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(57) ABSTRACT

An organic light emitting device is provided. The device has
an anode, a cathode, and an emissive layer disposed between
the anode and the cathode. The emissive layer may include
a molecule of Formula I wherein an alkyl substituent at
position R's results in high efficiency and operational stabil-
ity in the organic light emitting device. Additionally or
alternatively, the emissive layer may include a metal-ligand
complex in which the ligand is an aryl or alkyl substituted
phenylpyridine ligand.
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STABLE AND EFFICIENT
ELECTROLUMINESCENT MATERIALS

REFERENCE TO RELATED APPLICATION

[0001] This application is related to and claims priority
from Provisional Application Ser. No. 60/682,690 filed May
19, 2005.

FIELD OF THE INVENTION

[0002] The present invention relates to organic light emit-
ting devices (OLEDs), and more specifically to phospho-
rescent organic materials used in such devices. More spe-
cifically, the present invention relates to phosphorescent
emitting materials with improved electroluminescent effi-
ciency when incorporated into an OLED.

BACKGROUND

[0003] Opto-electronic devices that make use of organic
materials are becoming increasingly desirable for a number
of reasons. Many of the materials used to make such devices
are relatively inexpensive, so organic opto-electronic
devices have the potential for cost advantages over inorganic
devices. In addition, the inherent properties of organic
materials, such as their flexibility, may make them well
suited for particular applications such as fabrication on a
flexible substrate. Examples of organic opto-electronic
devices include organic light emitting devices (OLEDs),
organic phototransistors, organic photovoltaic cells, and
organic photodetectors. For OLEDs, the organic materials
may have performance advantages over conventional mate-
rials. For example, the wavelength at which an organic
emissive layer emits light may generally be readily tuned
with appropriate dopants.

[0004] As used herein, the term “organic” includes poly-
meric materials as well as small molecule organic materials
that may be used to fabricate organic opto-electronic
devices. “Small molecule” refers to any organic material that
is not a polymer, and “small molecules” may actually be
quite large. Small molecules may include repeat units in
some circumstances. For example, using a long chain alkyl
group as a substituent does not remove a molecule from the
“small molecule” class. Small molecules may also be incor-
porated into polymers, for example as a pendent group on a
polymer backbone or as a part of the backbone. Small
molecules may also serve as the core moiety of a dendrimer,
which consists of a series of chemical shells built on the core
moiety. The core moiety of a dendrimer may be a fluorescent
or phosphorescent small molecule emitter. A dendrimer may
be a “small molecule,” and it is believed that all dendrimers
currently used in the field of OLEDs are small molecules. In
general, a small molecule has a well-defined chemical
formula with a single molecular weight, whereas a polymer
has a chemical formula and a molecular weight that may
vary from molecule to molecule.

[0005] OLEDs make use of thin organic films that emit
light when voltage is applied across the device. OLEDs are
becoming an increasingly interesting technology for use in
applications such as flat panel displays, illumination, and
backlighting. Several OLED materials and configurations
are described in U.S. Pat. Nos. 5,844,363, 6,303,238, and
5,707,745, which are incorporated herein by reference in
their entirety.
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[0006] OLED devices are generally (but not always)
intended to emit light through at least one of the electrodes,
and one or more transparent electrodes may be useful in an
organic opto-electronic device. For example, a transparent
electrode material, such as indium tin oxide (ITO), may be
used as the bottom electrode. A transparent top electrode,
such as disclosed in U.S. Pat. Nos. 5,703,436 and 5,707,745,
which are incorporated by reference in their entireties, may
also be used. For a device intended to emit light only through
the bottom electrode, the top electrode does not need to be
transparent, and may be comprised of a thick and reflective
metal layer having a high electrical conductivity. Similarly,
for a device intended to emit light only through the top
electrode, the bottom electrode may be opaque and/or reflec-
tive. Where an electrode does not need to be transparent,
using a thicker layer may provide better conductivity, and
using a reflective electrode may increase the amount of light
emitted through the other electrode, by reflecting light back
towards the transparent electrode. Fully transparent devices
may also be fabricated, where both electrodes are transpar-
ent. Side emitting OLEDs may also be fabricated, and one
or both electrodes may be opaque or reflective in such
devices.

[0007] As used herein, “top” means furthest away from
the substrate, while “bottom” means closest to the substrate.
For example, for a device having two electrodes, the bottom
electrode is the electrode closest to the substrate, and is
generally the first electrode fabricated. The bottom electrode
has two surfaces, a bottom surface closest to the substrate,
and a top surface further away from the substrate. Where a
first layer is described as “disposed over” a second layer, the
first layer is disposed further away from substrate. There
may be other layers between the first and second layer,
unless it is specified that the first layer is “in physical contact
with” the second layer. For example, a cathode may be
described as “disposed over” an anode, even though there
are various organic layers in between.

[0008] As used herein, “solution processible” means
capable of being dissolved, dispersed, or transported in
and/or deposited from a liquid medium, either in solution or
suspension form.

[0009] As use herein, a first “Highest Occupied Molecular
Orbital” (HOMO) or “Lowest Unoccupied Molecular
Orbital” (LUMO) energy level is “greater than” a second
HOMO or LUMO energy level if the first energy level is
closer to the vacuum energy level. Since ionization poten-
tials (IP) are measured as a negative energy relative to a
vacuum level, a greater HOMO corresponds to an IP having
a smaller absolute value (an IP that is less negative).
Similarly, a greater LUMO corresponds to an electron
affinity (EA) having a smaller absolute value (an EA that is
less negative). On a conventional energy level diagram, with
the vacuum level at the top, the LUMO of a material is
higher than the HOMO of the same material. A “greater”
HOMO or LUMO appears closer to the top of such a
diagram than a “lesser” HOMO or LUMO.

[0010] One application for phosphorescent emissive mol-
ecules is a full color display. Industry standards for such a
display call for pixels adapted to emit particular colors,
referred to as “saturated” colors. In particular, these stan-
dards call for saturated red, green, and blue pixels. Color
may be measured using CIE coordinates, which are well
known to the art.
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[0011] One example of a green emissive molecule is
tris(2-phenylpyridine) iridium, denoted Ir(ppy),, which has
the structure:

Ir

\/

[0012] In this, and later figures herein, the dative bond
from nitrogen to metal (here, Ir) is depicted in metal
complexes as a straight line. Ir(ppy); emits a spectrum at
CIE 0.30, 0.63, and has a half-life of about 10,000 hours at
an initial luminance of 500 ¢d/m?, and a quantum efliciency
of about 6%. Kwong et al., Appl. Phys. Lett., 81, 162 (2002).

[0013] Industry standards call for the lifetime of full color
displays to be at least about 5000 hours. In addition, high
stability and efficiency are important characteristics of high
quality displays. These requirements have helped generate a
need for phosphorescent emissive materials that exhibit
longer lifetimes, higher stability, and higher efliciency in the
red, green and blue wavelength regimes than have been
achieved in the prior art. Phosphorescent materials with
improved device efficiency and stability are disclosed
herein.

SUMMARY OF THE INVENTION

[0014] An organic light emitting device is provided. The
device has an anode, a cathode, and an emissive layer
disposed between the anode and the cathode. The emissive
layer further comprises an emissive material having the
structure:
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[0015] Wherein
[0016] M is a metal selected from Ir, Pt, Rh or Pd,

[0017] m is a value from 1 to the maximum number of
ligands that may be attached to the metal;

[0018] m+n is the maximum number of ligands that
may be attached to the metal;

[0019]

[0020] ring A is an aromatic heterocyclic or a fused
aromatic heterocyclic ring having an alkyl substituent
at the R's position and having at least one nitrogen
atom, N, that is coordinated to the metal M, wherein the
ring A can be optionally substituted with one or more
substituents at the R';, R', and R', positions;

[0021] additionally or alternatively the R'y and R',
substituted positions on ring A together form, inde-
pendently a fused ring, wherein the fused ring may
be optionally substituted,;

[0022] ring B is an aromatic ring with at least one
carbon atom coordinated to metal M, wherein ring B
can be optionally substituted with one or more sub-
stituents at the R;, R,, Rs, and R positions;

[0023] R'; R, and R'; are each independently H, alkyl,
alkenyl, alkynyl, heteroalkyl, alkenyl, alkynyl, het-
eroalkyl, aryl, heteroaryl, aralkyl; and wherein R'; R',
and R'¢ are optionally substituted by one or more
substituents Z; and

[0024] R;, R,, R; and R4 are each independently
selected from the group consisting of H, alkyl, alkenyl,
alkynyl, alkylaryl, CN, CO,R, C(O)R, NR,, NO,, OR,
halo, arvl, heteroaryl, substituted aryl, substituted het-
eroaryl or a heterocyclic group

[0025] such that when R';, R',, and R'y are all H, R,
R,, Rs, and R, are also all H or at least one of R, Ry
and Ry 1s a linking group covalently linking two or
more of the maximum number of ligands that may be
attached to the metal, an unsubstituted phenyl ring, a
fluoro-substituted phenyl ring or a phenyl ring sub-
stituted with a substituent that renders the phenyl
ring equally or less coplanar than the unsubstituted
phenyl ring with respect to Ring B;

[0026] alternatively, R'; and R may be bridged by a
group selected from —CR,—CR,—, —CR=CR—,
~CR,—, —O—, —NR—, O CR,—, —NR—
CR,—, and —N=CR—;

[0027] each R is independently H, alkyl, alkenyl, alky-
nyl, heteroalkyl, aryl, heteroaryl, or aralkyl; wherein R
is optionally substituted by one or more substituents Z;

[0028] each Z is independently a halogen, R', OR',
N(R"),, SR', C(O)R!, C(O)OR', C(O)N(R"),, CN, SO,,
SOR!, SO,R', or SO;R"; and

[0029] each R'is independently H, alkyl, alkenyl, alky-
nyl, heteroalkyl, aryl, or heteroaryl;

[0030] The emissive material itself is also provided. The
emissive material may have improved efficiency and stabil-
ity when incorporated into a light emitting device. In par-
ticular, the devices of the present invention may exhibit
dramatically improved efliciency over known devices.

(X—Y) is an ancillary ligand;
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[0031] In another embodiment the emissive layer com-
prises an emissive material having the structure:

wherein

M is a metal selected from Ir, Pt, Rh or Pd;

[0032]
[0033]
[0034]

[0035] m is a value from 1 to the maximum number of
ligands that may be attached to the metal;

[0036] and m+n is the maximum number of ligands
that may be attached to the metal,

[0037] ring A is an aromatic heterocyclic or a fused
aromatic heterocyclic ring having at least one nitrogen
atom, N, that is coordinated to the metal M, wherein the
ring A can be optionally substituted with one or more
substituents at the R';, R', R's and R'¢ positions;

[0038] additionally or alternatively the R'; and R',
substituted positions on ring A together form, inde-
pendently a fused ring, wherein the fused ring may
be optionally substituted,;

[0039] ring B is an aromatic ring with at least one
carbon atom coordinated to metal M, wherein ring B
can be optionally substituted with one or more sub-
stituents at the R, R,. R,, and R positions;

[0040] R'; R', R'5 and R’y are each independently H,
alkyl, alkenyl, alkynyl, heteroalkyl, alkenyl, alkynyl,
heteroalkyl, aryl, heteroaryl, aralkyl; and wherein R';
R', and R'; are optionally substituted by one or more
substituents Z; and

[0041] R;, R,, R; and Ry are each independently
selected from the group consisting of H, alkyl, alkenyl,
alkynyl, alkylaryl, CN, CO,R, C(O)R, NR,, NO,, OR,
halo, aryl, heteroaryl, substituted aryl, substituted het-
eroaryl or a heterocyclic group

[0042] alternatively, R'; and Ry may be bridged by a
group selected from —CR,—CR,—, —CR=CR—,
“(CR,, O, NR—, O CR,, NR—
CR,—, and —N=CR—;

[0043] each R is independently H, alkyl, alkenyl, alky-
nyl, heteroalkyl, aryl, heteroaryl, or aralkyl; wherein R
is optionally substituted by one or more substituents Z;

[0044] each Z is independently a halogen, R', OR/,
N(R'),, SR', C(O)R, C(O)OR', C(O)N(R"), CN. SO,.
SOR', SO,R!, or SO;R'; and

(X—Y) is an ancillary ligand,
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[0045] each R'is independently H, alkyl, alkenyl, alky-
nyl, heteroalkyl, aryl, or heteroaryl;

[0046] wherein at least one of R, R4, Rs, RgR'; R R's
and R'; is an alkyl or aryl substituent.

[0047] The emissive material in this embodiment is also
provided. The emissive material may have improved effi-
ciency and stability when incorporated into a light emitting
device.

[0048] In preferred embodiments, the emissive material is
a tris compound (where m=3).

BRIEF DESCRIPTION OF THE DRAWINGS

[0049] FIG. 1 shows an organic light emitting device
having separate electron transport, hole transport, and emis-
sive layers, as well as other layers.

[0050] FIG. 2 shows an inverted organic light emitting
device that does not have a separate electron transport layer.

