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(57) ABSTRACT 

An OLED device comprises, in sequence, an anode, a 
light-emitting layer that comprises a phosphorescent light 
emitting organometallic compound, a hole-blocking layer, 
and a cathode, and between the hole-blocking layer and the 
cathode, a further layer containing: a) a ?rst compound that 
has the loWest LUMO value of the compounds in the layer, 
the amount being greater than or equal to 10% by volume 
and less than 100% by volume of the layer; b) at least one 
second compound that is a loW voltage electron transport 
material, exhibiting a higher LUMO value than the ?rst 
compound, the total amount of said compound(s) being less 
than or equal to 90% by volume and more than 0% by 
volume of the layer. Such a device provides improved drive 
voltage. 
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PHOSPHORESCENT OLED WITH MIXED 
ELECTRON TRANSPORT MATERIALS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] Reference is made to commonly assigned U.S. Ser. 
Nos. 11/076,821 and 11/077,218 ?led on Mar. 10, 2005, by 
William J. Begley, et al., entitled “Organic Light-Emitting 
Devices With Mixed Electron Transport Materials” the 
disclosure of Which is incorporated herein by reference. 

FIELD OF THE INVENTION 

[0002] This invention relates to an organic light-emitting 
diode (OLED) electroluminescent (EL) device having a 
light-emitting layer including a phosphorescent light-emit 
ting material and a layer betWeen the light-emitting layer 
and the cathode containing a mixture of at least tWo com 
pounds. 

BACKGROUND OF THE INVENTION 

[0003] While organic electroluminescent (EL) devices 
have been knoWn for over tWo decades, their performance 
limitations have represented a barrier to many desirable 
applications. In simplest form, an organic EL device is 
comprised of an anode for hole injection, a cathode for 
electron injection, and an organic medium sandWiched 
betWeen these electrodes to support charge recombination 
that yields emission of light. These devices are also com 
monly referred to as organic light-emitting diodes, or 
OLEDs. Representative of earlier organic EL devices are 
Gumee et al. US. Pat. No. 3,172,862, issued Mar. 9, 1965; 
Gumee US. Pat. No. 3,173,050, issued Mar. 9, 1965; 
Dresner, “Double Injection Electroluminescence in 
Anthracene”, RCA RevieW, 30, 322, (1969); and Dresner 
US. Pat. No. 3,710,167, issued Jan. 9, 1973. The organic 
layers in these devices, usually composed of a polycyclic 
aromatic hydrocarbon, Were very thick (much greater than 1 
pm). Consequently, operating voltages Were very high, often 
greater than 100V. 

[0004] More recent organic EL devices include an organic 
EL element consisting of extremely thin layers (e.g. <1.0 
um) betWeen the anode and the cathode. Herein, the term 
“organic EL element” encompasses the layers betWeen the 
anode and cathode. Reducing the thickness loWered the 
resistance of the organic layers and has enabled devices that 
operate at much loWer voltage. In a basic tWo-layer EL 
device structure, described ?rst in US. Pat. No. 4,356,429, 
one organic layer of the EL element adjacent to the anode is 
speci?cally chosen to transport holes, and therefore is 
referred to as the hole-transporting layer, and the other 
organic layer is speci?cally chosen to transport electrons and 
is referred to as the electron-transporting layer. Recombina 
tion of the injected holes and electrons Within the organic EL 
element results in efficient electroluminescence. 

[0005] There have also been proposed three-layer organic 
EL devices that contain an organic light-emitting layer 
(LEL) betWeen the hole-transporting layer and electron 
transporting layer, such as that disclosed by C. Tang et al. (J. 
Applied Physics, Vol. 65, 3610 (1989)). The light-emitting 
layer commonly consists of a host material doped With a 
guest material, otherWise knoWn as a dopant. Still further, 
there has been proposed in US. Pat. No. 4,769,292 a 
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four-layer EL element comprising a hole injecting layer 
(HIL), a hole-transporting layer (HTL), a light-emitting 
layer (LEL) and an electron-transporting/injecting layer 
(ETL). These structures have resulted in improved device 
ef?ciency. 

[0006] Many emitting materials that have been described 
as useful in an OLED device emit light from their excited 
singlet state by ?uorescence. The excited singlet state can be 
created When excitons formed in an OLED device transfer 
their energy to the singlet excited state of the dopant. 
HoWever, only 25% of the excitons created in an EL device 
are singlet excitons. The remaining excitons are triplet, 
Which cannot readily transfer their energy to the dopant to 
produce the singlet excited state of a dopant. This results in 
a large loss in ef?ciency since 75% of the excitons are not 
used in the light emission process. 

[0007] Triplet excitons can transfer their energy to a 
dopant if it has a triplet excited state that is loW enough in 
energy. If the triplet state of the dopant is emissive it can 
produce light by phosphorescence. In many cases, singlet 
excitons can also transfer their energy to the loWest singlet 
excited state of the same dopant. The singlet excited state 
can often relax, by an intersystem crossing process, to the 
emissive triplet excited state. Thus, it is possible, by the 
proper choice of host and dopant, to collect energy from both 
the singlet and triplet excitons created in an OLED device 
and to produce a very efficient phosphorescent emission. 
The term electrophosphorescence is sometimes used to 
denote electroluminescence Wherein the mechanism of 
luminescence is phosphorescence. 

[0008] Another process by Which excited states of a 
dopant can be created is a sequential process in Which a hole 
is trapped by the dopant and subsequently recombines With 
an electron, or an electron is trapped and subsequently 
recombines With a hole, in either case producing an excited 
state of the dopant directly. Singlet and triplet states, and 
?uorescence, phosphorescence, and intersystem crossing are 
discussed in J. G. Calvert and J. N. Pitts, Jr., Photochemistry 
(Wiley, NeW York, 1966) and further discussed in publica 
tions by S. R. Forrest and coWorkers such as M. A. Baldo, 
D. F. O’Brien, M. E. Thompson, and S. R. Forrest, Phys. 
Rev. B, 60, 14422 (1999) and M. A. Baldo, S. R. Forrest, 
Phys. Rev. B, 62, 10956 (2000). 

[0009] Emission from triplet states is generally very Weak 
for most organic compounds because the transition from the 
triplet excited state to the singlet ground state is spin 
forbidden. HoWever, it is possible for compounds With states 
possessing a strong spin-orbit coupling interaction to emit 
strongly from triplet excited states to the singlet ground state 
(phosphorescence). For example, fac-tris(2-phenyl-pyridi 
nato-N,C2'-)Iridium(III) (Ir(ppy)3) emits green light (K. A. 
King, P. J. Spellane, and R. J. Watts, J. Am. Chem. Soc., 107, 
1431 (1985); M. G. Colombo, T. C. Brunold, T. Reidener, H. 
U. Giidel, M. Fortsch, and H.-B. Biirgi, Inorg. Chem., 33, 
545 (1994)). Organic electroluminescent devices having 
high ef?ciency have been demonstrated With Ir(ppy)3 as the 
phosphorescent material and 4,4'-N,N'-dicarbaZole-biphenyl 
(CBP) as the host (M. A. Baldo, S. Lamansky, P. E. BurroWs, 
M. E. Thompson, S. R. Forrest, Appl. Phys. LeZL, 75, 4 
(1999), T. Tsutsui, M.-J. Yang, M. Yahiro, K. Nakamura, T. 
Watanabe, T. Tsuji, Y. Fukuda, T. Wakimoto, S. Miyaguchi, 
Jpn. J. Appl. Phys., 38, L1502 (1999)). Additional disclo 
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sures of phosphorescent materials and organic electrolumi 
nescent devices employing these materials are found in US. 
Pat. No. 6,303238 B1, WO 2000/57676, WO 2000/70655, 
WO 2001/41512 A1, WO 2002/02714 A2, WO 2003/ 
040256 A2, and WO 2004/016711 A1. 

