* LC transi-
out on a Photon Technology International Quantamaster and Timemastekjons are feasible. It is difficult to discern between these two

system equipped for steady-state and time-resolved emission spectrosgansition types because they have similar energy, and the

copy. The samples (0.01 mM in acetonitrile) were deaerated with emitted light convevs properties unique to both (i.e.. the intensit
nitrogen and excited at 400 nm (steady-state) or 355 nm (time-resolved).an d bang shape gf tﬁ:e pemitte d Iight Corresp(olnc.i, for aur* y

The emission quantum vyields®¢,) were measured relative to " e .
[Ru(bpy)]?* (PFs)s. transition, but the lifetime and oscillator strength correspond to

The synthesis of [Ir(ppyidtb-bpy)] (PR-) was adapted from a3MLC'I_'). ngel et al. conclude, therefore, tha_lt emission in
literature procedures for the analogous unsubstituted corplax.  these mixed-ligand systems can actually be attributed to strong
magnetically stirred suspension of 4gi-tert-butyl-2,2-dipyridyl (118 mixing between the MLCT and LC excited staté4> Com-
mg, 0.44 mmol) and tetrakis(2-phenylpyridin@J&)(u-dichloro)- parison of the luminescence spectra in solution and measured
diiridium (214 mg, 0.2 mmol) in 10 mL of 1,2-ethanediol under nitrogen  from a spin-coated film (peak maximum: 558 nm) indicate that
was heated to 158C. The mixture was kept at this temperature for 15  the emission maximum strongly depends on the environment.
h. All the solids dissolved to yield a clear, yellow solution. After cooling  This result is supported by the observation that the emission of
the mlxture_ to _ro_om_temperature, 150 mL of water was add_ed. The the unsubstituted [Ir(ppxopy)]* (PFs~) exhibits emission shifts
excess of bipyridine ligand was removed through three extractions with of 80 nm from solid-state to solutid.

diethyl ether (50 mL), and the aqueous layer was subsequently heated ) _ . ; .
to 60—70°C. NHsPF; (1 g) in 10 mL of water was added, and thesPF . [Ir(ppy)2(dith bF_’y)r(PFB ) exhibits ?‘ room ten_1perature emis
sion quantum yield®en almost 4 times as high as the one

salt of the chromophore immediately precipitated. After cooling the o - : ;
suspension to 5C, the yellow solid was separated through filtration, OPserved for [Ru(bpy)**(PFs")2. The stronger ligand field of

dried, and recrystallized through acetonitrile/ether diffusion. the ppy ligand, the higher charge of the iridium, and the switch

Yield: 280 mg (77%). Analytical datdH NMR (acetoneds, 500 from a second-row to a third-row transition-metal center lead
MHz): ¢ 8.91 (dtb-bpy-H, 2H, d,J = 1.83 Hz), 8.27 (ppy-kl pyridine, to a substantial increase in LFSE, rendering the radiationless
2H, dd,J = 8.42, 0.73 Hz), 8.01 (dtb-bpydi2H, d,J = 5.86 Hz), deactivation pathway through dissociative metal-centered d
7.98 (ppy-H, pyridine, 2H, dt,J = 8.42, 1.46 Hz), 7.92 (ppy-4iphenyl, states much less favorable. The shorter emission lifetime of the
2H, dd,J = 8.06, 1.09 Hz), 7.82 (ppy-&i phenyl, 2H, dJ = 4.76 iridium complex compared to that of [Ru(bp}3t(PRs)2 is

Hz), 7.74 (dtb-bpy-i§ 2H, dd,J = 5.86, 1.83 Hz), 7.16 (ppy-H

AN contrary to this increase in quantum efficiency. However, the
pyridine, 2H, dt,J = 7.69, 1.46 Hz), 7.06 (ppy-H phenyl, 2H, dtJ

increased spinorbit coupling in third-row transition-metal
= 7.32, 1.10 Hz), 6.94 (ppy- phenyl, 2H, dtJ = 7.32, 1.46 Hz), P p_ g L .
- v complexes accelerates radiative and nonradiative sintyiptet
6.37 (ppy-H, pyridine, 2H, dd,J = 7.69, 1.10 Hz), 1.44 (18H, s)C " hereby d . he d X f thei ited
NMR (acetoneds, 500 MHz): o 168.2, 164.3, 156.2, 151.3, 150.5, transitions, thereby decreasing the duration of their excited-state