[0051] FIG. 3 shows the plots comparing current density
(mA/cm?) vs. voltage (V) in devices with either 100 A of
aluminum(ITT)bis(2-methyl-8-hydroxyquinolinato)-4-phe-
nylphenolate (BAlq) as the ETL2 (Experimental Device 1)
or 100 A of HPT as the ETI.2 (Experimental Device 2) using
Ir(5'-Meppy), as the emissive material doped at 6% (all
dopant concentrations are in wt % unless otherwise speci-
fied).

[0052] FIG. 4 shows the plots comparing luminous effi-
ciency (cd/A) vs. brightness (cd/m?) comparing devices with
either 100 A of aluminum(III)bis(2-methyl-8-hydrox-
yquinolinato)4-phenylphenolate (BAlq) as the ETL2
(Experimental Device 1) or 100 A of HPT as the ETL2
(Experimental Device 2) using Ir(5'-Meppy); as the emis-
sive material doped at 6%.

[0053] FIG. 5 shows the external quantum efficiency (1.,,)
as a function of current density (mA/cm2) comparing
devices with either 100 A of aluminum(TII)bis(2-methyl-8-
hydroxyquinolinato )4-phenylphenolate (BAlq) as the ETL.2
(Experimental Device 1) or 100 A of HPT as the ETL2
(Experimental Device 2) using Ir(5'-Meppy); as the emis-
sive material doped at 6%.

[0054] FIG. 6 shows the normalized electroluminescence
spectra (normalized EL intensity vs. wavelength) at a current
density of 10 mA/em? comparing devices with either 100 A
of aluminum(1Il)bis(2-methyl-8-hydroxyquinolinato)4-phe-
nylphenolate (BAlq) as the ETL2 (Experimental Device 1)
or 100 A of HPT as the ETL2 (Experimental Device 2) using
Ir(5'-Meppy), as the emissive material doped at 6%.

[0055] FIG. 7 shows the normalized luminance decay
comparing devices with either 100 A of aluminum(IIT)bis(2-
methyl-8-hydroxyquinolinato)4-phenylphenolate (BAlq) as
the ETL2 (Experimental Device 1) or 100 A of HPT as the
ETL2 (Experimental Device 2) using Ir(5'-Meppy); as the
emissive material doped at 6% under constant current drive
of 40 mA/em? at room temperature.

[0056] FIG. 8 shows the plots of the current density
(mA/em®) vs. the voltage (V) comparing devices using 100
A of aluminum(III)bis(2-methyl-8-hydroxyquinolinato)4-
phenylphenolate (BAlq) as the ETL.2 and using Ir(5'-Me-5-
Phppy); as the emissive material doped at 6% (Experimental
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Device 3), 8% (Experimental Device 5), 10% (Experimental
Device 7) and 12% (Experimental Device 9).

[0057] FIG. 9 shows the plots of luminous efficiency
(cd/A) vs. brightness (cd/m?) for devices using 100 A of
aluminum(I1T)bis(2-methyl-8-hydroxyquinolinato)4-phe-
nylphenolate (BAlq) as the ETL2 and using I Ir(5'-Me-5-
Phppy), as the emissive material doped at 6% (Experimental
Device 3), 8% (Experimental Device 5), 10% (Experimental
Device 7) and 12% (Experimental Device 9).

[0058] FIG. 10 shows the external quantum efficiency
(")oxe) 38 a function of current density (mA/cm®) for devices
using 100 A of aluminum(111)bis(2-methyl-8-hydroxyquino-
linato)4-phenylphenolate (BAlq) as the ETL2 and using
Ir(5'-Me-5-Phppy), as the emissive material doped at 6%
(Experimental Device 3), 8% (Experimental Device 5), 10%
(Experimental Device 7) and 12% (Experimental Device 9).

[0059] FIG. 11 shows the normalized electroluminescence
spectra (normalized EL intensity vs. wavelength) at a current
density of 10 mA/em? for devices using 100 A of aluminu-
m(IIT)bis(2-methyl-8-hydroxyquinolinato)4-phenylpheno-
late (BAlq) as the ETL.2 and using Ir(5'-Me-5-Phppy), as the
emissive material doped at 6% (Experimental Device 3), 8%
(Experimental Device 5), 10% (Experimental Device 7) and
12% (Experimental Device 9).

[0060] FIG. 12 shows the plots of the current density
(mA/cm?) vs. the voltage (V) comparing devices using 50 A
of HPT as the ETL2 and using Ir(5'-Me-5-Phppy), as the
emissive material doped at 6% (Experimental Device 4), 8%
(Experimental Device 6), 10% (Experimental Device 8) and
12% (Experimental Device 10).

[0061] FIG. 13 shows the plots of luminous efficiency
(cd/A) vs. brightness (cd/m?) comparing devices using 50 A
of HPT as the ETL2 and using Ir(5-Me-5-Phppy); as the
emissive material doped at 6% (Experimental Device 4), 8%
(Bxperimental Device 6), 10% (Experimental Device 8) and
12% (Experimental Device 10).

[0062] FIG. 14 shows the external quantum efficiency
(")o,) as a function of current density (mA/cm?) comparing
devices using 50 A of HPT as the ETL2 and using Ir(5'-
Me-5-Phppy); as the emissive material doped at 6% (Experi-
mental Device 4), 8% (Experimental Device 6), 10%
(Experimental Device 8) and 12% (Experimental Device
10).

[0063] FIG. 15 shows the normalized electroluminescence
spectra (normalized EL intensity vs. wavelength) at a current
density of 10 mA/cm? comparing devices using 50 A of HPT
as the ETL.2 and using Ir(5'-Me-5-Phppy); as the emissive
material doped at 6% (Experimental Device 4), 8% (Experi-
mental Device 6), 10% (Experimental Device 8) and 12%
(Experimental Device 10).

[0064] FIG. 16 shows the normalized luminance decay
comparing devices with either 100 A of aluminum(IIT)bis(2-
methyl-8-hydroxyquinolinato)4-phenylphenolate (BAlq) as
the ETL2 (Experimental Device 5) or 50 A of HPT as the
ETL2 (Experimental Device 6) using Ir(5'-Me-5-Phppy), as
the emissive material doped at 8% under constant current
drive of 40 mA/cm? at room temperature.

[0065] FIG. 17 shows the normalized electroluminescence
spectra (normalized EL intensity vs. wavelength) at a current
density of 10 mA/cm? for Experimental devices 11-16 using
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fac-tris[3-methyl-5,6-dihydrobenzo[ h]quinolinato-N,C2']
iridium(IIT) (Compound Example V) as the emissive mate-
rial doped at 6%-10% in CBP.

[0066] FIG. 18 shows the plots of luminous efficiency
(cd/A) vs. brightness (cd/m?) comparing devices with either
100 A of aluminum(I11)bis(2-methyl-8-hydroxyquinoli-
nato)4-phenylphenolate (BAlq) as the ETL2 (Experimental
Devices 11, 13 and 15) or 50 A of HPT as the ETL2
(Experimental Devices 12, 14 and 16) using fac-tris[3-
methyl-5,6-dihydrobenzo[ h]quinolinato-N,C2'Jiridium(IIT)

(Compound Example V) as the emissive material doped at
6%-10% in CBP.

[0067] FIG. 19 shows the plots of the current density
(mA/cm®) vs. the voltage (V) comparing devices with either
100 A of aluminum(I11)bis(2-methyl-8-hydroxyquinoli-
nato)4-phenylphenolate (BAlq) as the ETL2 (Experimental
Devices 11, 13 and 15) or 50 A of HPT as the ETL2
(Experimental Devices 12, 14, and 16) using fac-tris[3-
methyl-5,6-dihydrobenzo[ h]quinolinato-N,C2'liridium(T)
(Compound Example V) as the emissive material doped at
6%-10% in CBP.

[0068] FIG. 20 shows the normalized luminance decay for
Experimental Devices 13 and 14.

[0069] FIG. 21 shows the normalized electroluminescence
spectra (normalized EL intensity vs. wavelength) at a current
density of 10 mA/cm? for Experimental Devices 17-22 using
fac-tris[2-(2'-methylbiphenyl-3-y1)pyridinato-N,C2]irid-
ium(Ill) (Compound Example VI) in the emissive layer
doped at 6%-12% in CBP.

[0070] FIG. 22 shows the plots of luminous efficiency
(cd/A) vs. brightness (cd/m®) for devices Experimental
Devices 18-22 comparing devices with either 100 A of
aluminum(I1T)bis(2-methyl-8-hydroxyquinolinato)4-phe-
nylphenolate (BAlq) as the ETL.2 (Experimental Devices 17,
19 and 21) or 50 A of HPT as the ETL2 (Experimental
Devices 18, 20, and 22) using fac-tris[2-(2'-methylbiphenyl-
3-yl)pyridinato-N,C* Jiridium(I1I) (Compound Example VI)
as the emissive material doped at 6%-12% in CBP.

[0071] FIG. 23 shows the plots of the current density
(mA/cm®) vs. the voltage (V) comparing devices with either
100 A of aluminum(I1)bis(2-methyl-8-hydroxyquinoli-
nato)4-phenylphenolate (BAlq) as the ETL2 (Experimental
Devices 17, 19 and 21) or 50 A of HPT as the ETL2
(Experimental Devices 18, 20, and 22) using fac-tris[2-(2'-
methylbiphenyl-3-yD)pyridinato-N,C* Jiridium(IIl) ~ (Com-
pound Example VI) as the emissive material doped at
6%-12% in CBP.

[0072] FIG. 24 shows the normalized luminance as a
function of time at a current density of 40 mA/cm® for
annealed Experimental Devices 19, 21 and 22.

[0073] FIG. 25 shows the normalized luminance as a
function of time at an initial luminance of 1000 cd/m* for
Bxperimental Devices 17, 19, 20 and 22.

[0074] FIG. 26 shows the normalized electroluminescence
spectra (normalized EL intensity vs. wavelength) at a current
density of 10 mA/cm? for Experimental Devices 23-26 using
a Hexadentate Ligand Complex (Compound Example V1I)
as the emissive material in the emissive layer doped at
6%-10% in CBP.
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[0075] FIG. 27 shows the plots of luminous efficiency
(cd/A) vs. brightness (cd/m?) comparing devices with either
100 A of aluminum(1T)bis(2-methyl-8-hydroxyquinoli-
nato)4-phenylphenolate (BAlq) as the ETL2 (Experimental
Devices 23 and 25) or 50 A of HPT as the ETI.2 (Experi-
mental Devices 24 and 26) using a Hexadentate Ligand
Complex (Compound Example VII) as the emissive material
in the emissive layer doped at 6%-10% in CBP.

[0076] FIG. 28 shows the plots of the current density
(mA/cm?) vs. the voltage (V) comparing devices with either
100 A of aluminum(III)bis(2-methyl-8-hydroxyquinoli-
nato)4-phenylphenolate (BAlq) as the ETL2 (Experimental
Devices 23 and 25) or 50 A of HPT as the ETL.2 (Experi-
mental Devices 24 and 26) using a Hexadentate Ligand
Complex (Compound Example VII) as the emissive material
in the emissive layer doped at 6%-10% in CBP.

[0077] FIG. 29 shows the normalized luminance as a
function of time at a current density of 40 mA/cm?® for
Experimental Devices 23 and 26.

[0078] FIG. 30 shows the normalized electroluminescence
spectra (normalized EL intensity vs. wavelength) at a current
density of 10 mA/cm® in Experimental Devices 27 and 28
having a neat layer of fac-tris[ 2-(2"-methylbiphenyl-3-y1)py-
ridinato-N,C* iridium(IIT) (Compound Example VI) as the
emissive layer and Comparative Example Devices 3 and 4
having a neat layer of Ir(3'-Meppy); as the emissive layer
comparing devices with either 100 A of aluminum(111)bis(2-
methyl-8-hydroxyquinolinato)4-phenylphenolate (BAlq) as
the ETL2 (Experimental Device 27 and Comparative
Example Device 3) or 50 A of HPT as the ETL2 (Experi-
mental Device 28 and Comparative Example Device 4)

[0079] FIG. 31 shows the plots of luminous efficiency
(cd/A) vs. brightness (cd/m?) voltage comparing devices
having neat emissive layers with either 100 A of aluminu-
m(IIT)bis(2-methyl-8-hydroxyquinolinato)4-phenylpheno-
late (BAlq) as the ETL2 (Experimental Device 27 and
Comparative Example Device 3) or 50 A of HPT as the
ETL2 (Experimental Device 28 and Comparative Example
Device 4).

[0080] FIG. 32 shows the plots of the current density
(mA/cm?) vs. the voltage (V) having neat emissive layers
with either 100 A of aluminum(IIT)bis(2-methyl-8-hydrox-
yquinolinato)4-phenylphenolate (BAlq) as the ETL2
(Experimental Device 27 and Comparative Example Device
3) or 50 A of HPT as the ETL2 (Experimental Device 28 and
Comparative Example Device 4).

[0081] FIG. 33 shows the plots of the current density
(mA/cm?) vs. the voltage (V) comparing devices with either
100 A of aluminum(III)bis(2-methyl-8-hydroxyquinoli-
nato)4-phenylphenolate (BAlq) as the ETL2 (Experimental
Devices 29, 31 and 33) or 50 A of HPT as the ETL2
(Experimental Devices 30, 32 and 34) using Ir[5'-Me-5-(4-
FPh)ppy]; (Compound Example VIII) as the emissive mate-
rial in the emissive layer doped at 6%, 8% and 10% in CBP.