[0010] Mixed hosts have been used to improve the effi 
ciency, voltage and operational stability of phosphorescent 
OLED devices. H. AZiZ et al. in US. Pat. No. 6,392,250 B1, 
US 2003/0104242 A1 and US 2003/0134146 A1 disclose 
organic electroluminescent devices having an emissive layer 
containing the phosphorescent 2,3,7,8,12,13,17,18-octa 
ethyl-21H,23H-porhine Platinum(11) (PtOEP) dopant and an 
about equal Weight percent of both NPB and Alq (tris(8 
quinolinolato)aluminum (111)) as host materials. R. KWong 
et al. in US 2002/0074935 A1 also disclose devices With an 
emissive layer containing the PtOEP or bis(benZothienyl 
pyridinato-NAC)1ridium(111) (acetylacetonate) as a dopant 
and equal proportions of NPB and Alq as host materials. In 
US 2004/0155238 a light-emitting layer of the OLED device 
contains a Wide band gap inert host matrix in combination 
With a charge carrying material and a phosphorescent emit 
ter. The charge carrying compound can transport holes or 
electrons, and it is selected so that charge carrying material 
and phosphorescent emitter transport charges of opposite 
polarity. HoWever, in this case, blue OLED devices employ 
ing these disclosed materials require use of substantial 
amounts of the phosphorescent emitters and still do not 
solve the high voltage problem. 

[0011] M. Furugori et al. in US 2003/0141809 disclose 
phosphorescent devices Where a host material is mixed With 
another hole- or electron-transporting material in the light 
emitting layer. The document describes that devices utiliZing 
plural host compounds shoW higher current and higher 
ef?ciencies at a given voltage; hoWever, reported luminance 
data are quite moderate. Ef?cient single-layer-solution pro 
cessed phosphorescent OLED devices based on fac-tris(2 
phenylpyridine) 1ridium cored dendrimer are described in T. 
Anthopoulos et al., Appl. Phys. LeZL, 82, 4824 (2003). T. 
1garashi et al. in WO 2004/062324 A1 disclose phosphores 
cent devices With the light-emitting layer containing at least 
one electron-transporting compound, at least one hole-trans 
porting compound and a phosphorescent dopant. Various 
materials Were tested as co-hosts for the blue and green 
emitters, and high efficiency devices are reported. HoWever, 
luminous and poWer efficiencies of the disclosed OLEDs can 
be improved much further. 

[0012] High emission efficiency in phosphorescent OLED 
devices With a neat host is usually obtained by incorporating 
a hole-blocking material betWeen the light-emitting layer 
and the cathode in order to limit the migration of holes and 
con?ne electron-hole recombination and the resulting exci 
tons to the light-emitting layer (for example, see US. Pat. 
No. 6,097,147). 

[0013] In addition to a hole-blocking layer, a phosphores 
cent OLED device employing a neat host and a phospho 
rescent material may include at least one hole-transporting 
layer With suitable triplet energy levels, placed adjacent to 
the light-emitting layer on the anode side, to help con?ne the 
electron-hole recombination events to the light-emitting 
layer. This feature can further improve the ef?ciency of the 
device. Examples of hole-transporting materials Whose 
energy levels make them suitable for use With many phos 
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phorescent materials include 4,4',4"-tris(N-3-methylphenyl 
N-phenylamino)triphenylamine (MTDATA; see 
JP2003092186A), bis[4-(N,N-diethylamino)-2-methylphe 
nyl](4-methylphenyl)methane (MPMP; see WO02/ 02714 
and WO03/040257), N,N-bis[2,5-dimethyl-4-[(3-meth 
ylphenyl)phenylamino]phenyl]-2,5-dimethyl-N'-(3 -meth 
ylphenyl)-N'-phenyl-1,4-benZenediamine (see JP2004 
139819 A and US 2004/018910 A1). HoWever, use of these 
materials alone does not give the optimum performance 
possible in an electroluminescent device. 

[0014] M. Thompson et al., in US 2004/0048101, disclose 
phosphorescent blue and White OLED devices comprising 
an electron blocking layer and the light-emitting layer With 
a neat host and a phosphorescent emitter. By inserting an 
electron-blocking layer betWeen the hole-transporting and 
light-emitting layers electron leakage can be eliminated and, 
hence, luminous efficiency is increased. Fac-tris(1-phe 
nylpyraZolato, N,C2')1ridium (111) (1rppZ) and 1ridium(11 
1)bis(1-phenylpyraZolato, N,C2')(2,2,6,6-tetramethyl-3,5 
heptanedionato-0,0) (ppZ21r(dpm)) have been disclosed as 
suitable electron blocking materials. 

[0015] A useful class of electron-transporting materials is 
that derived from metal chelated oxinoid compounds includ 
ing chelates of oxine itself, also commonly referred to as 
8-quinolinol or 8-hydroxyquinoline. Tris(8-quinolinola 
to)aluminum(111), also knoWn as Alq or Alq3, and other 
metal and non-metal oxine chelates are Well knoWn in the art 
as electron-transporting materials. 

[0016] Tang et al., in US. Pat. No. 4,769,292 and 
VanSlyke et al., in US. Pat. No. 4,539,507 loWer the drive 
voltage of the EL devices by teaching the use of Alq as an 
electron transport material in the luminescent layer or lumi 
nescent Zone. 

[0017] Baldo et al., in US. Pat. No. 6,097,147 and Hung 
et al., in US. Pat. No. 6,172,459 teach the use ofan organic 
electron-transporting layer adjacent to the cathode so that 
When electrons are injected from the cathode into the 
electron-transporting layer, the electrons traverse both the 
electron-transporting layer and the light-emitting layer. 

[0018] The use of a mixed layer of a hole-transporting 
material and an electron-transporting material in the light 
emitting layer is Well knoWn. For example, see US 2004/ 
0229081; US. Pat. No. 6,759,146, US. Pat. No. 6,759,146; 
US. Pat. No. 6,753,098; and US. Pat. No. 6,713,192 and 
references cited therein. KWong and co-Workers, US 2002/ 
0074935, describe a mixed layer comprising an organic 
small molecule hole-transporting material, an organic small 
molecule electron-transporting material and a phosphores 
cent dopant. 

[0019] Tamano et al., in US. Pat. No. 6,150,042 teaches 
use of hole-injecting materials in an organic EL device. 
Examples of electron-transporting materials useful in the 
device are given and included therein are mixtures of 
electron-transporting materials. There is no indication of 
hoW to select the electron-transporting materials in terms of 
LoWest Unoccupied Molecular Orbital levels (LUMOs) and 
no reference to loW drive voltage With the devices. 

[0020] Seo et al., in US2002/0086180A1 teaches the use 
of a 1:1 mixture of Bphen, (also knoWn as 4,7-diphenyl-1, 
10-phenanthroline or bathophenanthroline) as an electron 
transporting material, and Alq as an electron injection mate 
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rial, to form an electron-transporting mixed layer. However, 
the Bphen/Alq mix of Seo et al., shows inferior stability. US 
2004/0207318 A1 and US. Pat. No. 6,396,209 describe an 
OLED structure including a mixed layer of an electron 
transporting organic compound and an organic metal com 
plex compound containing at least one of alkali metal ion, 
alkali earth metal ion, or rare earth metal ion. 

[0021] Commonly owned U.S. Serial Nos. 11/076,821 and 
11/077,218 ?led on Mar. 10, 2005, describe mixing a ?rst 
compound with a second compound that is a low voltage 
electron transport material, to form a layer on the cathode 
side of the emitting layer in an OLED device, which gives 
an OLED device that has a drive voltage even lower than 
that of the device with the low voltage electron transport 
material. In some cases a metallic material based on a metal 

having a work function less than 4.2 eV is included in the 
layer. 
[0022] However, these devices do not have all desired EL 
characteristics in terms of high luminance and stability of 
the components in combination with low drive voltages. 

[0023] Notwithstanding all these developments, there 
remains a need to reduce drive voltage of OLED devices, as 
well as to provide embodiments with other improved fea 
tures such as operational stability and luminance. 

SUMMARY OF THE INVENTION 

[0024] The invention provides an OLED device compris 
ing, in sequence, an anode, a light-emitting layer that 
comprises a phosphorescent light-emitting organometallic 
compound, a hole-blocking layer, and a cathode, and 
between the hole-blocking layer and the cathode, a further 
layer containing: 
[0025] a) a ?rst compound that has the lowest LUMO 
value of the compounds in the layer, the amount being 
greater than or equal to 10% by volume and less than 100% 
by volume of the layer; 

[0026] b) at least one second compound that is a low 
voltage electron transport material, exhibiting a higher 
LUMO value than the ?rst compound, the total amount of 
said compound(s) being less than or equal to 90% by volume 
and more than 0% by volume of the layer. 

