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A highly luminescent novel cationic iridium complex [iridium bis(2-phenylpyridine)(4,4'-(dimethylamino)-2,2'-bipyridine)]-
PFs was synthesized and characterized using NMR, UV-visible absorption, and emission spectroscopy and
electrochemical methods. This complex displays intense photoluminescence maxima in the green-blue region of
the visible spectrum and exhibits unprecedented phosphorescence quantum yields, 80 + 10% with an excited-
state lifetime of 2.2 us in a dichloromethane solution at 298 K. Single-layer light-emitting electrochemical cells with
the charged complex as conducting and electroluminescent material sandwiched between indium—tin oxide and Ag
electrodes were fabricated, which emit green-blue light with an onset voltage as low as 2.5 V. Density functional
theory calculations were performed to provide insight into the electronic structure of the [iridium bis(2-phenylpyridine)-
(4,4'-(dimethylamino)-2,2'-bipyridine)]PFs complex, comparing these results with those obtained for [iridium bis(2-
phenylpyridine)(4,4'-tert-butyl-2,2'-bipyridine)]PFe.

Introduction eliminating the need for extra layets'® This is a promising

Iridium(Ill)-cyclometalated complexes are attracting wide- 2/térnative to OLED, particularly for large-area lighting
spread interest because of their unique photophysical proper&PPlicationsi®**Recently, Rudmann et al. have proposed a
ties and applications in organic light-emitting diodes (OLE- detailed operating mechanism for a LEC based on transition-
Ds). Several groups have extensively used iridium-cyclo- Metal complexes:
metalated complexes in OLEDs and obtained up to 19% The possible operating mechanism of a LEC is schemati-
external quantum efficiencies, for which a multilayered cally shown in Figure 1. Upon application of a bias, the
structure for charge injection, transport, and light emission cations and anions present in the organic layer move toward
is requiredt—4 Another type of organic light-emitting device the cathode and anode, respectively, leading to large electric
is the light-emitting electrochemical cell (LEC), which makes
use of ionic charges to facilitate electronic charge injection ) ZPGegi,’ %ggu, G.; Zhang, C.; Yang, Y.; Heeger, A.Skiencel995
from the electrodes into the organic molecular semiconductor, (s) siinker, J. D.; Gorodetsky, A. A.; Lowry, M. S.; Wang, J.; Parker, S.;
Rohl, R.; Bernhard, S.; Malliaras, G. G.Am. Chem. So2004 126,
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iridium cationic complexes that show green-Blueand
green?® electroluminescence. In these complexes, the increase
in the HOMO-LUMO gap with respect to complexes
without fluorine substitution was due to stabilization of the
HOMO.X” Recently, Thomson et al. have used an interesting
approach to obtain blue electroluminescence by stabilizing
the HOMO of iridium cationic complexes using a 1-phen-
LUMO rr B ylpyrazole ligand* Here we demonstrate the ability to tune
the emission color of a highly phosphorescent cationic

T S iridium complex from yellow to blue by meticulous selection
E of a dimethylamino-substituted bipyridine donor ligand. As
I will be shown, in this case the HOM&LUMO gap is

increased because of a larger destabilization of the LUMO
than of the HOMO.

(a) (b)
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apoyjen
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HOMO

Experimental Section

Figure 1. Operating mechanism of a LEC. The top pictures are cross . .
sections, and the bottom pictures are energy band diagrams. (a) Relative Materials and Measurements.All of the solvents and chemi-
positions of the energy levels when the layers are not in contact: the Fermi cals, unless stated otherwise, were purchased from Fluka, puriss

levels of the electrodes are not matched with the HOMO and LUMO levels grade. UV-visible and fluorescence spectra were recorded in a
of_ the_electrolumlnescent_ Iayer._ The_ ions in that layer reside in pairs. (b) 1-cm-path-length quartz cell on a Cary 5 spectrophotometer and a
Situation when a voltage is applied high enough to overcome the HOMO s = loq 112 trofluorimet tivelv. Electrochemi
LUMO gap of the electroluminescent layey & Ege). The ionic double pex Fluorolog i Spectro .uorlme €r, respectively. Electrochemi-
layers built up at the electrode interfaces enable electronic charge carriercal data were obtained by using a PC-controlled AutoLab PSTAT10
injection, which after recombination leads to emission of a photon. electrochemical workstation (Eco Chimie), in which a platinum disk