[0082] FIG. 34 shows the plots of the luminous efficiency
(cd/A) vs. brightness (cd/m?) comparing devices with either
100 A of aluminum(III)bis(2-methyl-8-hydroxyquinoli-
nato)4-phenylphenolate (BAlq) as the ETL2 (Experimental
Devices 29, 31 and 33) or 50 A of HPT as the ETL2
(Experimental Devices 30, 32 and 34) using Ir[5'-Me-5-(4-
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FPh)ppy]; (Compound Example VIII) as the emissive mate-
rial in the emissive layer doped at 6%, 8% and 10% in CBP.

[0083] FIG. 35 shows the plots of the external quantum
efficiency (%) vs. current density (mA/cm?®) comparing
devices with either 100 A of aluminum(TIT)bis(2-methyl-8-
hydroxyquinolinato)4-phenylphenolate (BAlq) as the ETL.2
(Experimental Devices 29, 31 and 33) or 50 A of HPT as the
ETL2 (Experimental Devices 30, 32 and 34) using It] 5'-Me-
5-(4-FPh)ppy]; (Compound Example VIII) as the emissive
material in the emissive layer doped at 6%, 8% and 10% in
CBP.

[0084] FIG. 36 shows the normalized electroluminescence
spectra (normalized EL intensity vs. wavelength) at a current
density of 10 mA/cm? for Experimental Devices 29-34 using
If[5'-Me-5-(4-FPh)ppy]; (Compound Example VIII) as the
emissive material in the emissive layer doped at 6%, 8% and
10% m CBP.

[0085] FIG. 37 shows the plots of the current density
(mA/em?) vs. the voltage (V) comparing devices with either
100 A of aluminum(III)bis(2-methyl-8-hydroxyquinoli-
nato)4-phenylphenolate (BAlq) as the ETL2 (Experimental
Devices 35, 37 and 39) or 50 A of HPT as the ETL2
(Experimental Devices 36, 38 and 40) using Ir[5'-Me-5-(3-
FPh)ppy]; (Compound Example IX) as the emissive mate-
rial in the emissive layer doped at 6%, 8% and 10% in CBP.

[0086] FIG. 38 shows the plots of the luminous efficiency
(cd/A) vs. brightness (cd/m?) comparing devices with either
100 A of aluminum(I11)bis(2-methyl-8-hydroxyquinoli-
nato)4-phenylphenolate (BAlq) as the ETL2 (Experimental
Devices 35, 37 and 39) or 50 A of HPT as the ETL2
(Experimental Devices 36, 38 and 40) using Ir[5'-Me-5-(3-
FPh)ppy]; (Compound Example IX) as the emissive mate-
rial in the emissive layer doped at 6%, 8% and 10% in CBP.

[0087] FIG. 39 shows the plots of the external quantum
efficiency (%) vs. current density (mA/cm?) comparing
devices with either 100 A of aluminum(III)bis(2-methyl-8-
hydroxyquinolinato )4-phenylphenolate (BAlq) as the ETL.2
(Experimental Devices 35, 37 and 39) or 50 A of HPT as the
ETL2 (Experimental Devices 36, 38 and 40) using It 5'-Me-
5-(3-FPh)ppy]; (Compound Example VIII) as the emissive
material in the emissive layer doped at 6%, 8% and 10% in
CBP.

[0088] FIG. 40 shows the normalized electroluminescence
spectra (normalized EL intensity vs. wavelength) at a current
density of 10 mA/cm? for Experimental Devices 35-40 using
I 5'-Me-5-(3-FPh)ppy]; (Compound Example VIII) as the
emissive material in the emissive layer doped at 6%, 8% and
10% m CBP.

[0089] FIG. 41 shows the plots of the current density
(mA/cm?) vs. the voltage (V) comparing devices with either
100 A of aluminum(I1)bis(2-methyl-8-hydroxyquinoli-
nato)4-phenylphenolate (BAlq) as the ETL2 (Experimental
Devices 61, 63 and 65) or 50 A of HPT as the ETL2
(Experimental Devices 62, 64, and 66) using fac tris[2-(2'-
fluorobiphenyl-3-yl)pyridineJiridium(I1T) (Compound
Example X) as the emissive material doped at 6%-10% in
CBP.

[0090] FIG. 42 shows the plots of luminous efficiency
(cd/A) vs. brightness (cd/m?) comparing devices with either
100 A of aluminum(I1)bis(2-methyl-8-hydroxyquinoli-
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nato)4-phenylphenolate (BAlq) as the ETL2 (Experimental
Devices 61, 63 and 65) or 50 A of HPT as the ETL2
(Experimental Devices 62, 64 and 66) using fac tris[2-(2'-
fluorobiphenyl-3-yl)pyridine]iridium(I1IT) (Compound
Example X) as the emissive material doped at 6%-10% in
CBP.

[0091] FIG. 43 shows the plots of the external quantum
efficiency (%) vs. current density (mA/cm?) comparing
devices with either 100 A of aluminum(IIT)bis(2-methyl-8-
hydroxyquinolinato)4-phenylphenolate (BAlq) as the ETL2
(Experimental Devices 61, 63 and 65) or 50 A of HPT as the
ETL2 (Experimental Devices 62, 64 and 66) using fac
tris[2-(2'-fluorobiphenyl-3-vl)pyridine]iridium(IlT)  (Com-
pound Example X) as the emissive material in the emissive
layer doped at 6%, 8% and 10% in CBP.

[0092] FIG. 44 shows the normalized electroluminescence
spectra (normalized EL intensity vs. wavelength) at a current
density of 10 mA/em? for Experimental devices 61-66 using
fac tris[ 2-(2'-fluorobiphenyl-3-yl)pyridine]iridium(IIT)
(Compound Example X) as the emissive material doped at
6%-10% in CBP.

DETAILED DESCRIPTION

[0093] Generally, an OLED comprises at least one organic
layer disposed between and electrically connected to an
anode and a cathode. When a current is applied, the anode
injects holes and the cathode injects electrons into the
organic layer(s). The injected holes and electrons each
migrate toward the oppositely charged electrode. When an
electron and hole localize on the same molecule, an “exci-
ton,” which is a localized electron-hole pair having an
excited energy state, is formed. Light is emitted when the
exciton relaxes via a photoemissive mechanism. In some
cases, the exciton may be localized on an excimer or an
exciplex. Non-radiative mechanisms, such as thermal relax-
ation, may also occur, but are generally considered undesir-
able.

[0094] The initial OLEDs used emissive molecules that
emitted light from their singlet states (“fluorescence”) as
disclosed, for example, in U.S. Pat. No. 4,769,292, which is
incorporated by reference in its entirety. Fluorescent emis-
sion generally occurs in a time frame of less than 10
nanoseconds.

[0095] More recently, OLEDs having emissive materials
that emit light from triplet states (“phosphorescence”) have
been demonstrated. Baldo et al., “Highly Efficient Phospho-
rescent Emission from Organic Electroluminescent
Devices,” Nature, vol. 395, 151-154, 1998; (“Baldo-1") and
Baldo et al., “Very high-efficiency green organic light-
emitting devices based on electrophosphorescence,” Appl.
Phys. Lett., vol. 75, No. 3, 4-6 (1999) (“Baldo-1I"), which
are incorporated by reference in their entireties. Phospho-
rescence may be referred to as a “forbidden” transition
because the transition requires a change in spin states, and
quantum mechanics indicates that such a transition is not
favored. As a result, phosphorescence generally occurs in a
time frame exceeding at least 10 nanoseconds, and typically
greater than 100 nanoseconds. If the natural radiative life-
time of phosphorescence is too long, triplets may decay by
a non-radiative mechanism, such that no light is emitted.
Organic phosphorescence is also often observed in mol-
ecules containing heteroatoms with unshared pairs of elec-
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trons at very low temperatures. 2,2'-bipyridine is such a
molecule. Non-radiative decay mechanisms are typically
temperature dependent, such that a material that exhibits
phosphorescence at liquid nitrogen temperatures may not
exhibit phosphorescence at room temperature. But, as dem-
onstrated by Baldo, this problem may be addressed by
selecting phosphorescent compounds that do phosphoresce
at room temperature. Representative emissive layers include
doped or un-doped phosphorescent organo-metallic materi-
als such as disclosed in U.S. Pat. Nos. 6,303,238 and
6,310,360; U.S. Patent Application Publication Nos. 2002-
0034656; 2002-0182441; and 2003-0072964; and WO-02/
074015.

[0096] Generally, the excitons in an OLED are believed to
be created in a ratio of about 3:1, i.e., approximately 75%
triplets and 25% singlets. See, Adachi et al., “Nearly 100%
Internal Phosphorescent Efficiency In An Organic Light
Emitting Device,” I. Appl. Phys., 90, 5048 (2001), which is
incorporated by reference in its entirety. In many cases,
singlet excitons may readily transfer their energy to triplet
excited states via “intersystem crossing,” whereas triplet
excitons may not readily transfer their energy to singlet
excited states. As a result, 100% internal quantum efficiency
is theoretically possible with phosphorescent OLEDs. In a
fluorescent device, the energy of triplet excitons is generally
lost to radiationless decay processes that heat-up the device,
resulting in much lower internal quantum -efficiencies.
OLEDs utilizing phosphorescent materials that emit from
triplet excited states are disclosed, for example, in U.S. Pat.
No. 6,303,238, which is incorporated by reference in its
entirety.

[0097] Phosphorescence may be preceded by a transition
from a triplet excited state to an intermediate non-triplet
state from which the emissive decay occurs. For example,
organic molecules coordinated to lanthanide elements often
phosphoresce from excited states localized on the lanthanide
metal. However, such materials do not phosphoresce
directly from a triplet excited state but instead emit from an
atomic excited state centered on the lanthanide metal ion.
The europium diketonate complexes illustrate one group of
these types of species.

[0098] Phosphorescence from triplets can be enhanced
over fluorescence by confining, preferably through bonding,
the organic molecule in close proximity to an atom of high
atomic number. This phenomenon, called the heavy atom
effect, is created by a mechanism known as spin-orbit
coupling. Such a phosphorescent transition may be observed
from an excited metal-to-ligand charge transfer (MLCT)
state of an organometallic molecule such as tris(2-phenylpy-
ridine)iridium(TIT).

[0099] As used herein, the term “triplet energy” refers to
an energy corresponding to the highest energy feature dis-
cernable in the phosphorescence spectrum of a given mate-
rial. The highest energy feature is not necessarily the peak
having the greatest intensity in the phosphorescence spec-
trum, and could, for example, be a local maximum of a clear
shoulder on the high energy side of such a peak.

[0100] The term “organometallic” as used herein is as
generally understood by one of ordinary skill in the art and
as given, for example, in “Inorganic Chemistry” (2nd Edi-
tion) by Gary L. Miessler and Donald A. Tarr, Pentice-Hall
(1998). Thus, the term organometallic refers to compounds
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which have an organic group bonded to a metal through a
carbon-metal bond. This class does not include per se
coordination compounds, which are substances having only
donor bonds from heteroatoms, such as metal complexes of
anines, halides, pseudohalides (CN, etc.), and the like. In
practice organometallic compounds generally comprise, in
addition to one or more carbon-metal bonds to an organic
species, one or more donor bonds from a heteroatom. The
carbon-metal bond to an organic species refers to a direct
bond between a metal and a carbon atom of an organic
group, such as phenyl, alkyl, alkenyl, etc., but does not refer
to a metal bond to an “inorganic carbon.” such as the carbon
of CN.

[0101] FIG. 1 shows an organic light emitting device 100.
The figures are not necessarily drawn to scale. Device 100
may include a substrate 110, an anode 115, a hole injection
layer 120, a hole transport layer 125, an electron blocking
layer 130, an emissive layer 135, a hole blocking layer 140,
an electron transport layer (ETL) 145, an electron injection
layer 150, a protective layer 155, and a cathode 160.
Cathode 160 is a compound cathode having a first conduc-
tive layer 162 and a second conductive layer 164. Device
100 may be fabricated by depositing the layers described, in
order.

[0102] Substrate 110 may be any suitable substrate that
provides desired structural properties. Substrate 110 may be
flexible or rigid. Substrate 110 may be transparent, translu-
cent or opaque. Plastic and glass are examples of preferred
rigid substrate materials. Plastic and metal foils are
examples of preferred flexible substrate materials. Substrate
110 may be a semiconductor material in order to facilitate
the fabrication of circuitry. For example, substrate 110 may
be a silicon wafer upon which circuits are fabricated,
capable of controlling OLEDs subsequently deposited on the
substrate. Other substrates may be used. The material and
thickness of substrate 110 may be chosen to obtain desired
structural and optical properties.

[0103] Anode 115 may be any suitable anode that is
sufficiently conductive to transport holes to the organic
layers. The material of anode 115 preferably has a work
function higher than about 4 eV (a “high work function
material”). Preferred anode materials include conductive
metal oxides, such as indium tin oxide (ITO) and indium
zine oxide (IZ0O), aluminum zinc oxide (AlZnO), and met-
als. Anode 115 (and substrate 110) may be sufficiently
transparent to create a bottom-emitting device. A preferred
transparent substrate and anode combination is commer-
cially available ITO (anode) deposited on glass or plastic
(substrate). A flexible and transparent substrate-anode com-
bination is disclosed in U.S. Pat. Nos. 5,844,363 and 6,602,
540 B2, which are incorporated by reference in their entire-
ties. Anode 115 may be opaque and/or reflective. A reflective
anode 115 may be preferred for some top-emitting devices,
to increase the amount of light emitted from the top of the
device. The material and thickness of anode 115 may be
chosen to obtain desired conductive and optical properties.
Where anode 115 is transparent, there may be a range of
thickness for a particular material that is thick enough to
provide the desired conductivity, yet thin enough to provide
the desired degree of transparency. Other anode materials
and structures may be used.