[0027] Devices of the invention provide reduced drive 
voltage of OLED devices, and provide embodiments with 
other improved features such as operational stability and 
luminance 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0028] FIG. 1 shows a schematic cross-sectional view of 
one embodiment of the OLED device of the present inven 
tion. 

[0029] FIG. 2 is a graph of the results from Example 4 
showing the change in normalized luminance with time for 
comparative devices 4-1 and 4-6, and inventive devices 4-2, 
4-3, 4-4, and 4-5. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0030] The invention is generally as described above. An 
OLED device of the invention is a multilayer electrolumi 
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nescent device comprising a cathode, an anode, hole-inject 
ing layer(s) (if necessary), electron-injecting layer(s) (if 
necessary), hole-transporting layer(s), electron-transporting 
layer(s), a light-emitting layer(s) (LEL) and hole-blocking 
layer(s). At least one light-emitting layer that contains a 
phosphorescent light-emitting material is present. At least 
one hole-blocking layer is adjacent to the light-emitting 
layer. On the cathode side of the hole-blocking layer, is a 
further layer. 

[0031] The further layer of the invention contains at least 
two different compounds, a ?rst compound and at least one 
second compound. The ?rst compound has the lowest 
LUMO (Lowest Unoccupied Molecular Orbital) value of the 
compounds in the layer. The second compound(s) has a 
higher LUMO value(s) than the ?rst compound and at least 
one of the second compounds is a low voltage electron 
transport material. 

[0032] In one suitable embodiment, the ?rst compound 
has a LUMO value lower than —2.30 eV, typically lower than 
—2.50 eV, and desirably lower than —2.70 eV or even lower 
than —3.00 eV. 

[0033] In one embodiment, the layer comprises only a ?rst 
compound and a second compound wherein neither the ?rst 
or second compounds include an organic metal complex 
compound containing an alkali metal ion, an alkali earth 
metal ion, or a rare earth metal ion. In one aspect of the 
invention, desirably, neither the ?rst or second compounds 
are tertiary amines since these materials do not transport 
electrons well. 

[0034] The amount of the ?rst compound present in the 
layer is greater than or equal to 10% by volume, but cannot 
be 100%. In one suitable embodiment the ?rst compound is 
present in the range of 20-90%, or desirably, in the range of 
40-90%, and more typically in the range of 50-80% of the 
layer by volume. The total amount of the second com 
pound(s), the low voltage electron-transporting material(s), 
present in the layer is less than or equal to 90% by volume, 
but cannot be 0%. In other embodiments of the invention, 
particularly useful levels for the ?rst compound are 20, 40, 
50, 60, 75 or 90% with corresponding levels of 80, 60, 50, 
40, 25 or 10% respectively for the total amount of the second 
compound(s). 

[0035] As used herein, the term “low voltage electron 
transport material” are those materials that when incorpo 
rated alone into the electron-transporting layer result in a 
drive voltage no more than 50% greater than an analogous 
device using only Alq in the electron-transporting layer. 
Thus, a test for a low-voltage material involves fabricating 
a device using Alq (tris(8-quinolinolato)aluminum (III)) as 
the electron transport material, illustrated in Example 3. A 
second device is fabricated replacing Alq with the material 
to be tested as a low-voltage electron transport material. If 
the second device has a drive voltage (referred to herein as 
a test voltage) no more than 50% greater than the device 
using Alq, than the test material is considered a low-voltage 
electron transport material. More desirable low-voltage elec 
tron transport materials alford a test voltage no more than 
40% greater, typically no more than 30% greater, and 
desirably no more than 25% greater than Alq. Ideally, 
low-voltage electron transport materials afford a test voltage 
no greater than 20% or 10% higher than Alq, and preferably 
equal to or less than Alq, under the test conditions. 
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[0036] Typically, “loW voltage electron transport material” 
are those materials that When incorporated alone into the 
electron-transporting layer, as described in Example 3, result 
in drive voltages of 12 volts or less. LoW voltage electron 
transport materials With drive voltages of 11 volts, 10 volts 
or less are also useful as second compounds of the invention 
While materials of 9 volts or 8 volts or less are preferred as 
second compounds. It should be understood that there may 
be some small experimental variation in the test conditions 
Which may be minimized by comparing the performance of 
neW materials to that of Alq as described previously. 

[0037] In one embodiment of the invention, the further 
layer comprises a ?rst compound, a second compound and 
at least one additional compound. In one suitable embodi 
ment, an additional compound is metallic material based on 
a metal having a Work function less than 4.2 eV. As used 
herein the term “metallic material” includes both the 
elemental metal and compounds thereof. In this embodi 
ment, the metal of said further layer is not restricted to a 
speci?c one, as long as it is a metal that can reduce at least 
one of the organic compounds. It can be selected from the 
alkali metals such as Li, alkali earth metals such as Mg and 
transition metals including rare earth metals. In particular, 
the metal having a Work function of less than or equal to 4.2 
eV can be suitably used as the metal, and typical examples 
of such dopant metals include Li, Na, K, Be, Mg, Ca, Sr, Ba, 
Y, La, Sm, Gd, Yb. In one desirable embodiment the metallic 
material is Li metal. Desirably, the metallic material is 
present at a level of from 0.lto 15% by volume of the layer, 
and typically 0.1% to 10% and more frequently from 1 to 
8%. 

[0038] FIG. 1 shoWs one embodiment of the invention in 
Which hole-injecting and electron-injecting layers are 
present. The ?rst compound and the second compound(s) are 
located in the electron-transporting layer (ETL, 136) and the 
phosphorescent light-emitting material is located in the 
light-emitting layer (LEL, 134). A hole-blocking layer 
(HBL, 135) is betWeen the light-emitting layer and the 
electron-transporting layer. The ?gure shoWs a hole-inject 
ing layer (HIL, 130) and an electron-injecting layer (EIL, 
138), but these are optional. The electron-transporting layer 
in this embodiment is the said further layer containing both 
the ?rst compound and the second compound(s) and is 
adjacent to the electron-injecting layer. When there is no 
electron-injecting layer present, the said further layer is 
adjacent to the cathode. In other embodiments there may be 
more than one hole-injecting, electron-injecting and elec 
tron-transporting layers. When more than one electron 
transporting layers is present, the said further layer of the 
invention may be adjacent to the cathode While the addi 
tional electron-transporting layers are adjacent to the light 
emitting layer(s). Additionally, When more than one elec 
tron-transporting layers are present, the said further layer of 
the invention may be adjacent to the hole-blocking layer 
With the additional electron-transporting layers adjacent to 
the cathode. 

[0039] The further layer as described above, can be an 
emitting or non-emitting layer. Typically, the primary func 
tion of the layer is to transport electrons With the result that 
the OLED device requires a loWer voltage for operation than 
either of the ?rst or second compound alone in the device. 
When emitting, the electroluminescence from said layer can 
enhance the overall emission from the device. When non 
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emitting, either the ?rst or second compound or both should 
desirably be essentially colorless or non-emitting. In one 
desirable embodiment, the further layer, as described above, 
is non-emitting. 

[0040] In one useful embodiment of the invention the ?rst 
compound, Which has the loWest LUMO in the layer, 
contains at least tWo fused rings. At least one of the tWo 
fused rings can be a carbocyclic ring, or at least one of the 
fused rings can be a heterocyclic ring. Suitably, the ?rst 
compound contains three fused rings, four fused rings, or 
even more fused rings. At least one of the three fused rings 
can be a carbocyclic ring, or at least one of the fused rings 
can be a heterocyclic ring. 

[0041] In one suitable embodiment, the ?rst compound is 
a polycyclic hydrocarbon compound and thus does not 
contain heteroatoms. In another suitable embodiment the 
?rst compound is a polycyclic hydrocarbon having at least 
3 fused rings and the second compound is an organometallic 
compound such as tris(8-quinolinolato)aluminum (III) 
(Alq). 