149.3, 144.3, 138.8, 131.8, 130.6, 125.8, 125.2, 123.7, 122.6, 122.2’Iifetime. This fact is well-documented in comparative studies

120.1, 35.8, 29.8. MSnfle; ESI): 770 (100%, M— PF; + H*). on ruthenium and osmium trisdiimine complexXés’?
Elemental analysis: Calcd fory@aoFelrN4sP-H,O: C, 51.55; H, 4.54; The emission lifetimes for acetonitrile solutions of both
N, 6.01. Found: C, 51.59; H, 4.57; N, 6.02. complexes in an air and in a nitrogen atmosphere are tabulated

Details on the device fabrication and characterization have beenin Table 1. Analogous to the efficient emission quenching in

reported elsewhereln short, films of the iridium complex were spin-  [Ru(bpy)]2*(PFs™)2, which is attributed to an energy-transfer
coated from an acetonitrile solution onto glass substrates covered with mechanism, a 10-fold increase in fluorescence lifetime is
prepatterned ITO electrodes (Thin Film Devices, Anaheim, CA). The observed for [Ir(ppyxdtb-bpy)]*(PFs~) upon deaeratind
thickness of the films was between 70 and 90 nm, as measured with

profilometry. The ITO substrates were cleaned just before the deposition (13) King, k. A.; Watts, R. JJ. Am. Chem. Sod987 109, 1589-1590.

of the organic layer by a deionized water bath, followed by UV/ozone (14) Colombo, M. G.; Hauser, A.; Glel, H. U.Inorg. Chem1993 32, 3088~

) . . 3092.
treatment. The fllmg were drled_ for appro>_<|mately 12 h at@under (15) Colombo, M. G.; Gdel, H. U.Inorg. Chem.1993 32, 3081-3087.
vacuum and were introduced in a dry nitrogen glovebox for further (16) Adamson, A. W.; Fleischauer, P. Doncepts in Inorganic Photochemistry
i iz ati i - i i Wiley & Sons: New York, 1975; p 206ff.
processing and characterization. Either a 200-A thick Au film or a (17) Kobar, E. M. Casper, J. V.: Lumpkin, R. S.: Meyer, TJJPhys. Chem.
1986 90, 3722.
(12) Sprouse, S.; King, K. A.; Spellane, P. J.; Watts, R1. Am. Chem. Soc. (18) Kaizu, Y.; Ohta, H.; Kobayashi, H.; Kobayashi, K.; Takuma, K.; Matsuo,
1984 106, 6647. T. J. Photochem1985 30, 93.
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Table 1. Comparison of the Solution (10 uM in Acetonitrile) T T T
Photophysical Properties of [Ir(ppy)2(dtb-bpy)]*(PFs~) to Those of 1.0 o
— - 4
[Rubpy)sl*"(PFs )2 _ ---- Forward £ - ,{‘ QA
emission é — Reverse = PFel
emission  quantum luminescence  luminescence 5
compound maximum vyield lifetime in air lifetime in N, —;g
[Ir(ppy)2(dtb-bpy)I'(PR~) 581 nm 0.235 65ns 557 ns }:
[Ru(bpy)]? (PR )2 605nm 0.062® 153ns 810 ns (lit. % 05F —
870 nmjy® 8
RS
-
m
0.0 boamat
400 500 600 700 800
< Wavelength (nm)
= Figure 2. ITO/[Ir(ppy)z(dtb-bpy)]"(PR~)/Au emission spectrum. Inset:
GC, ------ Chemical structure of [Ir(ppyjdtb-bpy)}"(PRs™).
5
o NEIOOO
~
3
2 100
6- T T T T T T T T g
-2.0 -1.0 0.0 1.0 2.0 5
Potential vs. Ag/AgCI/ V 5
Figure 1. Cyclic voltammogram for a Pt electrode in contact with a 0.10
M TBAH/AN solution containing 0.2 mM [Ir(ppy)dtb-bpy)]*. The scan —_
rate was 100 mV/s. E
Table 2. Redox Potentials vs Ag/AgCl Obtained from the Cyclic E
Voltammograms for a Pt Electrode in Contact with a 0.10 M ~
TBAH/AN Solution of 0.2 mM Metal Complex at 100 mV/s 2
=1
M MO+ .9
E¥2 (V) (ligand/ligand ) EY2(V) [AE (mV)] é
compound [AE (mV)] 1 2 3 Ea
[Ir(ppy)2(dtb-bpy)I(PFs~) 1.33 [83] —1.38 [75]
[Ru(bpy)]?T(PRs)2 1.34[79] —1.28 [61] —1.45[70] —1.68 [69]