[0104] Hole transport layer 125 may include a material
capable of transporting holes. Hole transport layer 130 may
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be intrinsic (undoped), or doped. Doping may be used to
enhance conductivity. a-NPD and TPD are examples of
intrinsic hole transport layers. An example of a p-doped hole
transport layer is m-MTDATA doped with F,-TCNQ at a
molar ratio of 50:1, as disclosed in United States Patent
Application Publication No. 2002-0071963 A1 to Forrest et
al., which is incorporated by reference in its entirety. Other
hole transport layers may be used.

[0105] Emissive layer 135 may include an organic mate-
rial capable of emitting light when a current is passed
between anode 115 and cathode 160. Preferably, emissive
layer 135 contains a phosphorescent emissive material,
although fluorescent emissive materials may also be used.
Phosphorescent materials are preferred because of the higher
luminescent efficiencies associated with such materials.
Emissive layer 135 may also comprise a host material
capable of transporting electrons and/or holes, doped with
an emissive material that may trap electrons, holes, and/or
excitons, such that excitons relax from the emissive material
via a photoemissive mechanism. Emissive layer 135 may
comprise a single material that combines transport and
emissive properties. Whether the emissive material is a
dopant or a major constituent, emissive layer 135 may
comprise other materials, such as dopants that tune the
emission of the emissive material. Emissive layer 135 may
include a plurality of emissive materials capable of, in
combination, emitting a desired spectrum of light. Examples
of phosphorescent emissive materials include Ir(Ppy);.
Bxamples of fluorescent emissive materials include DCM
and DMQA. Examples of host materials include Alg,, CBP
and mCP. Examples of emissive and host materials are
disclosed in U.S. Pat. No. 6,303,238 to Thompson et al.,
which is incorporated by reference in its entirety. Emissive
material may be included in emissive layer 135 in a number
of ways. For example, an emissive small molecule may be
incorporated into a polymer. For example, an emissive small
molecule may be incorporated into a polymer. This may be
accomplished by several ways: by doping the small mol-
ecule into the polymer either as a separate and distinct
molecular species; or by incorporating the small molecule
into the backbone of the polymer, so as to form a co-
polymer; or by bonding the small molecule as a pendant
group on the polymer. Other emissive layer materials and
structures may be used. For example, a small molecule
emissive material may be present as the core of a dendrimer.

[0106] Many useful emissive materials include one or
more ligands bound to a metal center. A ligand may be
referred to as “photoactive” if it contributes directly to the
photoactive properties of an organometallic emissive mate-
rial. A “photoactive” ligand may provide, in conjunction
with a metal, the energy levels from which and to which an
electron moves when a photon is emitted. Other ligands may
be referred to as “ancillary.” Ancillary ligands may modify
the photoactive properties of the molecule, for example by
shifting the energy levels of a photoactive ligand, but
ancillary ligands do not directly provide the energy levels
directly involved in light emission. A ligand that is photo-
active in one molecule may be ancillary in another. These
definitions of photoactive and ancillary are intended as
non-limiting theories.

[0107] Electron transport layer (ETL) 140 may include a
material capable of transporting electrons. Electron transport
layer 140 may be intrinsic (undoped), or doped. Doping may
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be used to enhance conductivity. Alg, is an example of an
intrinsic electron transport layer. An example of an n-doped
electron transport layer is BPhen doped with Li at a molar
ratio of 1:1, as disclosed in United States Patent Application
Publication No. 2002-0071963 A1 to Forrest et al., which is
incorporated by reference in its entirety. Other electron
transport layers may be used.

[0108] The charge carrying component of the electron
transport layer may be selected such that electrons can be
efficiently injected from the cathode into the LUMO (Low-
est Unoccupied Molecular Orbital) level of the electron
transport layer. The “charge carrying component” is the
material responsible for the LUMO that actually transports
electrons. This component may be the base material, or it
may be a dopant. The LUMO level of an organic material
may be generally characterized by the electron affinity of
that material and the relative electron injection efficiency of
a cathode may be generally characterized in terms of the
work function of the cathode material. This means that the
preferred properties of an electron transport layer and the
adjacent cathode may be specified in terms of the electron
affinity of the charge carrying component of the ETL and the
work function of the cathode material. In particular, so as to
achieve high electron injection efficiency, the work function
of the cathode material is preferably not greater than the
electron affinity of the charge carrying component of the
electron transport layer by more than about 0.75 eV, more
preferably, by not more than about 0.5 ¢V. Similar consid-
erations apply to any layer into which electrons are being
injected.

[0109] Cathode 160 may be any suitable material or
combination of materials known to the art, such that cathode
160 is capable of conducting electrons and injecting them
into the organic layers of device 100. Cathode 160 may be
transparent or opaque, and may be reflective. Metals and
metal oxides are examples of suitable cathode materials.
Cathode 160 may be a single layer, or may have a compound
structure. FIG. 1 shows a compound cathode 160 having a
thin metal layer 162 and a thicker conductive metal oxide
layer 164. In a compound cathode, preferred materials for
the thicker layer 164 include ITO, IZO, and other materials
known to the art. US. Pat. Nos. 5,703,436, 5,707,745,
6,548,956 B2 and 6,576,134 B2, which are incorporated by
reference in their entireties, disclose examples of cathodes
including compound cathodes having a thin layer of metal
such as Mg:Ag with an overlying transparent, electrically-
conductive, sputter-deposited [TO layer. The part of cathode
160 that is in contact with the underlying organic layer,
whether it is a single layer cathode 160, the thin metal layer
162 of a compound cathode, or some other part, is preferably
made of a material having a work function lower than about
4 eV (a “low work function material”). Other cathode
materials and structures may be used.

[0110] Blocking layers may be used to reduce the number
of charge carriers (electrons or holes) and/or excitons that
leave the emissive layer. An electron blocking layer 130 may
be disposed between emissive layer 135 and the hole trans-
port layer 125, to block electrons from leaving emissive
layer 135 in the direction of hole transport layer 125.
Similarly, a hole blocking layer 140 may be disposed
between emissive layer 135 and electron transport layer 145,
to block holes from leaving emissive layer 135 in the
direction of electron transport layer 140. Blocking layers
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may also be used to block excitons from diffusing out of the
emissive layer. The theory and use of blocking layers is
described in more detail in U.S. Pat. No. 6,097,147 and
United States Patent Application Publication No. 2002-
0071963 Al to Forrest et al., which are incorporated by
reference in their entireties.

[0111] As used herein, the term “blocking layer” means
that the layer provides a barrier that significantly inhibits
transport of charge carriers and/or excitons through the
device, without suggesting that the layer necessarily com-
pletely blocks the charge carriers and/or excitons. The
presence of such a blocking layer in a device may result in
substantially higher efficiencies as compared to a similar
device lacking a blocking layer. Also, a blocking layer may
be used to confine emission to a desired region of an OLED.

[0112] Generally, injection layers are comprised of a mate-
rial that may improve the injection of charge carriers from
one layer, such as an electrode or an organic layer, into an
adjacent organic layer. Injection layers may also perform a
charge transport function. In device 100, hole injection layer
120 may be any layer that improves the injection of holes
from anode 115 into hole transport layer 125. CuPc is an
example of a material that may be used as a hole injection
layer from an ITO anode 115, and other anodes. In device
100, electron injection layer 150 may be any layer that
improves the injection of electrons into electron transport
layer 145. LiF/Al is an example of a material that may be
used as an electron injection layer into an electron transport
layer from an adjacent layer. Other materials or combina-
tions of materials may be used for injection layers. Depend-
ing upon the configuration of a particular device, injection
layers may be disposed at locations different than those
shown in device 100. More examples of injection layers are
provided in U.S. patent application Ser. No. 09/931,18 to Lu
et al., which is incorporated by reference in its entirety. A
hole injection layer may comprise a solution deposited
material, such as a spin-coated polymer, e.g., PEDOT:PSS,
or it may be a vapor deposited small molecule material, e.g,,
CuPc or MTDATA.

[0113] A hole injection layer (HIL) may planarize or wet
the anode surface so as to provide eflicient hole injection
from the anode into the hole injecting material. A hole
injection layer may also have a charge carrying component
having HOMO (Highest Occupied Molecular Orbital)
energy levels that favorably match up, as defined by their
herein-described relative ionization potential (IP) energies,
with the adjacent anode layer on one side of the HIL and the
hole transporting layer on the opposite side of the HIL. The
“charge carrying component” is the material responsible for
the HOMO that actually transports holes. This component
may be the base material of the HIL, or it may be a dopant.
Using a doped HIL allows the dopant to be selected for its
electrical properties, and the host to be selected for mor-
phological properties such as wetting, flexibility, toughness,
etc. Preferred properties for the HIL material are such that
holes can be efficiently injected from the anode into the HIL
material. In particular, the charge carrying component of the
HIL preferably has an IP not more than about 0.7 eV greater
that the IP of the anode material. More preferably, the charge
carrying component has an IP not more than about 0.5 eV
greater than the anode material. Similar considerations apply
to any layer into which holes are being injected. HIL
materials are further distinguished from conventional hole
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transporting materials that are typically used in the hole
transporting layer of an OLED in that such HIL materials
may have a hole conductivity that is substantially less than
the hole conductivity of conventional hole transporting
materials. The thickness of the HIL of the present invention
may be thick enough to help planarize or wet the surface of
the anode layer. For example, an HIL thickness of as little as
10 nm may be acceptable for a very smooth anode surface.
However, since anode surfaces tend to be very rough, a
thickness for the HIL of up to 50 nm may be desired in some
cases.

[0114] A protective layer may be used to protect underly-
ing layers during subsequent fabrication processes. For
example, the processes used to fabricate metal or metal
oxide top electrodes may damage organic layers, and a
protective layer may be used to reduce or eliminate such
damage. In device 100, protective layer 155 may reduce
damage to underlying organic layers during the fabrication
of cathode 160. Preferably, a protective layer has a high
carrier mobility for the type of carrier that it transports
(electrons in device 100), such that it does not significantly
increase the operating voltage of device 100. CuPc, BCP,
and various metal phthalocyanines are examples of materials
that may be used in protective layers. Other materials or
combinations of materials may be used. The thickness of
protective layer 155 is preferably thick enough that there is
little or no damage to underlying layers due to fabrication
processes that occur after organic protective layer 160 is
deposited, yet not so thick as to significantly increase the
operating voltage of device 100. Protective layer 155 may be
doped to increase its conductivity. For example, a CuPc or
BCP protective layer 160 may be doped with Li. A more
detailed description of protective layers may be found in
U.S. patent application Ser. No. 09/931,18 to Lu et al., which
is incorporated by reference in its entirety.

[0115] FIG. 2 shows an inverted OLED 200. The device
includes a substrate 210, an cathode 215, an emissive layer
220, a hole transport layer 225, and an anode 230. Device
200 may be fabricated by depositing the layers described, in
order. Because the most common OLED configuration has a
cathode disposed over the anode, and device 200 has cath-
ode 215 disposed under anode 230, device 200 may be
referred to as an “inverted” OLED. Materials similar to
those described with respect to device 100 may be used in
the corresponding layers of device 200. FIG. 2 provides one
example of how some layers may be omitted from the
structure of device 100.

[0116] The simple layered structure illustrated in FIGS. 1
and 2 is provided by way of non-limiting example, and it is
understood that embodiments of the invention may be used
in connection with a wide variety of other structures. The
specific materials and structures described are exemplary in
nature, and other materials and structures may be used.
Functional OLEDs may be achieved by combining the
various layers described in different ways, or layers may be
omitted entirely, based on design, performance, and cost
factors. Other layers not specifically described may also be
included. Materials other than those specifically described
may be used. Although many of the examples provided
herein describe various layers as comprising a single mate-
rial, it is understood that combinations of materials, such as
a mixture of host and dopant, or more generally a mixture,
may be used. Also, the layers may have various sublayers.
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The names given to the various layers herein are not
intended to be strictly limiting. For example, in device 200,
hole transport layer 225 transports holes and injects holes
into emissive layer 220, and may be described as a hole
transport layer or a hole injection layer. In one embodiment,
an OLED may be described as having an “organic layer”
disposed between a cathode and an anode. This organic layer
may comprise a single layer, or may further comprise
multiple layers of different organic materials as described,
for example, with respect to FIGS. 1 and 2.

[0117] Structures and materials not specifically described
may also be used, such as OLEDs comprised of polymeric
materials (PLEDs) such as disclosed in U.S. Pat. No. 5,247,
190, Friend et al., which is incorporated by reference in its
entirety. By way of further example, OLEDs having a single
organic layer may be used. OLEDs may be stacked, for
example as described in U.S. Pat. No. 5,707,745 to Forrest
et al, which is incorporated by reference in its entirety. The
OLED structure may deviate from the simple layered struc-
ture illustrated in FIGS. 1 and 2. For example, the substrate
may include an angled reflective surface to improve out-
coupling, such as a mesa structure as described in U.S. Pat.
No. 6,091,195 to Forrest et al,, and/or a pit structure as
described in U.S. Pat. No. 5,834,893 to Bulovic et al., which
are incorporated by reference in their entireties.