[0042] As used herein and throughout this application, the 
term carbocyclic and heterocyclic rings or groups are gen 
erally as de?ned by the Grant & Hackh ’s Chemical Dictio 
nary, Fifth Edition, McGraW-Hill Book Company. A car 
bocyclic ring is any aromatic or non-aromatic ring system 
containing only carbon atoms and a heterocyclic ring is any 
aromatic or non-aromatic ring system containing both car 
bon and non-carbon atoms such as nitrogen (N), oxygen (0), 
sulfur (S), phosphorous (P), silicon (Si), gallium (Ga), boron 
(B), beryllium (Be), indium (In), aluminum (Al), and other 
elements found in the periodic table useful in forming ring 
systems. For the purpose of this invention, also included in 
the de?nition of a heterocyclic ring are those rings that 
include coordinate bonds. The de?nition of a coordinate 
bond can be found in Grant & Hackh’s Chemical Dictio 
nary, page 91. In essence, a coordinate bond is formed When 
electron rich atoms such as O or N, donate a pair of electrons 
to electron de?cient atoms such as Al or B. One such 

example is found in tris(8-quinolinolato)aluminum(III), also 
referred to as Alq, Wherein the nitrogen on the quinoline 
moiety donates its lone pair of electrons to the aluminum 
atom thus forming the heterocycle and hence providing Alq 
With a total of 3 fused rings. 

[0043] Carbocyclic and heterocyclic ring systems useful 
for the current invention for the ?rst and second compounds 
are selected from metal and non-metal chelated oxinoids, 
anthracenes, bipyridyls, butadienes, imidaZoles, phenan 
threnes, phenanthrolines, styrylarylenes, benZaZoles, buck 
ministerfullerene-C6O (also knoWn as buckyball or fullerene 
C60), tetracenes, xanthenes, perylenes, coumarins, 
rhodamines, quinacridones, dicyanomethylenepyrans, thi 
opyrans, polymethines, pyrylliums, ?uoranthenes, peri?an 
threnes, silacyclopentadienes or siloles, thiapyrylliums, tri 
aZines, carbostyryls, metal and non-metal chelated 
bis(aZinyl)amines, metal and non-metal chelated bis(aZinyl 
)methenes. 

[0044] In one embodiment, the ?rst and second com 
pounds of the invention can be selected from compounds 
represented by Formulae I-X. 
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[0045] The ?rst and second compounds can be selected 
from compounds represented by Formula I: 

Formula I 

O' O 

Mn+ D Mn+ D / 
N Z N Z 

V 

Wherein 

[0046] M represents a metal or non-metal; 

[0047] n is an integer of from 1 to 4; and 

[0048] Z independently in each occurrence represents the 
atoms completing a nucleus having at least tWo fused 
aromatic rings. 

[0049] The ?rst and second compounds can also be 
selected from compounds represented by Formula II: 

(RS-Q)2-M-O-L Formula 11 

Wherein 

[0050] M is a metal or non-metal; 

[0051] Q in each occurrence represents a substituted 
8-quinolinolato ligand; 

[0052] RS represents an 8-quinolinolato ring substituent 
chosen to block sterically the attachment of more than tWo 
substituted 8-quinolinolato ligands to M; and 

[0053] L is a phenyl or aromatic fused ring moiety, Which 
can be substituted With hydrocarbon groups such that L has 
from 6 to 24 carbon atoms. 

[0054] Both ?rst and second compounds can be selected 
from compounds represented by Formula I, or both may be 
selected from compounds represented by Formula II, With 
the provisos that the compounds have different LUMO 
values, that at least one of the second compound is a loW 
voltage electron-transporting material and that the second 
compound has the highest LUMO value. Additional second 
compounds can be selected having Formulae I and II. 

[0055] The ?rst compound of the invention can be selected 
from chelated bis(aZinyl)amines and chelated bis(aZinyl 
)methenes Which are represented by Formulae III and IV in 
Which boron and nitrogen form a coordinated bond: 
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-continued 
Formula IV 

Wherein: 

[0056] A and A' represent independent aZine ring systems 
corresponding to 6-membered aromatic ring systems con 
taining at least one nitrogen; 

[0057] each Xa and Xb is an independently selected sub 
stituent, tWo of Which may join to form a fused ring to A or 
A'; 
[0058] m and n are independently 0 to 4; 

[0059] Za and Zb are independently selected substituents; 
[0060] Y is hydrogen or a substituent; and 
[0061] l, 2, 3, 4, l', 2', 3', and 4' are independently selected 
as either carbon or nitrogen atoms. 

[0062] Additional ?rst compounds can be selected from 
naphthacene derivatives that are represented by For'rpulaeléyv 

R10 R11 R12 R1 

R9 O Q R2 
R8 R3 

R7 R6 R5 R4 

Wherein: 

R1: R2: R3: R4: R5: R6: R7: R8: R9: R10: R11: and 
R12 are independently selected as hydrogen or substituents; 
[0064] provided that any of the indicated substituents may 
join to form further fused rings. 
[0065] A preferred ?rst compound of the invention repre 
sented by Formula V are those in Which at least one of R1, 
R2: R3: R4: R5: R6: R7: R8: R9: R10: R11: and R12 are 
independently selected from alkyl and aryl groups. 
[0066] In one desirable embodiment, R1, R3, R4, R7, R9, 
R10, represent hydrogen; R2 and R8 represent hydrogen or 
independently selected alkyl groups; R5, R6, R11, and R12 
represent independently selected aryl groups. 
[0067] Other ?rst compounds can be selected from 
anthracene derivatives that are represented by Formulae VI: 

Formula VI 



US 2006/0246315 A1 

wherein: 

[0068] R13, R14, R15 and R16 represent hydrogen or one or 
more substituents selected from the following groups: 

[0069] Group 1: hydrogen, alkyl and alkoxy groups typi 
cally having from 1 to 24 carbon atoms; 

[0070] Group 2: a ring group, typically having from 6 to 
20 carbon atoms; 

[0071] Group 3: the atoms necessary to complete a car 
bocyclic fused ring group such as naphthyl, anthracenyl, 
pyrenyl, and perylenyl groups, typically having from 6 to 30 
carbon atoms; 

[0072] Group 4: the atoms necessary to complete a het 
erocyclic fused ring group such as furyl, thienyl, pyridyl, 
and quinolinyl groups, typically having from 5 to 24 carbon 
atoms; 

[0073] Group 5: an alkoxylamino, alkylamino, and ary 
lamino group typically having from 1 to 24 carbon atoms; 
and 

[0074] Group 6: ?uorine, chlorine, bromine and cyano 
radicals. 

[0075] More speci?cally, the ?rst compound of the inven 
tion can be selected from compounds represented by the 
folloWing structures: 
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-continued 

A-3 

A-4 

A-5 

Also included in structures A-l to A-6 are compounds 
containing the A-l through A-6 structural features With 
substituents suitable to render said structures With the 
desired properties to function as ?rst compound materials of 
the invention. 
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[0076] Speci?cally the ?rst compound of the invention can 
be selected from the following group; 

Bu-t 
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-continued 

A- 13 A-14 

Bu-t O 

Bu-t Q 

A- 1 5 
Ph 
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-continued 

CH3 

GU11 

[0077] Second compounds of the invention can be selected 
from phenanthroline derivatives represented by Formula 
VII: 

C CH3 

— N N 

C CH3 

join to form further fused rings. 
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A-23 

[0079] provided that any of the indicated substituents may 

[0080] Heterocyclic derivatives, represented by Formula 
VIII form a group of materials from Which the second 

Formula Vll 

R28 

N R27 

Y / 

Z R26 

R25 
m 

Wherein 

[0081] m is an integer of from 3 to 8; 

wherein [0082] Z is O, NR29, or S; 

[0078] R17’ R18’ R19’ R20’ R21’ R22’ R23 and R24 are 
hydrogen or substituents; and 

compounds of the invention can be selected: 

Formula VIII 

[0083] R25, R26, R27, R28 and R29 are hydrogen; alkyl of 
from 1 to 24 carbon atoms; aryl or hetero-atom substituted 
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aryl of from 5 to 20 carbon atoms; or halo; or are the atoms 
necessary to complete a fused carbocyclic or heterocyclic 
ring; and 

[0084] Y is a linkage unit usually comprising an alkyl or 
ary group that conjugately or unconjugately connects the 
multiple benZaZoles together. 

[0085] Additional second compounds of the invention can 
be selected from silacyclopentadiene or silole derivatives 
represented by Formula IX: 

Formula IX 

Wherein 

[0086] R30, R31, and R32 are hydrogen or substituents or 
are the atoms necessary to complete a fused carbocyclic or 
heterocyclic ring. 