working electrode, a platinum coil auxiliary electrode, and a silver
fields at the electrode interfaces. The ion distribution formed disk quasi-reference electrode were mounted in a single-compart-
facilitates injection of electrons and holes at the cathode andment-cell configuration*H and**C NMR spectra were measured
anode, respectively, which after transport and recombinationon & Bruker 200-MHz spectrometer. The reported chemical shifts
of the charge carriers can result in emission of a photon. As Were in ppm versus tetramethylsilane.

can be seen in Figure 1, the ionic charges enable charge The quantum yields were determined using the following

injection at a bias just exceeding the potential to overcome equation’®#?

the highest occupied molecular orbital (HOM&dwest (DIALx

unoccupied molecular orbital (LUMO) gap of the electrolu- Px = ¢rKopt(D/Ae )
Xor

minescent material (i.eV, > Ege), irrespective of the energy
levels of the electrodes. This mechanism leads to three where the subscripté denote the substance whose quantum yield
advantages of LECs with respect to OLEDSirst, stable is determined andis the reference substance quinine sulfate (3
metals such as aluminum, silver, or gold can be used as thel0™> M in 1 M H,S0O), whose luminescence quantum yield is
cathode; second, thicker organic active layers can be usedown to be 0.5487 Ky, is the optical factor referring to the higher
while keeping the operating voltage low, thus preventing the refractive |r!dex of dlchlorometr_lanet( _:1.424) compared to the
occurrence of shorts; and third, no additional layers for Water solution fp = 1.333); D is the integrated area under the
charge injection are needed, keeping the device structureSM'ss1on spectrum; anfe.c is the absorbance at the exciting
wavelength.

simple. These advantages of LECs opep the roa,d t(_) poss!bly LEC. The iridium complex [iridium bis(2-phenylpyridine)(4;4
nonencapsulated stable large-area devices, which is particugimethylamino)-2,2bipyridine)]PF was dissolved in acetonitrile
larly attractive for lighting applications. (20 mg/mL) by stirring at 5C°C for 30 min. The solution was
The majority of ionic complexes that were used in these brought into a nitrogen-atmosphere glovebox, where all subsequent
types of single-layer devices have been ruthenium complexesprocessing was carried out. Molecular sieves were added in order
which emit in the 606-650-nm regiorf-913.24For lighting to remove traces of water. After 30 min, the solution was filtrated

applications, white light is needed, which can be obtained and spin-coated on glass substrates with structured ingium

by mixing blue with one or more other colors. Thus, the oxide (ITO), which had been thoroughly cleaned beforehand using
design and development of highly phosphorescent blue- soap, water, 2-propanol, ultrasound, and UV ozone. This resulted
emitting charged iridium complexes are desité1” Slinker in homogeneous films of nearly 100-nm thickness. The films were

. o ) . dried at 100°C in nitrogen for about/, h. A 100-nm-thick silver
etal. have used fluorinated 2-phenylpyridine ligands to obtain electrode was evaporated on top in a vacuum chamber at a rate of

0.5 nm/sto

13) 5'56‘2”5"’” E.S.; Pal, A.J.; Rubner, M. F.Am. Chem. S0d 999 121, Synthesis of [Iridium bis(2-phenylpyridine)(4,4-(dimethyl-
(14) Gao, F. G.; Bard, A. I. Am. Chem. SoQ00Q 122, 7426. amino)-2,2-bipyridine)]PF . The dimeric iridium(lll) complex
(15) Coppo, P.; Plummer, E. A.; De Cola,Chem. Commur2004 1774~

1775. (18) Slinker, J. D.; Koh, C. Y.; Malliaras, G. G.; Lowry, M. S.; Bernhard,
(16) Lowry, M. S.; Hudson, W. R.; Pascal, R. A. J.; BernhardJ).SAm. S. Appl. Phys. Lett2005 86, 173506.

Chem. Soc2004 126, 14129. (19) Parker, C. A.Measurement of Fluorescence Efficiendyisevier
(17) Lowry, M. S.; Goldsmith, J. I.; Slinker, J. D.; Rohl, R.; Pascal, R. A.; Publishing Co.: New York, 1968.