[0118] Unless otherwise specified, any of the layers of the
various embodiments may be deposited by any suitable
method. For the organic layers, preferred methods include
thermal evaporation, ink-jet, such as described in U.S. Pat.
Nos. 6,013,982 and 6,087,196, which are incorporated by
reference in their entireties, organic vapor phase deposition
(OVPD), such as described in U.S. Pat. No. 6,337,102 to
Forrest et al., which is incorporated by reference in its
entirety, and deposition by organic vapor jet printing
(OVIJP), such as described in U.S. patent application Ser.
No. 10/233,470, which is incorporated by reference in its
entirety. Other suitable deposition methods include spin
coating and other solution based processes. Solution based
processes are preferably carried out in nitrogen or an inert
atmosphere. For the other layers, preferred methods include
thermal evaporation. Preferred patterning methods include
deposition through a mask, cold welding such as described
in U.S. Pat. Nos. 6,21,398 and 6,468,819, which are incor-
porated by reference in their entireties, and patterning asso-
ciated with some of the deposition methods such as ink-jet
and OVID. Other methods may also be used. The materials
to be deposited may be modified to make them compatible
with a particular deposition method. For example, substitu-
ents such as alkyl and aryl groups, branched or unbranched,
and preferably containing at least 3 carbons, may be used in
small molecules to enhance their ability to undergo solution
processing. Substituents having 20 carbons or more may be
used, and 3-20 carbons is a preferred range. Materials with
asymmetric structures may have better solution processibil-
ity than those having symmetric structures, because asym-
metric materials may have a lower tendency to recrystallize.
Dendrimer substituents may be used to enhance the ability
of small molecules to undergo solution processing.

[0119] The molecules disclosed herein may be substituted
in a number of different ways without departing from the
scope of the invention. For example, substituents may be
added to a compound having three bidentate ligands, such
that after the substituents are added, one or more of the
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bidentate ligands are linked together via a linking group to
form, for example, a tetradentate or hexadentate ligand
having linking group that covalently links a first ligand to a
second ligand. Other linkages may be formed. Suitable
linking groups and linkages are described, for example, in
U.S. patent application Ser. Nos. 10/771,423 and 10/859,796
which are incorporated by reference herein in their entire-
ties. It is believed that this type of linking may increase
stability relative to a similar compound without linking In
preferred embodiments, the multidentate ligand systems are
prepared by the metal catalyzed coupling of the linking
group to the ligand. See, for example, Beeston et al., Inorg.
Chem. 1998, 37, 4368-4379. In a preferred embodiment, the
linking group X provides no m-conjugation between the
linked ligands. Having z-conjugation between the linked
ligands may change the electronic properties of the ligands
and the resulting metal complexes, such as a red-shift in the
luminescence. It is desirable to link the ligands together to
without significantly altering the electronic properties of the
ligands and the resulting metal complex. A non-conjugated
linking group may comprise at least one atom in the linkage
which contains no m-electrons, such as an sp® hybridized
carbon or silicon. In a preferred embodiment of the inven-
tion, the linking group, X, is selected from the group
consisting of —(CR,);—, —[O(CR,).]J0—, or a group
having the formula

A

A—B'—A A—B’—A o

[0120]
[0121] A is —(CRy)—, or -Z-(CR,),—;
[0122] Zis —O—, —NR—, or —SiR,—;

[0123] B! is —O—, —NR—, —CR=CR—, aryl,
heteroaryl, cycloalkyl, or a heterocyclic group,

a. wherein

alkyl, aryl, heteroaryl, cycloalkyl, or a heterocyclic

group;
[0124] a. each R is independently selected from H,
alkyl, aralkyl, aryl and heteroaryl,
[0125] i.dis1to 6,
[0126] ii.eis1to 6,
[0127] iii. fis 1 to 4, and
[0128] iv. gis 1to 4.

[0129] Devices fabricated in accordance with embodi-
ments of the invention may be incorporated into a wide
variety of consumer products, including flat panel displays,
computer monitors, televisions, billboards, lights for interior
or exterior illumination and/or signaling, heads up displays,
fully transparent displays, flexible displays, laser printers,
telephones, cell phones, personal digital assistants (PDAs),
laptop computers, digital cameras, camcorders, viewfinders,
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micro-displays, vehicles, a large area wall, theater or sta-
dium screen, or a sign. Various control mechanisms may be
used to control devices fabricated in accordance with the
present invention, including passive matrix and active
matrix. Many of the devices are intended for use in a
temperature range comfortable to humans, such as 18
degrees C. to 30 degrees C., and more preferably at room
temperature (20-25 degrees C.).

[0130] The materials and structures described herein may
have applications in devices other than OLEDs. For
example, other optoelectronic devices such as organic solar
cells and organic photodetectors may employ the materials
and structures. More generally, organic devices, such as
organic transistors, may employ the materials and structures.

[0131] The term “halo” or “halogen” as used herein
includes fluorine, chlorine, bromine and iodine.

[0132] The term “alkyl” as used herein contemplates both
straight and branched chain alkyl radicals. Preferred alkyl
groups are those containing from one to fifteen carbon atoms
and includes methyl, ethyl, propyl, isopropyl, butyl, isobu-
tyl, tert-butyl, and the like. Additionally, the alkyl group may
be optionally substituted with one or more substituents
selected from halo, CN, CO,R, C(O)R, NR,, cyclic-amino,
NO,, and OR.

[0133] The term “cycloalkyl” as used herein contemplates
cyclic alkyl radicals. Preferred cycloalkyl groups are those
containing 3 to 7 carbon atoms and includes cyclopropyl,
cyclopentyl, cyclohexyl, and the like. Additionally, the
cycloalkyl group may be optionally substituted with one or
more substituents selected from halo, CN, CO,R, C(O)R,
NR,, cyclic-amino, NO,, and OR.

[0134] The term “alkenyl” as used herein contemplates
both straight and branched chain alkene radicals. Preferred
alkenyl groups are those containing two to fifteen carbon
atoms. Additionally, the alkenyl group may be optionally
substituted with one or more substituents selected from halo,
CN, CO,R, C(O)R, NR,, cyclic-amino, NO,, and OR.

[0135] The term “alkynyl” as used herein contemplates
both straight and branched chain alkyne radicals. Preferred
alkyl groups are those containing two to fifteen carbon
atoms. Additionally, the alkynyl group may be optionally
substituted with one or more substituents selected from halo,
CN, CO,R, C(O)R, NR,, cyclic-amino, NO,, and OR.

[0136] The terms “alkylaryl” as used herein contemplates
an alkyl group that has as a substituent an aromatic group.
Additionally, the alkylaryl group may be optionally substi-
tuted on the aryl with one or more substituents selected from
halo, CN, CO,R, C(O)R, NR,, cyclic-amino, NO,, and OR.
The term “heterocyclic group” as used herein contemplates
non-aromatic cyclic radicals. Preferred heterocyclic groups
are those containing 3 or 7 ring atoms which includes at least
one hetero atom, and includes cyclic amines such as mor-
pholino, piperdino, pyrrolidino, and the like, and cyclic
ethers, such as tetrahydrofuran, tetrahydropyran, and the
like.

[0137] The term “aryl” or “aromatic group” as used herein
contemplates single-ring groups and polycyclic ring sys-
tems. The polycyclic rings may have two or more rings in
which two carbons are common by two adjoining rings (the
rings are “fused”) wherein at least one of the rings is
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aromatic, e.g., the other rings can be cycloalkyls, cycloalk-
enyls, aryl, heterocycles and/or heteroaryls.

[0138] The term “heteroaryl” as used herein contemplates
single-ring hetero-aromatic groups that may include from
one to three heteroatoms, for example, pyrrole, furan,
thiophene, imidazole, oxazole, thiazole, triazole, pyrazole,
pyridine, pyrazine and pyrimidine, and the like. The term
heteroaryl also includes polycyclic hetero-aromatic systems
having two or more rings in which two atoms are common
to two adjoining rings (the rings are “fused”) wherein at least
one of the rings is a heteroaryl, e.g., the other rings can be
cycloalkyls, cycloalkenyls, aryl, heterocycles and/or het-
eroaryls.

[0139] All value ranges, are inclusive over the entire
range. Thus, for example, a range between 0-4 would
include the values 0, 1, 2, 3 and 4.

[0140] Phosphorescent OLEDs with unexpected and
exceptionally high device efficiency are disclosed herein. In
some embodiments, the phosphorescent dopants used are
Ir(5'-alkyl-2-phenylpyridine) type metal complexes. Many
alkyl substituted on Ir(2-phenylpyridine) complexes are
known. However, we have found that 5'-alkyl substituted
analogs have unexpected properties such that, when they are
incorporated into an organic light emitting device, unex-
pected results are attained. In some embodiments, the phos-
phorescent dopants used are Ir(5'-alkyl substituted phenyl-
isoquinoline) type metal complexes. By incorporating the
phosphorescent materials of the present invention into
organic light emitting devices (OLEDs), unexpected and
exceptionally high device efficiencies have been demon-
strated.

[0141] In one embodiment of the present invention, a
phosphorescent emissive material having improved effi-
ciency when incorporated into an organic light emitting
device is provided, the emissive material having the formula
I

Formulal

Rs

[0142]

[0143] ring A is an aromatic heterocyclic or a fused
aromatic heterocyclic ring having an alkyl substituent
at the R'; position and having at least one nitrogen
atom, N, that is coordinated to the metal M,

[0144] wherein the ring A can be optionally substituted
with one or more substituents at the R';, R', and R'g
positions; and additionally or alternatively the R'; and

M is a metal selected from Ir, Pt, Rh or Pd;
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R', substituted positions on ring A together form, inde-
pendently a fused ring, wherein the fused ring may be
optionally substituted;

[0145] ring B is an aromatic ring with at least one
carbon atom coordinated to metal M, wherein ring B
can be optionally substituted with one or more sub-
stituents at the R,, R, R5 and R, positions;

[0146] R';R', and R', are each independently H, alkyl,
alkenyl, alkynyl, heteroalkyl, alkenyl, alkynyl, het-
eroalkyl, aryl, heteroaryl, aralkyl; and wherein R';, R',
and R'y are optionally substituted by one or more
substituents Z; and

[0147] R;R,Rs, R4 are each independently selected
from the group consisting of H, alkyl, alkenyl, alkynyl,
alkylaryl, CN, CO,R, C(O)R, NR,, NO,, OR, halo,
aryl, heteroaryl, substituted aryl, substituted heteroaryl
or a heterocyclic group such that when R';, R',, and R',
are all H, R;, R,, Ry, and R, are also all H or at least
one of R,, Rs and R; is a linking group covalently
linking two or more of the maximum number of ligands
that may be attached to the metal, an unsubstituted
phenyl ring, a fluoro-substituted phenyl ring or a phe-
nyl ring substituted with a substituent that renders the
phenyl ring equally or less coplanar than the unsubsti-
tuted phenyl ring with respect to Ring B;

[0148] alternatively, R'y; and Ry may be bridged by a
group selected from —CR,—CR,—, —CR=CR—,
—CR,—, —0—, —NR—, —O0—CR,—, —NR—
CR,—, and —N=CR—;

[0149] each R is independently H, alkyl, alkenyl, alky-

nyl, heteroalkyl, aryl, heteroaryl, or aralkyl; wherein R
is optionally substituted by one or more substituents Z;

[0150] each Z is independently a halogen, R', OR',
N(R"),. SR', CO)R, C(OYOR", C(ON(R),, CN, SO,
SOR', SO,R', or SO,R";

[0151] EachR'is independently H, alkyl, alkenyl, alky-
nyl, heteroalkyl, aryl, or heteroaryl;

[0152]

[0153] mis a value from 1 to the maximum number of
ligands that may be attached to the metal; and m+n is
the maximum number of ligands that may be attached
to the metal.

[0154] This embodiment includes a photoactive ligand
having the following ligand structure:

(X—Y) is an ancillary ligand;
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[0155] This ligand is referred to as “photoactive™ because
it is believed that it contributes to the photoactive propetties
of the emissive material. The emissive material comprises at
least one photoactive ligand and a heavy metal ion such that
the resulting material has (i) a carbon-metal bond between
ring B and the metal and (ii) the nitrogen of ring A is
coordinated 1o the metal. Thus the emissive materials of
Formula I comprise a partial structure having the following
formula

[0156] M may be Ir, Pt, Rh or Pd. Preferably, the metal is
Ir or Pt. Most preferably, the metal is Ir.