[0087] Other second compounds of the invention can be 
selected from triaZine derivatives represented by Formula X: 

Formula X 

R33 

Na 

Wherein 

[0088] k is an integer of from 1 to 4; 

[0089] R33 is hydrogen, substituents or carbocyclic or 
heterocyclic rings; and 

[0090] Y is a linkage unit usually comprising an alkyl or 
ary group that conjugately or unconjugately connects the 
multiple triaZines together. 

[0091] Speci?c examples of second compounds based on 
Formulae I, ll, VII, VIII, IX and X are shoWn in the 
folloWing structures: 

-continued 

CH3 
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B-3 
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-continued 
B-6 

/ 
N 

[0092] First and second compounds useful in the invention 
are any of those knoWn in the art that meet the LUMO 
requirements of the invention and Wherein at least one of the 
second compounds, if more than one is present, is a loW 
voltage electron-transporting material as de?ned in the 
invention. 

[0093] Examples of preferred combinations of the inven 
tion are those Wherein the ?rst compound is selected from 
A-7, A-8, A-9, A-13, A-14, A-15A-16, A-18, A-19 andA-24, 
and the second compounds are selected from B-1, B-2, B-3, 
B-4, B-5, B-6, B-7 and B-8. 

[0094] The further layer as described in the invention 
contains a ?rst compound and a second compound, the ?rst 
compound having a loWer LUMO value than the second 
compound. In addition, the second compound is a loW 
voltage electron-transporting compound. The combination 
of both the ?rst and second compounds in the further layer 
of the invention in the aforementioned ratios, can give 
devices that have reduced drive voltages even loWer When 
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compared to the devices in Which either the ?rst or second 
compound are incorporated alone in said layer. 

[0095] Following are the chemical names and acronyms 
associated With many useful compounds for practicing the 
invention: 

[0096] A-2, perylene; A-7 or B-1, Alq or Alq3, tris(8 
quinolinolato)aluminum (Ill); A-8 or B-2, BAlq; A-9 or B-3, 
Gaq or Gaqg, tris(8-quinolinolato)gallium(lll); A-10, 9-(2 
naphthyl)- 1 0- (4 -phenyl)phenylanthracene; A- 1 1 , ADN, 
9,10-bis(2-naphthyl)-2-phenylanthracene; A-12, tBADN, 
2-tert-butyl-9,10-bis(2-naphthyl)-2-phenylanthracene; 
A-13, tBDPN, 5,12-bis[4-tert-butylphenyl]naphthacene; 
A-14, rubrene, 5,6,11,12-tetraphenylnaphthacene; A-18, 
TBP, 2,5,8,11-tetra-tert-butylperylene; B-4, BPhen, 4,7 
diphenyl-1,10-phenanthroline; B-5, BCP, 2,9-dimethyl-4,7 
diphenyl-1,10-phenanthroline; B-6, TPBI, 2,2',2"-(1,3,5 
benZenetriyl)tris[1-phenyl-1H-benZimidaZole]; and A-24 or 
B-8, TRAZ, 2,2'-(1,1'-biphenyl)-4,4'-diylbis(4,6-(p-tolyl)-1, 
3,5-triaZine). 
[0097] For use herein, the term 8-quinolinolato ligand, is 
a ligand derived from 8-hydroxyquinoline Wherein the nitro 
gen in the 1-position of quinoline coordinates, by donating 
its free pair of electrons to a metal or non-metal atom bound 
to the hydroxyl group in the 8-position, With the metal or 
non-metal atom accepting the electrons, to form a coordinate 
bond and a chelated or heterocyclic ring system. RS is an 
8-quinolinolato-ring substituent chosen to block sterically 
the attachment of more than tWo substituted 8-quinolinolato 
ligands to the metal or non-metal atom. Preferred RS groups 
are selected from alkyl and aryl groups. L groups are 
hydrocarbons of from 6 to 24 carbon atoms. Preferred L 
groups are selected from alkyl, carbocyclic and heterocyclic 
groups. Y groups are selected from alkyl, carbocyclic or 
heterocyclic groups. Preferred Y groups are aryl or biphenyl 
groups. M can be any suitable metal or non-metal found in 
the periodic table that can be used to form compounds of 
Formulae I and H. For example, M can be an alkali metal, 
such as lithium, sodium, or potassium; an alkaline earth 
metal, such as magnesium or calcium; an earth metal, such 
as aluminum or gallium, or a transition metal such as Zinc or 

Zirconium. Generally any monovalent, divalent, trivalent, or 
tetravalent metals knoWn to be a useful chelating metal can 
be employed. Also included are boron and beryllium. Addi 
tional examples of ?rst and second compounds represented 
by Formula II can be found in Bryan et al., U.S. Pat. No. 
5,141,671, incorporated herein by reference. 

[0098] According to the present invention, the light-emit 
ting layer of the EL device comprises at least one host and 
at least one phosphorescent light-emitting material. An 
efficiency-enhancing hole-blocking layer is desirably placed 
to adjacent to the light-emitting layer on the cathode side. 

[0099] Suitable host materials for the phosphorescent 
light-emitting material should be selected so that transfer of 
a triplet exciton can occur e?iciently from the host material 
to the phosphorescent emitter but cannot occur ef?ciently 
from the phosphorescent emitter to the ho st material. There 
fore, it is highly desirable that the triplet energy of the 
phosphorescent emitter be loWer than the triplet energies of 
each of the host materials. Generally speaking, a large triplet 
energy implies a large optical band gap. HoWever, the band 
gap of the co-host materials should not be chosen so large as 
to cause an unacceptable barrier to injection of charge 
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carriers into the light-emitting layer and an unacceptable 
increase in the drive voltage of the OLED device. 

[0100] Examples of suitable host materials are described 
in WO 00/70655 A2; 01/39234 A2; 01/93642 A1; 02/074015 
A2; 02/15645 A1, US 2002/0117662, and commonly oWned 
U.S. Ser. No. 11/016,108 of Marina E. Kondavova et al., 
?led Dec. 17, 2004. Suitable hosts include certain aryl 
amines, triaZoles, indoles and carbaZole compounds. 
Examples of suitable materials include, but are not limited 
to: 

[01 01] 1,1-Bis(4-(N,N-di-p -tolylamino)phenyl)cyclohex 
ane (TAPC); 

[01 02] 
tane; 

[0103] 4,4'-(9H-?uoren-9-ylidene)bis[N,N-bis(4-meth 
ylphenyl) -benZenamine; 

[01 04] 1,1-Bis(4-(N,N-di-p -tolylamino)phenyl)-4 -phenyl 
cyclohexane; 

[01 05] 1,1-Bis(4-(N,N-di-p -tolylamino)phenyl)-4 -meth 
ylcyclohexane; 

[01 06] 1,1-Bis(4-(N,N-di-p -tolylamino)phenyl)-3 -phenyl 
propane; 

[01 07] Bis[4-(N,N-diethylamino)-2-methylphenyl](4 -me 
thylpenyl)methane; 

[01 08] Bis[4-(N,N-diethylamino)-2-methylphenyl](4-me 
thylphenyl)ethane; 

1,1-Bis(4-(N,N-di-p -tolylamino)phenyl)cyclopen 

[01 09] 4 -(4 -Diethylaminophenyl)triphenylmethane; 

[011 0] 4,4'-Bis(4-diethylaminophenyl)diphenylmethane; 
[0111] 4-(9H-carbaZol-9-yl)-N,N-bis[4-(9H-carbaZol-9 

yl)phenyl]-benZenamine (TCTA); 
[0112] 4-(3 -phenyl-9H-carbaZol-9-yl)-N,N-bis[4(3 -phe 

nyl-9H -carbaZol-9-yl)phenyl]-benZenamine; 

[0114] 9,9'-(2,2'-dimethyl[1,1'-biphenyl]-4,4'-diyl)bis-9H 
carbaZole (CDBP); 

[0115] 9,9'-[1,1'-biphenyl]-4,4'-diylbis-9H-carbaZole 
(CBP); 

[011 6] 9,9'-(1,3-phenylene)bis-9H-carbaZole (mCP); 
[0117] 9,9'-(1,4-phenylene)bis-9H-carbaZole; 

[0118] 9,9',9"-(1 ,3 ,5 -benZenetriyl)tris-9H-carbaZole; 

[0119] 9,9'-(1,4-phenylene)bis[N,N,N',N'-tetraphenyl-9H 
carbaZole-3,6-diamine; 

[0120] 9-[4-(9H-carbaZol-9-yl)phenyl]-N,N-diphenyl 
9H-carbaZol-3-amine; 

[0121] 9,9'-(1,4-phenylene)bis[N,N-diphenyl-9H-carba 
Zol-3-amine; 

[0122] 9-[4-(9H-carbaZol-9-yl)phenyl]-N,N,N',N'-tet 
raphenyl-9H-carbaZole-3,6-diamine; 

[0123] 2,9-dimethyl-4,7-diphenyl-phenanthroline (BCP) 
(see Formula (13)) and 4,7-diphenyl-1,10-phenanthroline 
(Bphen) (see Formula (14)); 
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[0124] 
[0125] 
[0126] 

[0127] 
me; 

[0128] 
me; 

[0129] 
[0130] 

ine. 