Malliaras, G. G.; Bernhard, £hem. Mater2005 17, 5712. (20) Kartens, T.; Kobs, KJ. Phys. Chem198Q 84, 1871.
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Table 1. Absorption, Emission, and Electrochemical Properties of the 15 — T T T T T T T
Iridium Cationic Complexes N926 and [Ir(pp@itb-bpy)]Pk
Complex Absorption, Emission Electrochemical Lifetime 10 4 y
Aupx (NM) A (NM) data V vs. Fc® Em.¢¢ | T(us)®
E 172 E 172
oxidation reduction i 54 1
N926 268; 290; 356; | 491,520° [0.72 217 [08=x0.1 o
SPNG 376; 444° -2.61 2.240.02 S o
QAT o, -2.87 (0.63) £ i 1
%"’ y 5
J) AN U
€ not given 581 0.83 -1.88° [ 0235 |0.557 -5 4 E
L
C@w | 10 .
) .
a Absorption data were measured in a £ solution.? Emission data -15 4 E
were collected at 298 K by excitation at 380 nhilectrochemical IS TS S TS S TS S N S X [ S T
measurements were carried out in an acetonitrile solution, and the potentials 30 25 20 45 -0 05 0.0 0.5 1.0

are in volts vs ferrocinium/ferrocene (F&)Quantum yield and liftetime .

data are collected in deaerated solutions; the value in parentheses is in an Potential, V (vs.Fc+/Fc)

aerated solutiort Data taken from ref 6. Figure 2. Cyclic voltammogram of N926 measured in acetonitrile in the
presence of 0.1 M tetrabutylammonium hexafluorophosphate as the sup-

. . porting electrolyte with a 100 mV/s scan speed. The black line shows
[Ir(PPy)2(CI)]2 (300 mg, 0.28 mM) was dissolved in 100 mL of a scanning between2.4 to+1 V and the red line between2.8 and+1 V.

dichloromethane solvent under nitrogen. To this solution was added The gbserved irreversible new wave at arouad.35 V is due to an
a 4,4-(dimethylamino)-2,2bipyridine ligand'2? (176 mg, 0.724 unknown product that is formed when scanning beyerfd4 V.

mM). The reaction mixture was refluxed under nitrogen for 3 h.

The solvent dichloromethane w8vaporated, and the resulting — 60x1 032_90 300 400 Q0 s 7% 30.?6
solid was dissolved in 5 mL of methanol. Then, by the addition of =
a hexafluorophosphate salt solution in methanol, [iridium bis(2- _° 50 -5
phenylpyridine)(4,4(dimethylamino)-2,2bipyridine)]Pk was pre- 'E
cipitated. Yield: 306 mg, 50%. w40 4

1H NMR (CD3;OD): 6 8.14 (2H, dJ = 8 Hz), 7.88 (4H, d) = S 30 133
8 Hz), 7.79 (2H, tJ =6 Hz), 7.79 (2H, s), 7.69 (2H, = 7.6 "«87 e
Hz), 7.47 (2H, ddJ = 6 and 2 Hz), 7.10 (2H, ] = 6.6 Hz), 7.04 g 20 -2
(2H,t,J = 7.6 Hz), 6.68 (2H, ddJ = 6.6 Hz), 6.35 (2H, ddJ = 8
7.5 Hz).13C NMR (CD.Cl,): ¢ 166.96, 156.7, 155.53, 153.18, = 104 B
149.79, 149.31, 144.73, 136.19, 132.59, 131.08, 125.41, 123.47, g 0 : : ' . . 4 0
122.60, 120.09, 110.04, 105.97. Anal. Calcd fagHziFsIrNgP: 2 200 300 400 500 600 700 800
C, 48.70; H, 3.86; N, 9.47. Found: C, 48.69; H, 4.01; N, 9.84. Wavelength [nm]

) . Figure 3. Absorption and emission spectra of N926 in a dichloromethane

Results and Discussion solution (concentration % 10-6 M) at 298 K. The excitation wavelength

for the emission spectrum was 380 nm.