[0157] Thus in the emissive material of Formula 1:

[0158] m, the number of photoactive ligands of a particu-
lar type, may be any integer from 1 to the maximum number
of ligands that may be attached to the metal. For example,
for Ir, m may be 1, 2 or 3. n, the number of “ancillary”
ligands of a particular type, may be any integer from zero to
one less than the maximum number of ligands that may be
attached to the metal. (X—Y) represents an ancillary ligand.
These ligands are referred to as “ancillary” because it is
believed that they may modify the photoactive properties of
the molecule, as opposed to directly contributing to the
photoactive properties. The definitions of photoactive and
ancillary are intended as non-limiting theories. For example,
for Ir, n may be 0, 1 or 2 for bidentate ligands. Ancillary
ligands for use in the emissive material may be selected from
those known in the art. Non-limiting examples of ancillary
ligands may be found in PCT Application Publication WO
02/15645 Al to Lamansky et al. at pages 89-90, which is
incorporated herein by reference. Preferred ancillary ligands
include acetylacetonate (acac) and picolinate (pic), and
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derivatives thereof. The preferred ancillary ligands have the
following structures:

i. (acac) (pic)

[0159] The emissive materials of Formula I include an
emissive material having a formula where n is zero and m is
the maximum number of ligands that may be attached to the
metal as depicted in the following structure:

[0160] For example, for Ir, m is three in this preferred
embodiment, and the structure may be referred to as a “tris”
structure. The tris structure is preferred because it is believed
to be particularly stable. R5, Ry, Rs, Rg R'3, R'y, R's and R'g
are defined according to the definitions of Formula I.

[0161] In one embodiment, m+n is equal to the total
number of bidentate ligands that may be attached to the
metal in question—for example, 3 for Ir. In another embodi-
ment, m+n may be less than the maximum number of
bidentate ligands that may be attached to the metal, in which
case other ligands—ancillary, photoactive, or otherwise—
may also be attached to the metal.

[0162] In another embodiment of the present invention, M
is Ir and m is 3, giving an emissive material of the formula:
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[0163] Where R,, Ry, Ry, R, R';, R'5 and R'y are defined
according to the definitions of Formula I. In some preferred
embodiments, particularly in embodiments where green
emission is desired, ring A is pyridyl. In other preferred
embodiments, particularly in embodiments where red emis-
sion is desired, substituents at R'; and R', form a fused ring.
An example of a red emitting embodiment of the present
invention includes an emissive material of Formula I having
the following structure:

\W4

[0164] comprising a ligand having the structure:
R's
x
2N
[0165] and a partial structure for the emissive material as
follows:
[0166] M may be Ir, Pt, Rh or Pd. Preferably, the metal is

Ir or Pt. Most preferably, the metal is Ir. This embodiment
includes an emissive material wherein M is iridium and R's
is methyl having the structural formula:
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A
/N
\>Ir

L —3

[0167] Another preferred embodiment where M is iridium
and R'; is methyl includes an emissive material having the
structural formula:

x
/N\

[0168] In one embodiment of the present invention
according to Formula I, at least one of R,, R., R, R R';,
R';, and R'¢ is a phenyl substituent. This embodiment
includes an emissive material of Formula I where n is zero,
and m is the maximum number of ligands that may be
attached to the metal as depicted in the following structures:

\/

3
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-continued

[0169] For example, for Ir, m is three in this preferred
embodiment, and the structure may be referred to as a “tris”
structure. The tris structure is preferred because it is believed
to be particularly stable. R;, R,, Rs, Ry, R'5, R',, R'5, and R'
are defined according to the definitions of Formula I.

[0170] In one embodiment, m+n is equal to the total
number of bidentate ligands that may be attached to the
metal in question—for example, 3 for Ir. In another embodi-
ment, m+n may be less than the maximum number of
bidentate ligands that may be attached to the metal, in which
case other ligands—ancillary, photoactive, or otherwise—
may also be attached to the metal.

[0171] In one embodiment of the emissive materials of
Formula I, ring A is a non-fused pyridyl ring, at least one of
R;, Ry, Rs. Rg, R'5, R, and R’ comprises a phenyl moiety.
In preferred embodiments at least one of R, Ry, Ry is an
unsubstituted phenyl ring, a fluoro-substituted phenyl ring or
a phenyl ring substituted with a substituent that renders the
phenyl ring equally or less coplanar than the unsubstituted
phenyl ring with respect to Ring B. In particular embodi-
ments, the substituent that renders the phenyl ring equally or
less coplanar than the unsubstituted phenyl ring with respect
to Ring B is an alkyl substituent. This embodiment includes
an emissive material having the formula

14
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-continued
Y
X
n Or
Y
X

Where R, is H, F or a substituent that renders the phenyl
substituent at Ring B equally coplanar with or less coplanar
than the unsubstituted phenyl ring with respect to Ring B.
Preferably R, is selected from the group consisting of H, F
and alkyl.

These emissive materials include a ligand structure of the
formula
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[0173] In a particularly preferred embodiment, Ry is
-continued unsubstituted phenyl, giving an emissive material of the
formula

[0172] Inoneembodiment R'sis methyl and m is 3, giving
an emissive material of the formula:

[0174] with a ligand structure having the formula:

an:

M or [0175] and a partial structure for the emissive material of
Re é the formula:
I |
R5 \ R3
_ // )
R'4:E\( R's
N
R's N \
/\ g
| [0176] Where R;, R, R, R’y R, R's, and Ry are
Rs AN Rj defined according to the definitions of Formula I.
— —3
Ry [0177] Inanother embodiment R, is unsubstituted phenyl,

M is Ir and m is 3, giving an emissive material of the
formula:
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-continued

,  or

3
A
[0178] Where R;, Ry, R¢, R'; R',, R's, and R are defined |
according to the definitions of Formula 1. Preferably, R is N
methyl, R, is unsubstituted  phenyl and \Ir,
R,=R,=R=R'.=R',=R'.=H. The emissive material of 4
this embodiment has the following structure:

— —3

[0180] In another embodiment R's is methyl, m is 3, M is
Ir and Ry is fluoro-substituted phenyl giving an emissive
material of the formula:

[0179] In another embodiment, R's is methyl, m is 3, M is
Ir and Ry is alkyl-substituted phenyl, preferably methyl-
substituted phenyl giving an emissive material of the for-
mula:
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-continued
8
/ N
\Ir,
L/
F
L —I3
8
PN
Ir or
F
— —3
F

[0181] Inanother embodiment of the emissive materials of
Formula I, R;=R,=R.=R.=R';=R',=R'=H to give
an emissive material of the formula

R's
7 |
N %
\\M
"
X
n
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[0182] having a ligand structure of the formula:

[0183] and a partial structure for the emissive material of
the formula:

In a preferred embodiment, n is zero, and m is the maximum
number of ligands that may be attached to the metal.

R's
a
PN

N/

[0184] For example, for Ir, m is three in this preferred
embodiment, and the structure may be referred to as a “tris”
structure. The tris structure is preferred because it is believed
to be particularly stable. Ry is alkyl as defined in Formula I.

[0185] In one embodiment, m+n is equal to the total
number of bidentate ligands that may be attached to the
metal in question—for example, 3 for Ir. In another embodi-
ment, m+n may be less than the maximum number of
bidentate ligands that may be attached to the metal, in which
case other ligands—ancillary, photoactive, or otherwise—
may also be attached to the metal. Preferably, if there are
different photoactive ligands attached to the metal, each
photoactive ligand has the structure indicated in Formula I.
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[0186] Inpreferred embodiment, M is Ir and m is 3, giving embodiment includes emissive materials in which at least
an emissive material of the formula: one of R'y, R', and R', is methyl as depicted in the following
structural formulas

- x
“ B s |
| R
AN @
Ir
R Y
M
R X
1,

[0187] Wherein R, is alkyl as defined in Formula I. In a Ry
particularly preferred embodiment, R' is methyl. The emis-
sive material of this embodiment has the following structure:

“
NNPAN

[0188] and comprises a ligand having the following struc-

ture
“ |
N 3
Rs Rs

[0189] and a partial structure of for the emissive material

as follows:
“
\ N
\Ir

[0190] Inanother embodiment of Formula I, at least one of
R';, R, and R' is alkyl in addition to R'; being alkyl. In such
an embodiment, the remaining positions can be optionally
substituted according to the definitions of Formula 1. This

\/

\/

or

Ir

N/

3

[0191] having corresponding ligand structures as depicted
respectively below:
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-continued

[0192] and having partial structures for the emissive mate-
rial comprising ligand structures of depicted respectively
below:

[0193] In preferred embodiments, n is zero, and m is the
maximum number of ligands that may be attached to the
metal as depicted in the structures below:

R's
R’G
R'g
M
- M
R¢
RS Rj
Ry
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-continued

Ry
/
A
N.
R'; N \
=M™
L~
R¢
Rs R;
Ry

[0194] This embodiment of the invention includes, for
example, molecules with the following structures where M
is Ir and m is 3, and R'5 is methyl:

“ “
N XN
Ir, Ir, and
3 3
“
A N\\Ir
e

[0195] Another embodiment of the invention comprises an
emissive material having a formula in which at least one of
R';, R, and R is alkyl and at least one of R;, R,, R5 and
Rg is aryl, preferably phenyl or substituted phenyl. This
includes an embodiment in which R, is a phenyl substituent
and at least one of R';, R',, and R’y is a methyl substituent.
In one embodiment R is phenyl and R', is methyl. In
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another embodiment Ry is phenyl and R'; is methyl. In
another embodiment Ry is phenyl and R', is methyl. These -continued

embodiments respectively, give an emissive material com- R's
prising a molecule with one of the following formulas:

Ry

R;

[0197] and partial structures for the emissive material as
depicted, respectively, below:

[0196] each having a corresponding ligand structure as
depicted, respectively, below:
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-continued

R

[0198] Inother preferred embodiments, n is zero, and m is
the maximum number of ligands that may be attached to the
metal. These embodiments include and emissive material
comprising a molecule with the structure:
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[0199] In one embodiment, the emissive materials com-
prises a molecule having a formula where M is Ir and m is
3 as depicted below:

or

[0200] Where R, is defined according to the definitions of
Formula I. In particular preferred embodiments R's is methyl
giving an emissive material of the formula:

\

Ir,

Q /
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-continued
7 |
\ N\
\Ir or
4
- —3
“
\ N

/

1
/1‘

[0201] Particular devices fabricated according to the
present invention have exhibited a maximum external effi-
ciency of 23% (FIG. 14) which we believe is higher than any
thus far reported for OLEDs. Without being limited to any
theory as to how the present invention works, it is believed
that the alkyl substituent at position R's as disclosed in
Formula I leads to an emissive material resulting in high
efficiency and operational stability when incorporated into
an OLED device. In addition to exceptional efficiency, the
light emitting devices of the present invention may exhibit
an operational half-life in excess of about 50 hours, or
preferably 100 hours, or even more preferably 200 hours at
initial luminance of about 10,700 cd/m? or preferably 12,000
cd/m? or even more Ereferably 16,000 c¢d/m> or most
preferably 17,000 cd/m*. We have previously shown sub-
stitution at the R'; position to increase device lifetime as
disclosed in U.S. patent application Ser. No. 10/765,295 to
Kwong et al. which is incorporated by reference herein in its
entirety. Substitution at the R position has also been shown
to increase device lifetime, as disclosed in U.S. patent
application Ser. No. 10/289,915 to Brown et al., which is
also incorporated by reference in its entirety.

[0202] In the present invention, alkyl substitution at the
R’ position shows exceptional efficiency in particular
devices. Substitution at the R in addition to alkyl substitu-
tion R's position may show a further improvement in effi-
ciency over alkyl substitution at only the R's position. For
example, it is believed that specific substituents shown in
Formula I provide a particularly efficient molecule, when R,
is phenyl and R'; is methyl, both un-substituted. It is further
believed that the enhanced efficiency is still present if the
phenyl and/or methyl in the R5 and R’ positions, respec-
tively, are substituted.

[0203] As used herein, the term “external quantum effi-
ciency” refers to the percentage of charge carriers injected
into a device that result in the emission of a photon from the
device in the forward direction. A number of factors can
affect the external quantum efficiency, including the “intet-
nal quantum efliciency,” which is the percentage of charge
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carriers injected into a device that result in the creation of a
photon, and the “outcoupling efficiency,” which is the per-
centage of photons created that are emitted from a device
towards a viewer. In some embodiments of the present
invention an organic layer comprising a 5'alkyl substituted
dopant (with and without an aromatic hydrocarbon layer
(HPT) that is in direct contact with an emissive layer) may
enhance the internal quantum efficiency and thus the exter-
nal quantum efficiency of the device. Because external
quantum efficiency is more readily and directly measured
than internal quantum efficiency, it may be desirable to
describe certain aspects of the invention with respect to
external quantum efficiency. But, in order to determine
whether an enhanced external quantum efficiency is due to
the use of an alkyl substituent at position 5', it is preferable
to account for other factors that affect external quantum
efficiency. The term “unmodified external quantum effi-
ciency” as used herein refers to the external quantum
efficiency of a device, after multiplication by a factor to
account for any differences in the outcoupling efficiency of
that device and the outcoupling efficiency of the devices
described experimentally herein. For example, a device
having an external quantum efficiency of 5%, but having an
outcoupling efficiency 3 times better than the devices
described herein, would have an “unmodified external quan-
tum efficiency” of 1.33% (one third of 5%). A typical
outcoupling efficiency for the types of devices described
herein is about 20-30%. There are device structures having
better outcoupling efficiencies than the devices described
herein, and it is anticipated that improvements to outcou-
pling efficiency will be made over time. Such improvements
would enhance external quantum efficiency, but should not
affect “unmodified” external quantum efliciency, and
devices having such improvements may fall within the scope
of the present invention.