[0131] Examples of especially desirable hosts are 4,4'-N, 
N'-dicarbaZole-biphenyl (CBP), 2,2'-dimethyl-4,4'-N,N'-di 
carbaZole-biphenyl, 1,3-di(N,N'-dicarbaZole)benZene, and 
poly(N-vinylcarbaZole), including their derivatives. In one 
desirable embodiment, the light-emitting layer that contains 
the phosphorescent light-emitting material includes more 
than one host material in order to improve the device’s ?lm 
morphology, electrical properties, light emission ef?ciency, 
and lifetime. In a suitable embodiment, the layer contains a 
?rst co-host material that has good hole-transporting prop 
erties and a second co-host material that has good electron 
transporting properties as described U.S. Ser. No. 11/016, 
108 of Marina E. Kondavova et al., ?led Dec. 17, 2004, 
Which is incorporated herein by reference. Desirably, the 
OLED device also includes at least one exciton-blocking 
layer placed adjacent to the light-emitting layer on the anode 
side, to help con?ne triplet excitons to the light-emitting 
layer containing the phosphorescent emitter. Suitable exci 
ton-blocking layers are also described in the above Konda 
kova application. In one embodiment, the selected exciton 
blocking material or materials have a triplet energy greater 
or equal to 2.5 eV. 

3 -phenyl-4-(1-naphtyl)-5-phenyl-1,2,4-triaZole 

2,4,6-tris(diphenylamino)-1 ,3 ,5 -triaZine; 

2,4,6-tricarbaZolo-1,3,5-triaZine; 
2,4,6-tris(N-phenyl-2 -naphthylamino)-1 ,3 ,5 -triaZ 

2,4,6-tris(N-phenyl-1 -naphthylamino)-1 ,3 ,5 -triaZ 

4,4',6,6'-tetraphenyl-2,2'-bi-1,3,5-triaZine; 
2,4,6-tris([1,1':3',1"-terphenyl]-5'-yl)-1,3,5-triaZ 

[0132] Triplet energy is conveniently measured by any of 
several means, as discussed for instance in S. L. Murov, I. 
Carmichael, and G. L. Hug, Handbook ofPholochemislry, 
2nd ed. (Marcel Dekker, NeW York, 1993). The triplet state 
of a compound can also be calculated. The triplet state 
energy for a molecule is obtained as the difference betWeen 
the ground state energy (E(gs)) of the molecule and the 
energy of the loWest triplet state (E(ts)) of the molecule, both 
given in eV. These energies are obtained using the B3LYP 
method as implemented in the Gaussian 98 (Gaussian, Inc., 
Pittsburgh, Pa.) computer program. The basis set for use 
With the B3LYP method is de?ned as folloWs: MIDI! for all 
atoms for Which MIDI! is de?ned, 6-31G* for all atoms 
de?ned in 6-31G* but not in MIDI!, and either the LACV3P 
or the LANL2DZ basis set and pseudopotential for atoms 
not de?ned in MIDI! or 6-31G*, With LACV3P being the 
preferred method. For any remaining atoms, any published 
basis set and pseudopotential may be used. MIDI!, 6-31G* 
and LANL2DZ are used as implemented in the Gaussian98 
computer code and LACV3P is used as implemented in the 
Jaguar 4.1 (Schrodinger, Inc., Portland Oreg.) computer 
code. The energy of each state is computed at the minimum 
energy geometry for that state. The difference in energy 
betWeen the tWo states is further modi?ed by equation (1) to 
give the triplet state energy (E(t)): 

E(l)=0.84*(E(ls)-E(gs))+0.35 (eq. 1). 

[0133] For polymeric or oligomeric materials, it is suffi 
cient to compute the triplet energy over a monomer or 
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oligomer of suf?cient size so that additional units do not 
substantially change the computed triplet energy. 

[0134] The calculated values for the triplet state energy of 
a given compound may typically shoW some deviation from 
the experimental values. Thus, the calculations should be 
used only as a rough guide in the selection of appropriate 
materials. 

[0135] According to the present invention, the light-emit 
ting layer of the EL device comprises at least one phospho 
rescent light-emitting material. The light-emitting phospho 
rescent material(s) is typically present in an amount of from 
1 to 20 by Weight % of the light-emitting layer, and 
conveniently from 2 to 8% by Weight of the light-emitting 
layer. In some embodiments, the phosphorescent complex 
guest material(s) may be attached to one or more host 
materials. The host materials may further be polymers. For 
convenience, the phosphorescent complex material may be 
referred to herein as a phosphorescent guest material or 
emitter. 

[0136] Particularly useful phosphorescent materials are 
described by Formula (AA) beloW: 

Wherein: 

n 

[0137] A is a substituted or unsubstituted heterocyclic ring 
containing at least one nitrogen atom; 

[0138] B is a substituted or unsubstituted aromatic or 
heteroaromatic ring, or ring containing a vinyl carbon 
bonded to M; 

[0139] XiY is an anionic bidentate ligand; 

[0140] m is an integer from 1 to 3 and 

[0141] n in an integer from 0 to 2 such that m+n=3 for 
M=Rh or Ir; or 

[0142] m is an integer from 1 to 2 and n in an integer from 
0 to 1 such that 

[0143] m+n=2 for M=Pt or Pd. 

[0144] Compounds according to Formula (AA) may be 
referred to as C,Ni (or CANi) cyclometallated complexes 
to indicate that the central metal atom is contained in a cyclic 
unit formed by bonding the metal atom to carbon and 
nitrogen atoms of one or more ligands. Examples of hetero 
cyclic ring A in Formula (AA) include substituted or unsub 
stituted pyridine, quinoline, isoquinoline, pyrimidine, 
indole, indaZole, thiaZole, and oxaZole rings. Examples of 
ring B in Formula (AA) include substituted or unsubstituted 
phenyl, napthyl, thienyl, benZothienyl, furanyl rings. Ring B 
in Formula (AA) may also be a N-containing ring such as 
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pyridine, With the proviso that the N-containing ring bonds 
to M through a C atom as shoWn in Formula (AA) and not 
the N atom. 

[0145] In one embodiment, the phosphorescent emitting 
material comprises an organometallic complex comprising a 
metal and at least one ligand, Wherein the metal is selected 
from the group consisting of Ir, Rh, Ru, Pt, and Pd. Desir 
ably the metal is Ir. 

[0146] An example of a tris-C,N-cyclometallated complex 
according to Formula (AA) With m=3 and n=0 is tris(2 
phenyl-pyridinato-N,C2'-)Iridium(III), shoWn beloW in ste 
reodiagrams as facial (fac-) or meridional (mer-) isomers. 

[0147] Generally, facial isomers are preferred since they 
are often found to have higher phosphorescent quantum 
yields than the meridional isomers. Additional examples of 
tris-C,N-cyclometallated phosphorescent materials accord 
ing to Formula (AA) are tris(2-(4'-methylphenyl)pyridinato 
N,C2')Iridium(III), tris(3 -phenylisoquinolinato-N, 
C2')Iridium(III), tris(2 -phenylquinolinato-N, 
C2')Iridium(III), tris(l -phenylisoquinolinato-N, 
C2')Iridium(III), tris( l -(4'-methylphenyl)isoquinolinato-N, 
C2')Iridium(III), tris(2-(4',6'-di?ourophenyl)-pyridinato-N, 
C2')Iridium(III), tris(2-((5'-phenyl)-phenyl)pyridinato-N, 
C2')Iridium(III), tris(2-(2'-benZothienyl)pyridinato-N, 
C3 ')Iridium(III), tris(2 -phenyl-3,3'dimethyl)indolato-N, 
C2')Ir(III), tris(l-phenyl-lH-indaZolato-N,C2')Ir(III). In one 
embodiment, a desirable organometallic complex includes a 
metal and at least one ligand, Wherein the ligand includes a 
2-phenylpyridine group, a l-phenylisoquinoline group, a 
3-phenylisoquinoline group, a l-phenylimidaZo[l,2-a]pyri 
dine, a thiaZole ring group that is fused With at least one 
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aromatic ring group, or an oxaZole ring group that is fused 
With at least one aromatic ring group. 