The mixed-ligand complex [iridium bis(2-phenylpyridine)-
(4,4-(dimethylamino)-2,2bipyridine)|PF; (see Table 1 for  pjjized by 110 mV). The three reversible reduction waves
the chemical structure; further called N926) was synthesized gt —2 17, —2.61, and—2.87 V vs Fc (only two waves are
in dichloromethane starting from the dichloro-bridged irid- gpown in Figure 2) are assigned to the reduction of-4,4
ium(lll) dimer [Irx(2-phenylpyridine)Cl)] and 4,4-(di-  (dimethylamino)-2,2bipyridine and the two 2-phenylpyri-
methylamino)-2,2bipyridine*-*yielding a yellow powder.  gine ligands, respectively (Table 1). It is interesting to note
The*H NMR spectrum shows 11 different proton resonances, that the ligand-based reduction potential, which corresponds
out of which eight are due to the 2-phenylpyridine ligands 5 the LUMO (first reduction couple), is significantly shifted
and the remaining three are due to'4dimethylamino)- cathodically (290 mV) compared to [Ir(pp{itb-bpy)]PF.5
2,2-bipyridine protons. Thé*C NMR spectrum shows 16 This demonstrates that the destabilization of the ligand-based
peaks, consistent with the complex (see synthesis section); ymo orbitals more than offsets the destabilization of the

The cyclic voltammogram of the complex (Figure 2) metal-based HOMO orbitals, both caused by the donor ligand
measured in acetonitrile containing 0.1 M tetrabutylammo- 4,4-(dimethylamino)-2,2bipyridine, ensuring an increase in
nium hexafluorophosphate with a 100 mV/s scan rate showstpe gap between the HOMO and LUMO of N926 compared
areversible oxidation wave at 0.72 V vs Fc due to oxidation tg the HOMO and LUMO of [Ir(ppyXdtb-bpy)]PR.
of iridium(lll) to iridium(lV). Compared to the previously Figure 3 shows absorption and emission spectra of the
reported [iridium bis(2-phenylpyridine)(4;dert-butyl-2,2- cationic N926 complex measured in a dichloromethane
bipyridine)]Pk complex (see Table 1; further called [In(ppy)  sojution at 298 K. The absorption spectrum displays bands
(dtb-bpy)]PFs ),° the N926 oxidation wave is cathodically iy the UV at 268, 290, 356, and 376 nm and in the visible
shifted by 110 mV because of the donor strength 0f-4.4  yegion at 444 nm due to intraligand{z*) and metal-to-
(dimethylamino)-2,2bipyridine (i.e., the HOMO is desta- jigand charge-transfer transitions (MLCTSs), respectively
(Figure 3)? The N926 complex, when excited within the

(21) Zakeeruddin, S. M.; Fraser, D. M.; Nazeeruddin, M. K.; Graetzel, M.
J. Electroanal. Chem1992 337, 253-283.
(22) Maerker, G.; Case, F. H. Am. Chem. S0d.958 80, 2745. (23) Schmid, B.; Garces, F. O.; Watts, R.Idorg. Chem.1994 33, 9.
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m—ma* and MLCT absorption bands at 298 K, shows remarkably high yields, i.e., 80%. Therefore, this class of

emission maxima at 490 and 520 nm, with 22lifetimes. compounds provides an exciting opportunity to enhance the
This is a clear blue shift of around 60 nm compared to the quantum yields and to tune the emission spectral properties
parent [iridium bis(2-phenylpyridine)(44ert-butyl-2,2- from yellow to blue by simply selecting appropriate donor
bipyridine)]PF and [iridium bis(2-phenylpyridine)(2,i- ligands.

pyridine)]PRs complexe$:?* The emission maximum is in To provide insight into the electronic structure of the N926

the same range as that for a solution_of the fluorinated complex, we performed density functional theory (DFT)
complex [Ir(dF(CR)ppy)(dtb-ppy)]Pk.*" Itis worth noting  calculations on both N926 and [iridium bis(2-phenylpyri-
that the argon-deaerated dichloromethane solution of N926 gine)(4,4-tert-butyl-2,2-bipyridine)J". The geometries of the

shows bright luminescence under a UV lamp in a lighted o cationic complexes were optimized using the BP86