[0204] “Stability” may be measured in a number of ways.
One stability measurement is the operational stability of the
electroluminescent device which can be measured in terms
of operational half-life. The operational half-life is the time
required for the luminance of the device to decay from the
initial luminance (L) to 50% of its initial luminance (L )
under constant current and at room temperature unless
otherwise noted. Operational half-life depends upon lumi-
nance at which the device is operated, because a higher
luminance generally corresponds to a faster decay in a
particular device. Luminance may be measured in cd/m?.
Devices in accordance with embodiments of the present
invention can advantageously have an operational half-life
in excess of about 50 hours, preferably about 100 hours,
more preferably about 200 hours at initial luminance of
about 10,700 cd/m? preferably about 12,000 cd/m?, more
preferably about 16,000 cd/m® most preferably about
17,000 c¢d/m?* or higher.

[0205] The emissive material of the present invention may
comprise a compound of Formula I such that the device has
an unmodified external quantum efficiency of at least about
10% at current densities between about 0.1 to about 1000
mA/cm?; and a lifetime of at least about 50 hours at an initial
luminance of at least about 10700 cd/m®. In another embodi-
ment, the emissive material may comprise a compound of
Formula I such that the device has an unmodified external
quantum efficiency of at least about 15%, preferably at least
about 20% at current densities from about 0.1 to about 1000
mA/cm?; and a lifetime of at least about 50 hours at an initial
luminance of at least about 10,700 cd/m> In yet another
embodiment, the emissive layer may be in direct contact
with an electron transport layer comprising a material hav-
ing a molecular dipole moment less than about 2.0 debyes,
such that the device has an external quantum efficiency of at
least about 10% at about at current densities between about
0.1 to about 1000 mA/cm?,
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[0206] In one embodiment, it is believed that the use of a

second electron transport layer (ETL2) including an aro- -continued
matic hydrocarbon having a zero or low molecular dipole
moment (TPD) adjacent to the emissive layer may further Compound Structure

enhance device performance, as disclosed in U.S. patent

application Ser. No. 10/785,287 which is incorporated by Xvi B AN N
reference in its entirety herein. Without intending to limit all |
embodiments with a particular theory of how the invention N
works, it is believed that this symmetric energy structure ™~
may improve electron injection from ETL2 into the emissive / Ir
layer. The (ETL2) may be in direct contact with the cathode,
or there may be a separate organic layer between the organic
enhancement layer and the cathode. Other aromatic hydro-
carbon materials may be used.
[0207] In some embodiments of the present invention,
various alkyl and aryl substitutions offer a wide range of _
tunability in terms of evaporation temperature, solubility,
| X
N\
e

energy levels, device efficiency, and are stable functional XVII —
— 3

groups chemically and in device operation. For example, in
some embodiments, by appropriately substituting one or
more alkyl groups (i.e. methyl, ethyl, t-butyl) on either (or
in combination) the pyridine or phenyl rings of a phenyl
pyridine ligand and then cyclometallated onto a metal center
to give dopant emitters for OLED devices, the properties
observed gave unexpected improvements in material and
device properties including sublimability (lower depositions
temperatures and remaining residue in the boat), solubility,
color tunability, device stability, and device efficiencies. The
color of emission can be fine-tuned to give greater saturation
and more desired CIE color requirements. For example, a
4' 5'-dimethyl substituted PPY tris [ridium emitter, exhibited

>Ir

3

N
27 XIX =

>Ir

3

F
N
N
XV — ]
N

a 15 nm blue shift in emission when compared with the XVIII
unsubstitued Ir(ppy); and a 3'.4'-dimethyl substituted PPY B
tris Iridium emitter exhibited improved device stability. AN
Some examples of the alkyl and aryl substituted emissive |
materials of the invention have chemical structures as fol-
lows: &
Compound Structure
X1V — .
x
be ®
S
| XX
A
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[0208] It is understood that the various embodiments

described herein are by way of example only, and are not
intended to limit the scope of the invention. For example,
many of the materials and structures described herein may
be substituted with other materials and structures without
deviating from the spirit of the invention. It is understood
that various theories as to why the invention works are not
intended to be limiting. For example, theories relating to
charge transfer are not intended to be limiting.

[0209] Material Definitions:
[0210] As used herein, abbreviations refer to materials as
follows:
[0211] CBP: 4,4'-N,N-dicarbazole-biphenyl
[0212] m-MTDATA  4,4'.4"-tris(3-methylphenylphen-
lyamino)triphenylamine
[0213] Alq,: 8-tris-hydroxyquinoline aluminum
[0214] Bphen: 4,7-diphenyl-1,10-phenanthroline
[0215] n-BPhen: n-doped BPhen (doped with lithium)
]

[0216] F,-TCNQ: tetrafluoro-tetracyano-quinodimethane
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[0217] p-MTDATA: p-doped m-MTDATA (doped with
F,-TCNQ)
[0218] Ir(ppy)s: tris(2-phenylpyridine)-iridium

[0219] Ir(ppz)s:
C(2Yiridium(IIT)

tris(1-phenylpyrazoloto,N,

[0220]
line

BCP: 2,9-dimethyl-4,7-diphenyl-1,10-phenanthro-

[0221]
triazole

TAZ:  3-phenyl-4-(1'-naphthyl)-5-phenyl-1,2.4-

[0222] CuPec: copper phthalocyanine.
[0223]

[0224]
dine

ITO: indium tin oxide

NPD: N,N'-diphenyl-N—N'-di( 1-naphthyl)-benzi-

[0225] PD: N,N'-diphenyl-N—N'-di(3-toly)-benzidine

[0226] BAlq: aluminum(II)bis(2-methyl-8-hydrox-
yquinolinato)4-phenylphenolate

[0227] mCP: 1,3-N,N-dicarbazole-benzene

[0228] DCM: 4-(dicyanoethylene)-6-(4-dimethylami-
nostyryl-2-methyl)-4H-pyran
[0229] DMQA: N,N'-dimethylquinacridone

[0230] PEDOT:PSS: an aqueous dispersion of poly(3,4-
ethylenedioxythiophene) with polystyrenesulfonate (PSS)

[0231] HPT: 2,3,6,7,10,11-hexaphenyltriphenylene

Ph
Ph
I Ph
Ph
Ph
Ph
HPT
EXPERIMENTAL

[0232] Specific representative embodiments of the inven-
tion will now be described, including how such embodi-
ments may be made. It is understood that the specific
methods, materials, conditions, process parameters, appara-
tus and the like do not necessarily limit the scope of the
invention.
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COMPOUND I: tris[5-methyl-2-phenylpyridine-N,
C?*iridium (IIT) [Ir(5'-Meppy);] Synthesis

Step 1: Synthesis of 3-methyl-6-phenylpyridine
[0233]

B(OH),
H;C TPP
’ \ Pd(IDacetate
| + dimethoxyethane
P
N Br

A
/ N

[0234] To a 2 L flask, 45.0 g (262 mmol) of 6-bromo-3-

methylpyridine, 38.3 g (314 mmol) of phenylboronic acid,
1.47 g (6.54 mmol) of palladium acetate, 6.86 g (26.2 mmol)
of triphenylphosphine and 353 mL of 2M K,CO, were
added to 405 mL of dimethoxyethane. The mixture was
heated at reflux for 20 hours and cooled to room tempera-
ture. The aqueous phase was extracted twice with 200 mL of
ethyl acetate. The combined organic extractions were then
extracted with brine and dried over magnesium sulfate. The
filtrate was evaporated in vacuo and the resultant oil purified
by Kugelehor distillation (190° C. @ 500 microns) to give
37.2 g (84.1% yield) of 3-methyl-6-phenylpyridine as white
solids.

Step 2 Synthesis of tris[5-methyl-2-phenylpyridine-
NC?Tiridium (IIT)

[0235]

AN AN
N N,
Z N
Ir(acac); N
—_—
ethylene glycol L/ Ir

To a 100 mL round bottom flask containing 40 mL of
ethylene glycol degassed at 180° C., then cooled to room
temperature, was added 3.0 g (17.7 mmol) of 3-methyl-6-
phenylpyridine and 2.18 g (4.43 mmol) of Ir(acac),. The
reaction mixture was stirred for 20 hours at 175° C. under
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N2. The cooled material was then poured into EtOH and the
solids collected by filtration and rinsed with EtOH. These
solids were dissolved in CH,Cl, and purified on a silica gel
column using CH,Cl,/hexanes as eluent. The pure fractions
were evaporated of solvent and the solids recrystallized from
CH,C1,/MeOH to give ~1 g of the product after filtration,
MeOH rinse and drying. The solids were finally vacuum
evaporated to give 0.50 g of Ir(5-Meppy), (98.9% assay)
and was confirmed by NMR as the facial isomer.

COMPOUND II: tris[2-(biphenyl-3-y1)-5-methylpy-
ridineliridium(IIT) [Ir(5'-Me-5-Phppy);] Synthesis

Step 1—Synthesis of
2-(3-bromophenyl)-5-methylpyridine

[0236]

B(OH),

TPP
Pd(IT)acetate

—_—
ethylene glycol
dimethyl ether

[0237] 2-Bromo-5-methylpyridine (46.1 g, 267 mmol),
3-bromophenylboronic acid (35.8 g, 178 mmol), palla-
dium(IT) acetate (1.00 g, 4.4 mmol), triphenylphosphine
(4.67 g, 17.8 mmol), and potassium carbonate (67.8 g, 491
mmol) were mixed with 370 mL of ethylene glycol dimethyl
ether and 245 mL of water in a 1000 mL round bottom flask
equipped with a temperature probe, reflux condenser, and a
magnetic stir bar. The solution was heated at reflux under
nitrogen for 16 hr. The cooled reaction mixture was then
placed in a separatory funnel, and 100 mL of ethyl acetate
was added. The aqueous layer was discarded. The organic
layer was extracted twice with a saturated solution of
sodium chloride, dried over magnesium sulfate, and evapo-
rated to dryness. After the excess 2-bromo-5-methylpyridine
was distilled off in vacuo at 110° C., the 2-(3-bromophenyl)-
5-methylpyridine was distilled at 200° C. to give 30.1 g
(68.1% vield) of a slightly orange liquid, which was used for
the next step without further purification.
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Step 2 Synthesis of
2-biphenyl-3-yl-5-methylpyridine

[0238]
‘ N B(OH)
Z N TPP
Pd(IDacetate
* ethylene glycol
dimethyl ether
Br
®
/N
[0239] 2-(3-bromophenyl)-5-methylpyridine (14.0 g, 61

mmol), phenylboronic acid (8.8 g, 72 mmol), palladium (II)
acetate (0.34 g, 1.5 mmol), triphenylphosphine (1.6 g, 6.1
mmol), and potassium carbonate (22.3 g, 162 mmol) were
mixed with 120 mL of ethylene glycol dimethy! ether and 80
mL of water in a 500 mL round bottom flask equipped with
a temperature probe, reflux condenser, and a magnetic stir
bar. The solution was then heated at reflux under nitrogen for
16 hr. The cooled reaction mixture was placed in a separa-
tory funnel, and 100 mL of ethyl acetate was added. The
aqueous layer was discarded. The organic layer was
extracted twice with a saturated solution of sodium chloride,
dried over magnesium sulfate, and evaporated to dryness.
After the removal of several impurities by vacuum distilla-
tion at 115° C., distillation at 190° C. gave 13.7 g of
2-biphenyl-3-yl-5-methylpyridine as a viscous light yellow
liquid, which was further purified on a silica gel column with
ethyl acetate/hexane to give 12.8 g (87.1% yield) of 2-bi-
phenyl-3-yl-5-methylpyridine as a white solid.

Step 3—Synthesis of tris[2-(biphenyl-3-yl)-5-meth-
ylpyridine-N,C? Tiridium (I1I)
[0240]

N

Ir(acac)s

—_—
ethylene glycol
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-continued

[0241] To a 100 mL three-neck round bottom flask
equipped with a temperature probe, reflux condenser, nitro-
gen inlet, and a mechanical stirrer was added 30 mL of
ethylene glycol. Nitrogen was then bubbled through the
solvent at reflux for 1 hr after which time the 2-biphenyl-
3-yl-5-methylpyridine (7.75 g, 31.6 mmol) was added. After
the solution had become homogeneous, Ir(acac), (3.87 g, 7.9
mmol) was added. The reaction mixture was heated at reflux
under nitrogen for 24 h, resulting in a yellow precipitate.
Methanol (60 mL) was added to the cooled reaction mixture,
and the precipitate was collected by vacuum filtration and
washed with methanol to give 5.7 g (78.1 yield %) of
tris[2-(biphenyl-3-y1)-5-methylpyridine-N,C* Jiridium (I11).