[0148] Tris-C,N-cyclometallated phosphorescent materi 
als also include compounds according to Formula (AA) 
Wherein the monoanionic bidentate ligand XiY is another 
C,N-cyclometallating ligand. Examples include bis(l-phe 
nylisoquinolinato-N,C2')(2-phenylpyridinato-N, 
C2')lridium(lll) and bis(2-phenylpyridinato-N,C2')(l-phe 
nylisoquinolinato-N,C2')lridium(lll). Synthesis of such tris 
C,N-cyclometallated complexes containing tWo different 
C,N-cyclometallating ligands may be conveniently synthe 
siZed by the folloWing steps. First, a bis-C,N-cyclometal 
lated diiridium dihalide complex (or analogous dirhodium 
complex) is made according to the method of Nonoyama 
(Bull. Chem. Soc. Jpn, 47, 767 (1974)). Secondly, a Zinc 
complex of the second, dissimilar C,N-cyclometallating 
ligand is prepared by reaction of a Zinc halide With a lithium 
complex or Grignard reagent of the cyclometallating ligand. 
Third, the thus formed Zinc complex of the second C,N 
cyclometallating ligand is reacted With the previously 
obtained bis-C,N-cyclometallated diiridium dihalide com 
plex to form a tris-C,N-cyclometallated complex containing 
the tWo different C,N-cyclometallating ligands. Desirably, 
the thus obtained tris-C,N-cyclometallated complex contain 
ing the tWo different C,N-cyclometallating ligands may be 
converted to an isomer Wherein the C atoms bonded to the 
metal (e.g. Ir) are all mutually cis by heating in a suitable 
solvent such as dimethyl sulfoxide. 

[0149] Suitable phosphorescent materials according to 
Formula (AA) may in addition to the C,N-cyclometallating 
ligand(s) also contain monoanionic bidentate ligand(s) 
XiY that are not C,N-cyclometallating. Common examples 
are beta-diketonates such as acetylacetonate, and Schilf 
bases such as picolinate. Examples of such mixed ligand 
complexes according to Formula (AA) include bis(2-phe 
nylpyridinato-N,C2')lridium(lll)(acetylacetonate), bis(2-(2' 
benZothienyl)pyridinato-N, 
C3 v)lridium(lll) (acetylacetonate), and bis(2-(4', 6' 
di?ourophenyl)-pyridinato-N,C2')lridium(lll)(picolinate). 
[0150] Other important phosphorescent materials accord 
ing to Formula (AA) include C,N-cyclometallated Pt(ll) 
complexes such as cis-bis(2-phenylpyridinato-N, 
C2')platinum(ll), cis-bis(2-(2'-thienyl)pyridinato-N,C3 v) 
platinum(ll), cis-bis(2-(2-thienyl)quinolinato-N,C5v) plati 
num(ll), or (2-(4',6'-di?uorophenyl)pyridinato-N,C2') plati 
num (ll) (acetylacetonate). 

[0151] The emission Wavelengths (color) of C,N-cyclom 
etallated phosphorescent materials according to Formula 
(AA) are governed principally by the loWest energy optical 
transition of the complex and hence by the choice of the 
C,N-cyclometallating ligand. For example, 2-phenyl-pyridi 
nato-N,C2v complexes are typically green emissive While 
l-phenyl-isoquinolinolato-N,C2' complexes are typically red 
emissive. In the case of complexes having more than one 
C,N-cyclometallating ligand, the emission Will be that of the 
ligand having the property of longest Wavelength emission. 
Emission Wavelengths may be further shifted by the effects 
of substituent groups on the C,N-cyclometallating ligands. 
For example, substitution of electron donating groups at 
appropriate positions on the N-containing ring A or electron 
accepting groups on the C-containing ring B tend to blue 
shift the emission relative to the unsubstituted C,N-cyclo 
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metallated ligand complex. Selecting a monodentate anionic 
ligand X,Y in Formula (AA) having more electron accepting 
properties also tends to blue-shift the emission of a C,N 
cyclometallated ligand complex. Examples of complexes 
having both monoanionic bidentate ligands possessing elec 
tron accepting properties and electron accepting substituent 
groups on the C-containing ring B include bis(2-(4',6' 
di?uorophenyl)-pyridinato-N,C2')iridium(lll)(picolinate) 
and bis(2-(4',6'-di?uorophenyl)-pyridinato-N, 
C2')iridium(lll) (tetrakis( l -pyraZolyl)borate). 
[0152] The central metal atom in phosphorescent materi 
als according to Formula (AA) may be Rh or Ir (m+n=3) and 
Pd or Pt (m+n=2). Preferred metal atoms are Ir and Pt since 
they tend to give higher phosphorescent quantum ef?cien 
cies according to the stronger spin-orbit coupling interac 
tions generally obtained With elements in the third transition 
series. 

[0153] In addition to bidentate C,N-cyclometallating com 
plexes represented by Formula AA, many suitable phospho 
rescent emitters contain multidentate C,N-cyclometallating 
ligands. Phosphorescent emitters having tridentate ligands 
suitable for use in the present invention are disclosed in US. 
Pat. No. 6,824,895 B1 and US. Ser. No.10/729,238 (pend 
ing) and references therein, incorporated in their entirety 
herein by reference. Phosphorescent emitters having tet 
radentate ligands suitable for use in the present invention are 
described by the folloWinge: 

l 8 (BB) 
R R 

E R2 R9 
/ / 

N N I 
R3 \ \ / \ R10 

M 

R4 R11 

R5 R7 R14 R12 

R6 R13 
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\ 
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Wherein: 

[0154] M is Pt or Pd; 

[0155] RliR7 represent hydrogen or independently 
selected substituents, provided that R1 and R2, R2 and R3, R3 
and R4, R4 and R5, R5 and R6, as Well as R6 and R7 may join 
to form a ring group; 
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[0156] RSiRl4 represent hydrogen or independently 
selected substituents, provided that R8 and R9, R9 and R10, 
R10 and R11, R11 and R12, R12 and R13, as Well as R13 and 
R14, may join to form a ring group; 

[0157] E represents a bridging group selected from the 
folloWing: 

R R R R 

R O O 

yo “yo || 

[0158] Wherein R and R' represent hydrogen or indepen 
dently selected substituents; 

[0159] provided R and R' may combine to form a ring 
group. 

[0160] In one desirable embodiment, the tetradentate C,N 
cyclometallated phosphorescent emitter suitable for use in 
the present invention is represented by the folloWing For 
mula: 

(DD) 
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Wherein, 

[0161] RliR7 represent hydrogen or independently 
selected substituents, provided that R1 and R2, R2 and R3 , R3 
and R4, R4 and R5, R5 and R6, as Well as R6 and R7 may 
combine to form a ring group; 

[0162] RS-Rl4 represent hydrogen or independently 
selected substituents, provided that R8 and R9, R9 and R10, 
R10 and R11, R11 and R12, R12 and Rl3as Well as R13 and R14 
may combine to form a ring group; Zl-Z5 represent hydro 
gen or independently selected substituents, provided that Z1 
and Z2, Z2 and Z3, Z3 and Z4, as Well as Z4 and Z5 may 
combine to form a ring group. 

[0163] Speci?c examples of phosphorescent emitters hav 
ing tetradentate C,N-cyclometallating ligands suitable for 
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use in the present invention include compounds X, Y, and Z 
represented beloW. 