room and displays an unusual phosphorescence quantungychange-correlation functidifogether with a TZP (DZP)
yield of 80 & 10% in a solution at room temperature. The pagis set for iridium (N, C, H), including scalar-relativistic

emission spectral profile is independent of the excitation ¢y rections as implemented in tHeDF program?® All of
wavelength and the emission decayed as a single exponentiahe calculations reported in this paper have been performed
with a lifetime of 2.2us in a degassed GBI solution, which \yithin ¢, any symmetry constraints to capture the possible
is indicative of strong spinorbit coupling leading to  yeyjations from ideaD, symmetry exhibited by the inves-
intersystem crossing from the singlet to the triplet states. tigated complexes. Nevertheless, we refer to the highest
Orthometalated iridium complexes are known to have the gccupied metal-based MOs ag usingO, symmetry labels
highest triplet emission quantum yields because of severalfor clarity. The calculated geometrical parameters are in
factors?®?’ (a) Iridium has a large ligand-field splitting of  excellent agreement with experimental data for the related
the d orbital compared to other metals in the series. (b) The complex [iridium bis(2-phenylpyridine)(44eH1e-2,2-bi-
ligand-field strength of the phenylpyridine anionic ligand is pyridine)]*, for which X-ray data are availabféir—N and
strong, increasing the d-orbital splitting even further, leading |,_c gistances of 2.162 (bpy), 2.052 (ppy), and 2.007 A
to an enlarged gap between thecebitals of iridium and e calculated, to be compared to experimental values of

the LUMO of the ligand. (cjz—=* and MLCT transitions 5 157 2 057, and 2.015 A, respectively. Bond angles are
are close-lying, which together with the heavy-atom effect ;¢ accurately reproduced.

enhances the spirorbit coupling. However, generally the I . . .
mixed-ligand cationic iridium complexes show appreciabl On the optimized geometries, we performed single-point
9 ) P ) bp Y calculations at the B3LYP/LANL2DZ level of theo®3in
lower quantum yields compared to the tris-orthometalated o . .
- . an acetonitrile solution by means of the PCM solvation
iridium complexes because of the lower LUMO orbitals of o . .
model?* as implemented in th&aussian03rogram pack-

the 2,2-bipyridine ligand®2428One strategy to increase the 2 i :
band gap and the quantum yields of iridium complexes is to ggzélzgti;eiﬂu(ljtz are reported in Figure 4, together with plots

introduce fluorine and/or GFsubstituents. This results in a ) ] ) ]
stabilization of both the HOMO and LUMO, and because  The HOMO of both complexes is an antibonding combi-
the HOMO stabilization is larger, this leads to an increased nation of Ir(gg) and ppyf) orbitals (see Figure 4) and is
gap!” The strategy we have chosen, however, is to decreasec@lculated at-5.50 and—5.66 eV for N926 and [Ir(ppy)
the gap between the lowest orbitals of the 2-phenylpy- (dtb-bpy)J*, respectively. For N926, the HOMO is followed,
ridine and 2,2bipyridine ligands by introducing donor in order of decreasing energy, by two combinations of Ir-
substituents such as dimethylamino groups at theé 4,4 (t) and N lone pairs of the 4'4dimethylamino)-2,2
positions of 2,2bipyridine, which are known to have a bipyridine ligand, which are missing in the [Ir(pp{dtb-
strong destabilization effect on the LUMO. In such types of bpy)I" complex. At still lower energy, five combinations of
complexes, ther—z* and MLCT states associated with the If(tzg) and ppy(r), with variable percentage of metal char-
2-phenylpyridine and 4:4dimethylamino)-2,2bipyridine acter, are found, which are followed by thebonding
ligands are expected to be located closely together, whichframework of the 4,4(dimethylamino)-2,2bipyridine ligand.
enhances the excited-state decay through radiative pathwaysI'he LUMO of both complexes is a* orbital localized on
The quantum yield of N926 was measured using recrystal- the 4.4-substituted bipyridine ligand and is calculated at
lized quinine sulfateri 1 N H,SO, as a quantum yield ~—2:03 and—2.49 eV for N926 and [Ir(ppyfdtb-bpy)T",
standard. In addition, the widely referred to complex Ru- "espectively. At higher energy, the LUMO is followed by
(bpy)(PFs), was used as a secondary standard to verify the &1 almost degenerate couple of phenylpyridirieorbitals.
yields obtained with quinine sulfate. The data obtained using

both standards are in excellent agreement and indeed show29) Becke, A. DPhys. Re. A 1988 38, 3098.
(30) te Velde, G.; Bickelhaupt, F. M.; Baerends, E. J.; Fonseca-Guerra,

C.; van Gisbergen, S. J. A;; Snijders, J. G.; ZieglerJTComput.