Time (hours)

The redox behavior in acetonitrile is characterized through a F9ure 3. Brightness and luminous efficiency of ITO/[Ir(ppgitb-bpy)I'™-
Sy s (PRs)/Au devices under reverse bias.
one-electron oxidation of the iridium center-a1.33 V vs Ag/

AgCl and a one-electron reduction of the ’Z)aoyridine at The electrical characteristics of the ITO/[Ir(ppidtb-bpy)]-
—1.38 V vs Ag/AgCI. Both redox processes are highly revers- (PR)/Au devices are found to be similar to those seen in

ible, with a wave-shape that is characteristic of a diffusional devices from analogous ruthenium and osmium compléxes
process. Figure 1 depicts the cyclic voltammogram of the com- Namely, a time-delayed rather than an instant response is

plex n aceto_mtnle so_lut|on _at a scan rate of 100 mV/g. The observed upon application of a bias. This is shown in Figure 3,
peak mtegratlon of a differential pulse polarogram (DPP) is u_sed where the brightness of a device biased-&tV (reverse bias)
to establish the one-electron character of the redox reactions. o\ o< almas2 h toreach its peak value. At3 V, the emission

Table 2 compares the redox behavior of [Ir(psb-bpy)['- keeps increasing even after 8 h. This delayed response reflects

(PF.{) with tha@ of [Ru(bpy}]H(PFB*)z_ T_he inc_reas_e in the the mechanism of device operation, which involves drift and
optical gap achieved in the Ir complex arises primarily through accumulation of the RF ions near the positively charged

a reduction in the_ electron affinity. electrode. The ionic space charge leads to the buildup of a high
Thf eletitrolumlngscence spectra from an TO/[Ir(p{tp- electric field at both contacts. This, in turn, enhances electronic

bpy)I"(PFs )/Au device under foryvard (ITO biased posmvely) carrier injection and results in the observed increase in the device

and reverse bias are shown in Figure 2. The spectrum Obtamednrightnes@

under forward bias is centered at 560 nm and is nearly identical 5 o 1arkable feature of these devices is their high luminous

to the film photoluminescence (centered at 558 nm), indicating power efficiency, which exceeds 10 Lm/W a8 V. This is

that the same optical transition is responsible for light emission. among the highest efficiencies observed in a single-layer OLED.

On.thg other hand., a red shift of 20 n,m is obserygd in the It is close to the state of the art of 60 Lm/W, measured in devices
emission of all devices under reverse bias. The origin of this

spectral shift is further discussed below. The CIE coordinates (19) Calvert, J. M.; Caspar, J. V.; Binstead, R. A.; Westmoreland, T. D.; Meyer,

— — i — — T. J.J. Am. Chem. S0d.982 104, 6620.
arex = 0.425,y = 0.549 for forward bias ang 0.491y (20) deMello, J. C.; Tessler, N.; Graham, S. C.; Friend, RPHys. Re. B
0.496 for reverse. 1998 57, 12951.
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T I I To test this hypothesis, devices were fabricated using a low
— Ca3V ] work function cathode. Figure 4 compares the performance of
devices with Au and Ca cathodes. The data are consistent with
the fact that Ca is a more efficient electron injector than Au
and ITO: The device with the Ca cathode turns on considerably
faster and reaches a higher brightness and luminous efficiency
than the devices where Au or ITO are used as electron injectors
(data marked as &3 V and Au—3 V, respectively). The fact
that the turn on time of the device with the Ca cathode is
considerably shorter is consistent with the presence of a smaller
barrier for electron injection: Fewer BF ions need to
redistribute to establish efficient electron injection from Ca than
from Au or ITO. It should be noted that the devices with Ca
cathodes did not emit any light under reverse bias. A similar
electrochemical degradation of Al electrodes under reverse bias
was observed in [Ru(bpyf*(PRs™), devices3
Unfortunately, the improvement achieved in the device
performance by using a Ca cathode comes at the expense of
Time (hours) electrode stability. The use of Ca removes one of the chief
) ) . - advantages of devices based on transition-metal complexes,
gfgﬁ ?j'ev?crfshwifﬁ i@”g,l‘ér”gg°§§tﬁ§;"g§?"y of ITO/r(pRAYtb-bpy)T - namely their ability to yield efficient devices even with air stable
electrodes. The present work shows that, contrary to the case