(EE) 

/|N/| NN 
\ \/\ 

Pt 
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/|N/| NN 
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Pt 

(GG) 

/|N/| NN 
\ \/\ 

[0164] Phosphorescent emitters having tetradentate C,N 
cyclometallating ligands may be synthesiZed by reacting the 
tetradentate C,N-cyclometallating ligand With a salt of the 
desired metal, such as K2PtCl4, in a proper organic solvent 
such as glacial acetic acid to form the phosphorescent 
emitter having tetradentate C,N-cyclometallating ligands. A 
tetraakylammonium salt such as tetrabutylammonium chlo 
ride can be used as a phase transfer catalyst to accelerate the 
reaction. 

[0165] Other phosphorescent materials that do not involve 
C,N-cyclometallating ligands are knoWn. Phosphorescent 
complexes of Pt(ll), lr(l), and Rh(l) With maleonitriledithi 
olate have been reported (C. E. Johnson et al., J. Am. Chem. 
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Soc, 105,1795 (1983)). Re(I) tricarbonyl diimine complexes 
are also known to be highly phosphorescent (M. Wrighton 
and D. L. Morse, J. Am. Chem. Soc, 96, 998 (1974); D. J. 
Stu?<ens, Comments Inorg. Chem., 13, 359 (1992); V. W. W. 
Yam, Chem. Commun, 789 (2001)). Os(II) complexes con 
taining a combination of ligands including cyano ligands 
and bipyridyl or phenanthroline ligands have also been 
demonstrated in a polymer OLED (Y. Ma et al., Synthetic 
Metals, 94, 245 (1998)). 

[0166] Porphyrin complexes such as 2,3,7,8,12,13,17,18 
octaethyl-21H,23H-porphine platinum(II) are also useful 
phosphorescent materials. 

[0167] Still other examples of useful phosphorescent 
materials include coordination complexes of the trivalent 
lanthanides such as Tb3+ and Eu3+ (J. Kido et al., Chem. 
Lett., 657 (1990); J. Alloys and Compounds, 192, 30 (1993); 
Jpn. JAppl. Phys, 35, L394 (1996) and Appl. Phys. Lett., 
65, 2124 (1994)). 

[0168] Additional information on suitable phosphorescent 
materials and synthetic methods, incorporated herein by 
reference, can be found in US. Pat. No. 6,303,238 B1, WO 
00/57676, WO 00/70655, WO 01/41512 A1, US 2002/ 
0182441 A1, US 2003/0017361 A1, US 2003/0072964 A1, 
US. Pat. No. 6,413,656 B1, US. Pat. No. 6,687,266 B1, US 
2004/0086743 A1, US 2004/0121184 A1, US 2003/0059646 
A1, US 2003/0054198 A1, EP 1 239 526 A2, EP 1 238 981 
A2, EP 1 244 155 A2, US 2002/0100906 A1, US 2003/ 
0068526 A1, US 2003/0068535 A1, JP 2003073387A, JP 
2003 073388A, US. Pat. No. 6,677,060 B2, US 2003/ 
0235712 A1, US 2004/0013905 A1, US. Pat. No. 6,733,905 
B2, US. Pat. No. 6,780,528 B2,US 2003/0040627 A1, JP 
2003059667A, JP 2003073665A, US 2002/0121638 A1, EP 
1371708A1, US 2003/010877 A1, WO 03/040256 A2, US 
2003/0096138 A1, US 2003/0173896 A1, US. Pat. No. 
6,670,645 B2, US 2004/0068132 A1, WO 2004/015025 A1, 
US 2004/0072018 A1, US 2002/0134984 A1, WO 
03/079737 A2, WO 2004/020448 A1, WO 03/091355 A2, 
U.S. Ser. No. 10/729,402, US. Ser. No. 10/729,712, US. 
Ser. No. 10/729,738, US. Ser. No. 10/729,238, US. Ser. No. 
10/729,246 (noW alloWed), U.S. Ser. No. 10/729,207 (noW 
alloWed), U.S. Ser. No. 10/729,263 (noW alloWed), U.S. Ser. 
No. 10/879,412, and US. Ser. No. 10/879,657. 

[0169] In addition to suitable hosts, an EL device employ 
ing a phosphorescent material often is more ef?cient if there 
is at least one exciton- or hole-blocking layer on the cathode 
side of the emitting layer. Ef?ciency can also often be 
improved if there are one or more exciton- or electron 

blocking layers on the anode side of the emitting layer. 
These additional layers help con?ne the excitons or electron 
hole recombination centers to the light-emitting layer com 
prising the host and emitting material. 

[0170] An exciton- or hole-blocking layer is desirably 
placed betWeen the electron-transporting layer and the light 
emitting layerisee FIG. 1, Layer 135. The ioniZation 
potential of the blocking layer should be such that there is an 
energy barrier for hole migration from the host into the 
electron-transporting layer, While the electron af?nity should 
be such that electrons pass more readily from the electron 
transporting layer into the light-emitting layer comprising 
host and phosphorescent material. It is further desired, but 
not absolutely required, that the triplet energy of the block 
ing material be greater than that of the phosphorescent 
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material. Suitable hole-blocking materials are described in 
WO 00/70655A2 and WO 01/93642 A1. TWo examples of 
useful materials are bathocuproine (BCP) and bis(2-methyl 
8-quinolinolato)(4-phenylphenolato)Aluminum(III) (BAlq). 
Metal complexes other than BAlq are also knoWn to block 
holes and excitons as described in US 20030068528. 

[0171] In another embodiment, an exciton- or electron 
blocking layer Would be placed betWeen the hole-transport 
ing layer and the light-emitting layer (this layer is not shoWn 
in FIG. 1). As an example, US 20030175553 A1 describes 
the use of fac-tris(1-phenylpyraZolato-N,C2')iridium(III) 
(IrppZ) in an electron/exciton blocking layer. U.S. Ser. No. 
11/016,108 of Marina E. Kondavova et al., ?led Dec. 17, 
2004, describes further examples of exciton-blocking layers. 
Depending on the nature of the electron-transporting mate 
rial and the con?guration of the LEL, the blocking layer, in 
certain cases, can be entirely omitted. 

[0172] In one suitable embodiment the EL device includes 
a means for emitting White light, Which may include com 
plimentary emitters, a White emitter, or a ?ltering means. 
The device may also include a ?uorescent emitting material. 

[0173] In one desirable embodiment the EL device is part 
of a display device. In another suitable embodiment the EL 
device is part of an area lighting device. 

[0174] The EL device of the invention is useful in any 
device Where stable light emission is desired such as a lamp 
or a component in a static or motion imaging device, such 
as a television, cell phone, DVD player, or computer moni 
tor. 

[0175] Embodiments of the invention may provide EL 
devices that have good luminance ef?ciency, good opera 
tional stability, and reduced drive voltages. Embodiments of 
the invention may also give reduced voltage rises over the 
lifetime of the devices and can be produced With high 
reproducibility and consistently to provide good light effi 
ciency. They may have loWer poWer consumption require 
ments and, When used With a battery, provide longer battery 
lifetimes. 

[0176] Unless otherWise speci?cally stated, use of the 
term “substituted” or “substituent” means any group or atom 
other than hydrogen. Additionally, When the term “group” is 
used, it means that When a substituent group contains a 
substitutable hydrogen, it is also intended to encompass not 
only the substituent’s unsubstituted form, but also its form 
further substituted With any substituent group or groups as 
herein mentioned, so long as the substituent does not destroy 
properties necessary for device utility. Suitably, a substituent 
group may be halogen or may be bonded to the remainder of 
the molecule by an atom of carbon, silicon, oxygen, nitro 
gen, phosphorous, sulfur, selenium, or boron. The substitu 
ent may be, for example, halogen, such as chloro, bromo or 
?uoro; nitro; hydroxyl; cyano; carboxyl; or groups Which 
may be further substituted, such as alkyl, including straight 
or branched chain or cyclic alkyl, such as methyl, tri?uo 
romethyl, ethyl, t-butyl, 3-(2,4-di-t-pentylphenoxy) propyl, 
and tetradecyl; alkenyl, such as ethylene, 2-butene; alkoxy, 
such as methoxy, ethoxy, propoxy, butoxy, 2-methoxy 
ethoxy, sec-butoxy, hexyloxy, 2-ethylhexyloxy, tetradecy 
loxy, 2-(2,4-di-t-pentylphenoxy)ethoxy, and 2-dodecyloxy 
ethoxy; aryl such as phenyl, 4-t-butylphenyl, 2,4,6 
trimethylphenyl, naphthyl; aryloxy, such as phenoxy, 
























