(24) King, K. A.; Watts, R. JJ. Am. Chem. S0d.987, 109, 1589-1590. Chem.2001, 22, 931.

(25) Ichimura, K.; Kobayashi, T.; King, K. A.; Watts, R.J.Phys. Chem. (31) Neve, F.; La Deda, M.; Crispini, A.; Bellusci, A.; Puntoriero, F.;
1987, 91, 6104. Campagna, SOrganometallics2004 23, 5856.

(26) Ohsawa, Y.; Sprouse, S.; King, K. A.; DeArmond, M. K.; Hanck, K. (32) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.
W.; Watts, R. JJ. Phys. Chem1987 91, 1047. (33) Hay, P. J.; Wadt, W. RI. Chem. Phys1985 82, 270.

(27) Garces, F. O.; King, K. A.; Watts, R.lhorg. Chem1988 27, 3464. (34) Miertus, S.; Scrocco, S.; Tomasi, CThem. Phys1981, 55, 117.

(28) Yang, C.-H.; Li, S.-W.; Chi, Y.; Cheng, Y.-M.; Yeh, Y.-S.; Chou, (35) Frisch, M. JGaussianOg3revision B.05; Gaussian, Inc.: Wallingford,
P.-T.; Lee, G.-HInorg. Chem.2005 44, 7770-7780. CT, 2004.

9248 Inorganic Chemistry, Vol. 45, No. 23, 2006



Efficient Green-Blue-Light-Emitting Cationic Ir Complex

;%, _*(ppy-bpy) LUMO+1
54|
13T miepy) PRy
20 —| mx(bpy) [
25 H T/ =%  LUMO
— 3.16 3.47
55 HOMO )
_— t (I-n(ppy)",
-6.0 — t T hooy
t:glflr)'ﬁ(bpy )
6.5 —| —W [ B —
n(bpy)
T ] —
[Ir(ppy),(dtbbpy)]*  N926
Figure 4. Energy and character of the frontier MOs of N926 and [Ir(pfwith-bpy)]". Also shown are isodensity plots of selected MOs.
Our calculated electronic structure is consistent with 1.0k 'a*\ b ¢
experimental electrochemical data, which showed cathodic = e ,f\
shifts of the oxidation and reduction potentials of 110 and g o8l ' [0\
290 mV, respectively, on going from [Ir(ppditb-bpy)]- ; I,-" \-\_
to the N926 complex. Indeed, HOMO and LUMO energy 3 06r | \
upshifts of 0.16 and 0.47 eV are computed for the N926 E r \
complex, as a result of the different destabilization of the 5 04 \
HOMO and LUMO, which translates into an increase of the ozl !\ |
HOMO—-LUMO gap from 3.16 to 3.47 eV. This is the result ; N N
of the increased charge donation of'4ddmethylamino with 0.0 P . B
400 500 600 700 800

respect to 4,4tert-butyl groups attached to the 2Zipyri-
dine ligand, which induces a larger energy shift on the ligand- ) _
based LUMO than on the metal-based HOMO. There is SOmeFlgure 5. Electroluminescence spectra of ITO/electroluminescence (EL)

Wavelength [nm)]

layer/Ag devices, where the EL layer consists of [Ir(pfgina-bpy)IPk

discrepancy in absolute value with the experimental elec- (a), [Ir(ppy)(bpy)]PR + PMMA (b), and [Ru(bpy)](PFs)2 + PMMA (c).
trochemical band gap (2.89 V for N926), but a similar The EL intensities are in arbitrary units.
difference was found in comparable calculations on a

fluorinated cationic iridium compleX. In any case, the DFT ~ Pias of 5V, it started to emit green-blue light after several
calculation clearly confirms and explains the trend in energy Minutes. The electroluminescence spectrum, as shown in
level shifts for the different substituents. Figure 5 (trace a), is similar to the photoluminescence