that employ five layers between the electrodfeBhe brightness  of [Ru(bpy)]?*, the ionic space charge in complexes with a
of these devices is equally impressive, reaching 330 tatm  larger HOMO/LUMO gap might not be enough to make every
just—3 V. The external quantum efficiency at the same voltage contact ohmic. This impacts not only the maximum device
reaches 5%. It should be noted that ITO/[Ru(byYXPFs )./ efficiency, but also the turn on time. However, it should be noted
Au devices of comparable thickness, prepared and characterizedhat there are several ways to improve the turn on time of devices
under identical conditions in our lab, showed a luminous based on transition-metal complexes. These include modifying
efficiency of 0.3 Lm/W, a brightness of 440 cd/mand an the ligand? using smaller, more mobile counterichsas well
external quantum efficiency of 0.5% at 39V. as prebiasing the device at a higher voltage or driving it with a

The efficiency of an ITO/[Ir(ppyxdtb-bpy)]* (PRs~)/Au de- square wavé.Some of the_se strgtegies h_ave also led tq an
vice is shown in Figure 3 to decay at a rate that depends on the€nhancement of the efficiency in ruthenium-based devices.

bias. This has been observed in devices from ruthenium as well Terefore, it might be possible to achieve an even higher
as osmium complexes: The higher the voltage above the redox€TICiENcy in [Ir(ppyk(dtb-bpy)I*(PF:") devices using air stable

potential, the faster the degradation. The reasons for the deg-CONtacts.

radation in the iridium complex-based devices are not com-  Finally, a comment is in order regarding the spectral shift of
pletely understood at present. Systematic work from the Bard the emission. The emission spectrum of the qlewce with the Ca
groug? led to the conclusion that degradation in [Ru(g?/) cathode (under forward bias) shows a maximum at 580 nm,
arises from a reaction with water and the subsequent produc-Similar to that of the device with the Au cathode under reverse
tion of [Ru(bpyh(H:0)]2*, which decreases the yield of DPias. This is red-shifted by 20 nm compared to the films
photoluminescence. A similar mechanism might be at work for Photoluminescence and the electroluminescence spectrum from
[Ir(ppy)2(dtb-bpy)J*(PRs7). It should be noted though that the device with a Au cathode under forward bias. This is a very

schemes to slow degradation in these devices are beinginteresting effect for which we currently have no explanation.
developed. The most obvious correlation of this spectral shift is with the

The characteristics of the ITO/[Ir(ppyditb-bpy)- (PFs-)/Au luminous efficiency. When the efficiency is high (implying
devices are found to be highly asymmetric with bias (see Figure palanced (_alectron and hole Cufre”t.& as well as large concentra-
4). Namely, the luminous efficiency @ V is considerably lower tion 9f excnons), the spectrum is Sh.'ﬁed t_owar.d the rgd. Fgrther
than that at-3 V. This is in contrast to past work on ruthenium St?‘d'es of.exuton-charge and excﬁe@xcnon mteractpns n
devices, where ITO and Au were found to give ohmic contacts this material are needed to understand this interesting effect.
for both hole and electron injection, leading to absence of conclusions
rectification® The latter was attributed to the high electric field
near the electrodes, caused by the redistribution of ionic In conclusion, the spectroscopic, electrochemical, and elec-
charge?® Due to the lower electron affinity of the iridium  troluminescent properties of a multifunctional iridium complex
complex, the field caused by the ionic space charge seems nohave been discussed. Devices fabricated from [Ir(gdsh-
to be adequate to make Au an ohmic contact for electron bpy)]*(PFs)~ emitted yellow light with a brightness exceeding
injection. As a result, ITO serves as a more efficient electron
injector that Au. This is in agreement with the fact that the work (1) fjequéé'\"-? Forrest, S. R.; Leo, K.; Thompson, M. &v. Mater. 2002
function of ITO is lower than that of Au and suggests that higher (22) Kalyuzhny, G.: Buda, M.; NcNeill, J.; Barbara, P.: Bard, Al.JAm. Chem.
efficiency devices might be achieved by using a cathode with ., $0¢2003 125 6272.

. (23) Rudmann, H.; Shimida, S.; Rubner, M. F.; Oblas, D. W.; Whitten, J. E.
a lower work function. Appl. Phys2002 92, 1576.
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300 cd/n? and a luminous power efficiency exceeding 10 Lm/W Cornell Center for Materials Research (CCMR), a Materials
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