To investigate the electroluminescence properties of the SPECtrum recorded for a spin-coated film on glass and of a
[iridium bis(2-phenylpyridine)(4,4(dimethylamino)-2,2bi- solution of the complex (Figure 3), in contrast to [Ir(dF-
pyridine)]PF; complex, LECs were fabricated in a nitrogen-  (CFs)PpY)(dtb-ppy)] PF.” For comparison, the electrolu-
atmosphere gloveboX.They consisted of a 100-nm spin- minescence spectra recorded for similar devices with [lr-
coated layer of pristine N926 sandwiched between an ITO (PPY):(bpY)IPF (trace b, yellow emission) and [Ru(bpj)
and an evaporated silver electrode (for more details, see the(PFe)2 (trace ¢, orange-red emission) as the active material
Experimental section). are also showit.

It is well-known that solid-state LECs exhibit a significant To investigate the performance of the device as a function
response time because electroluminescence can only occuof the applied bias in a steady-state situation, the measure-
after the ionic double layers have been built up at the mentas shown in Figure 6a was performegirst, the LEC
electrode interfaces!® Because in this case only the PF was prechargedt® V until stable values for current, light,
anion is mobile, the double layers are formed by accumula- and voltage were reached (in this case that means that first
tion and depletion of PF at the anode and cathode, the current density increased until the compliance set at 0.44
respectively. For the present device, upon application of a mA/mn? was reached, after which the current remained
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Figure 6. (a) Current density (blue trace) and photocurrent (red trace) vs time for an ITO/[l5(@mg-bpy)]PE/Ag LEC. The numbers in the graph area
denote the voltages applied. Before the start of this measurement, the device was precharged at 5 V. (b) Steady-state current density (citcesjrant ph
(squares) vs voltage, as derived from part a. The traces are guides to the eye.

constant and the voltage decreased to a stable value of aboutnixed with a suitable host, the light output and efficiency
3.5 V). Subsequently, the bias was decreased in steps of 0.5will be significantly higher.
V, and at every step, the current and light were monitored

for 300 s. At the end of each bias step, steady state was In conclusion, We_ hgve synthesi;gd_ a nqvel green-blue
reached, and these equilibrium values for the current and phosphorescent cationic complex, [iridium bis(2-phenylpy-

photocurrent are plotted against the voltage in Figure 6b. M1din€)(4,4-(dimethylamino)-2,2bipyridine)]PF, by engi-
The behavior is comparable to what we observed for devicesN€€rng at the molecular level. It exhibits photoluminescence
based on [Ru(bpy)PFs)2 and [Ir(ppy}(bpy)]PF.2° Upon a guantum yields of 80+ 10%, due to close-lying LUMO
decrease in the bias, the light output and current density firstorbitals of 2-phenylpyridine and 4:4dimethylamino)-2,2
decrease correspondingly. Between 2.0 and 0.5 V, no light bipyridine. The LEC device based on the new complex emits
is emitted, but a significant current density is found and can green-blue light at a bias as low as 2.5 V. This study
be attributed to leakad€. The onset voltage for light —demonstrates the significance of simple design principles
emission is around-22.5 V, which is very low regarding  leading to desired properties for practical applications. Also,
the electrochemical HOMGLUMO gap found to be 2.97 it js conceivable to develop deep-blue electroluminescent
V. We have observed sub-bandgap electroluminescence alsationic complexes by using fluorinated 2-phenylpyridine or
for devices based on [Ru(bpy(PFs)., and it has been 1 phenylpyrazole ligands that stabilize the HOMO orbitals

explained by thermal excitation of charge carrihe fact 5 dimethylamino-substituted bipyridine ligands that de-
that green-blue emission is obtained with a silver cathode atgtabilize the LUMO orbitals, resulting in a significantly

ilz\/gltage as low as 2.5 V shows the advantage of using Aincreased gap between the HOMO and LUMO. The work

The LEC device showed a luminescence of around 200 directed toward this goal is in progress in our laboratory.

cd/n? at 3.5 V, leading to an efficacy on the order of 0.43 i .
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