COMPOUND 1II: Comparative Example Com-
pound, tris(2-3-biphenyl]pyridine) Iridium (III):
[Ir(5-Phppy);] Synthesis

[0242] [Ir(5-Phppy),] was synthesized by the method
described in U.S. Application Publication No. 2004/
0086743, Example 1, to give tris(2-[3-biphenylJpyridine)
Iridium (IIT):

A

N/

Q /

Ir(5-Phppy)s
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COMPOUND 1V: fac tris[1-phenyl-4-methyliso-
quinolinolato-N,C? Tiridium(I1T) [Ir(4-Me-1-piq);]
Synthesis

Step 1—Synthesis of N-(2-phenylpropyl)benzamide

[0243]
0

TEA

- Cl CHen
NI,
n
N
0,0
0

To a solution of 1-amino-2-phenylpropane (25.0 g, 0.185
mol) and triethylamine (18.2 g, 0.185 mol) in 150 mL of
chloroform was added dropwise, a solution of benzoyl
chloride (26.0 g, 0.185 mol) in 150 mL of chloroform under
nitrogen. After completion of the addition, the reaction
mixture was heated at reflux for 1 hour. The solution was
then washed with water and the organic layer dried over
magnesium sulfate. Removal of the solvent yielded 42.0 g
(95%) of N-(2-phenylpropyl)benzamide as a white powder.

H;C

Step 2—Synthesis of
1-phenyl-4-methyl-3,4-dihydroisoquinoline

[0244]

N
H,C
o

[0245] To a suspension of phosphorus oxychloride (224 g,
136 mL, 1.46 mol) and phosphorus pentoxide (136 g, 0.480
mol) in 410 mL of dry xylene was added N-(2-phenylpro-
pyl)benzamide (40 g, 0.167 mol). The suspension was
heated with stirring at reflux for 4 h under nitrogen. After
cooling to room temperature, the solvent was decanted off.
The reaction vessel was then placed in an ice bath, and the
residue was dissolved in ice water. Basification with 50%
aqueous potassium hydroxide yielded a white precipitate,
which was then stirred with dichloromethane and filtered.
The solids were discarded. After drying over magnesium
sulfate, the dichloromethane was removed by rotary evapo-
ration, yielding 29.0 g (78%) of 1-phenyl-4-methyl-3,4-
dihydroisoquinoline as a yellow oil, which was used for the
next reaction without further purification.

POCL
—_—

Xylene

jas}
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Step 3—Synthesis of
1-phenyl-4-methylisoquinoline

[0246]
MnO, O
N = % N
Z Benzene #
[0247] To a suspension of activated magnesium dioxide

(270 g, 0.132 mol) in 550 mL of benzene was added
1-phenyl-4-methyl-3,4-dihydroisoquinoline (29.0 g, 0.131
mol) with stirring. The reaction mixture was heated at reflux
for 16 hours. The magnesium dioxide was removed by
vacuum filtration and washed with methylene chloride.
Evaporation of the solvent yielded 12.2 g (42%) of pure
yellow crystals of 1-phenyl-4-methylisoquinoline.

Step 4—Synthesis of Bis[ 1-phenyl-4-methyliso-
quinolinato-N,C2']iridium (IIT) a.-dichloro-bridged
dimer

[0248]

x

X Ix(Cly;

_—
2-ethoxyethanol

N AN
\\Ir/Cl\Ir//
VNN
]
x
— —2 —2

[0249] A suspension of 1-phenyl-4-methylisoquinoline
(6.0 g, 27.4 mmol) and iridium chloride (5.0 g, 13.7 mmol)
in 75 mL of 2-ethoxyethanol and 20 mL of water was heated
at reflux for 36 h under nitrogen, resulting in a red precipi-
tate, which, after cooling, was collected by vacuum filtration
and washed with methanol, followed by hexane, yielding 6.5
g (67%) of bis[1-phenyl-4-methylisoquinolinato-N,C2"]iri-
dium (III) p-dichloro-bridged dimer.
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Step 5-Bis(1-phenyl-4-methylisoquinolinato-N,
C2Yiridium (IIT) acetylacetonate

[0250]

llilll| x 7 |
AN Cl LV

NN A
/Ir\ /Ir\

Cl

[0251] A suspension of bis[ 1-phenyl-4-methylisoquinoli-
nato-N,C2'iridium (I1I)) p-dichloro-bridged dimer (6.5 g,
4.9 mmol), acetylacetone (4.9 g, 49 mmol), and sodium
carbonate (10.3 g, 98 mmol) in 160 mL of 2-ethoxyethanol
was heated at reflux under nitrogen fro 14 hours. After
cooling, the product was collected by vacuum filtration and
washed with water, followed by methanol, yielding 2.6 g
(37%) of bis(1-phenyl-4-methylisoquinolinato-N,
C2"iridium acetylacetonate.

Step 6—tris[ 1-phenyl-4-methylisoquinolinolato-N,
C2'liridium(I11)

[0252]

N
B

[0253] A suspension of bis(1-phenyl-4-methylisoquinoli-
nato-N,C2")iridium(acetylacetonate) (2.3 g, 3.1 mmol) and
1-phenyl-4-methylisoquinoline (2.7 g, 12.3 mmol) were
heated with stirring in 50 mL of glycerol under nitrogen for
24 hours yielding 1.9 g (73%) of crude iridium, tris[1-
phenyl-4-methylisoquinolinolato-N,C2'liridium(III). Purifi-
cation on a silica gel column using 70/30 dichloromethane/
hexane as the mobile phase yielded 0.9 g (33% yield). The
product (375 mg) was then purified by vacuum evaporation

e E—
glycerol

>Ir

.
2-ethoxyethanol
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NaZC 03
acetylacetone

| N
PN 0

(Z-1=180° C., 72=220° C., 73=280° C., 1x107 torr) yield-
ing 100 mg of the desired product.

COMPOUND V: fac tris[3-methyl-5,6 dihy-
drobenzo[h]quinolinato-N,C* Jiridium(III) [Ir(3-Me-
dhbq);] Synthesis

Step 1: 2-methylene-3,4-dihydronaphthalen-1-one
[0254]

[0255] To a suspension of paraformaldehyde (46.2 g, 1.54
mol) and N-methylanilinium trifluoroacetate (TAMA, 46.2
2, 1.54 mol) in 340 mL of dry THF was added a-tetralone
(50 g, 0.342 mol). The solution was heated at reflux under
nitrogen with stirring for 4 h, during which time the
paraformaldehyde dissolved. After cooling, diethyl ether
(700 mL) was added to the reaction mixture. The solvent
was separated from the reaction mixture and washed with
500 mL of saturated sodium bicarbonate. Additional diethyl
ether was added to the reaction mixture, separated and used
to back extract the aqueous sodium bicarbonate layer. The
combined organic layers were dried over magnesium sul-
fate, and the solution was then concentrated to a volume of
approximately 300 mL and filtered through Celite. Complete
evaporation of the ether yielded 50 g (90%) of crude
2-methylene-3,4-dihydronaphthalen-1-one, which was used
immediately for the next reaction to prevent polymerization
of the product.

Step 2: 2-ethoxy-3-methyl-3,4,5,6-tetrahydrobenzo
[h]chromene

[0256]

5% Yhb(fod)s

dichloroethane

+ /\/OEt
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-continued
OFEt

CH;
0

[0257] A solution of 2-methylene-3,4-dihydronaphthalen-
1-one (44.9 g, 282 mmol), tris(6,6,7,7,8,8,8-heptafluoro-2,
2-dimethyl-3,5-octanedionato)ytterbium [Yb(fod),, 15.0 g,
14.2 mmo], and ethyl propenyl ether (300 g, 390 mL, 3.5
mol) in 830 mL of dichloroethane was heated at reflux under
nitrogen with stirring for 20 hours. Evaporation of the
solvent left 200 g of a brown liquid that was purified on a
silica gel column with 15/85 ethylacetate/hexane as the
eluent, yielding 140 g of product, which was used without
further purification.

Step 3: 3-methyl-5,6-dihydrobenzo[h]quinoline
[0258]

OFEt

CH;
O NH,OH HCL

—
Acetonitrile

NZ

[0259] To a suspension of hydroxylamine hydrochloride
(46.1 g, 0.663 mol) in 1070 mL of acetonitrile was added
2-ethoxy-3-methyl-3,4,5,6-tetrahydrobenzo[ hJchromene
(140 g, 0.265 mol) from step two. The reaction mixture was
heated at reflux under nitrogen with stirring for 16 h.
Evaporation of the acetonitrile, followed by vacuum distil-
lation of the product yielded 34.5 g of a crude product that
was further purified by silica gel chromatography with 5/95
ethyl acetate/hexane as the eluent, yielding 23.2 g (45%) of
5,6-dihydrobenzo[ h]quinoline as a yellow liquid.

Step 4: fac tris[3-methyl-5,6-dihydrobenzo[ h]quino-
linato-N,C* Jiridium(TIT)
[0260]
NZ

(ac: —_—
Ir{acac)s ethylene glycol
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-continued

N
L~

L -3

[0261] To 50 mL of ethylene glycol at reflux under a
nitrogen atmosphere were added 10.2 g (52.2 mmol) of
3-methyl-5,6-dihydrobenzo[h]quinoline. To this solution
were then added 6.4 g (13.1 mmol) of Ir(acac),, and the
reaction mixture was maintained at reflux for 3 h, resulting
in the formation of a yellow precipitate. The mixture was
then cooled and diluted with methanol, and the product was
collected by vacuum filtration and washed with methanol,
yielding 6.0 g (59%) of a yellow powder, which was purified
by silica gel column chromatography using 70/30 dichlo-
romethane/hexane as the eluent, yielding 3.8 g (37%) of
product that was then recrystallized from 140 mL of 1,2-
dichlorobenzene to give 3.3 (32%) of yellow needles.
Vacuum evaporation (Z,=190° C., Z,=220° C., Z,=275°C,,
1x107° torr) yielded 2.4 g (24%) of pure product.

COMPOUND VI fac tris[2-(2"-methylbiphenyl-3-
yl)pyridinato-N,C2'Jiridium(I1T) (Ir[5'-Me-5-(2-Me-
Ph)ppy],) Synthesis

Step 1: 2-(3-bromophenyl)-5-methylpyridine

[0262]
B(OH),
AN
| Pd(OAc)2, TPP K»CO;3
N DME, 1,0
Br
Br
CHj
AN
P> N
Br
[0263] To a solution of 2-bromo-5-methylpyridine (46.1,

267 mmol), 3-bromophenylboronic acid (35.8 g, 178 mmol),
palladium (II) acetate (1.0 g, 4.4 mmol), and triphenylphos-
phine (4.8 g, 18.3 mmol) in dimethoxyethane (370 mL) was
added a solution of potassium carbonate (67.8 g, 491 mmol)
in 245 mL of water. The reaction mixture was heated at
reflux under a nitrogen atmosphere for 16 h and cooled.
Ethyl acetate was added, and the aqueous phase was dis-
carded. Evaporation of the organic phase after drying over
magnesium sulfate yielded a brown liquid from which the
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excess 2-bromo-S-methylpyridine was distilled in vacuo at
110° C. Further vacuum distillation at 200° C. yielded 30.1
g (68%) of 2-(3-bromopheny!)-3-methylpyridine as a light
brown liquid.
Step 2: 2-(2'-methylbiphenyl-3-y1)5-methylpyridine
[0264]
CH; B(OH),

‘ Pd(OAc)2, TPP K,CO;3
DME, 5,0

Br
CH;
X
L
[0265] To a solution of 2-(3-bromophenyl)-5-methylpyri-

dine (26.4 g, 106 mmol), o-tolylboronic acid (17.4 g, 128
mmol), palladium (II) acetate (0.60 g, 2.7 mmol), and
triphenylphosphine (2.8 g, 10.7 mmol) in 215 mL of
dimethoxyethane was added a solution of potassium car-
bonate (39.7 g, 287 mmol) in 145 mL of water. The reaction
mixture was heated at reflux under a nitrogen atmosphere for
16 h and cooled. Ethyl acetate was added, and the aqueous
phase was discarded. Evaporation of the organic phase after
drying over magnesium sulfate yielded a yellow liquid that
was then subjected to vacuum distillation at 160° C. to
remove most of the impurities. Further distillation at 220° C.
yielded 29.9 g of a colorless liquid that was further purified
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by silica gel column chromatography with 10/90 ethyl
acetate/hexane as the eluent to give 22.5 g (81%) of pure
2-(2'-methylbiphenyl-3-yl)pyridine as a colorless, viscous
liquid.
Step 3 Dimer
[0266]
CH,

X

/N

2-ethoxyethanol
H,0

4+ ICh

2

[0267] To a mixture of 2-ethoxyethanol (95 mL) and water
(25 mL) were added 11.0 g (42.4 mmol) of 2-(2"-methylbi-
phenyl-3-yl)pyridine and 7.9 g (21.2 mmol) of IrCl;. The
reaction mixture was heated under a nitrogen atmosphere at
reflux for 50 h and cooled. The yellow precipitate that
formed was collected by vacuum filtration and washed with
methanol and ethyl acetate to give 11.0 g (70%) of chloro-
bridged dimer

Step 4: fac tris[2-(2'-methylbiphenyl-3-yl)pyridi-
nato-N,C? Jiridium(1IT)
[0268]

Ag(OT1)

2-ethoxyethanol
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-continued

[0269] A suspension of dimer (11.0 g, 7.4 mmol), silver
triflate (14.7 mmol), and 2-(2'-methylbiphenyl-3-yl)pyridine
(7.6 g, 29.3 mmol) in 160 mL of 2-ethoxyethanol was heated
under a nitrogen atmosphere at 95° C. for 60 h and then
cooled. The precipitate was collected by vacuum filtration
and washed with methanol to give 13.2 g of crude product
that was then subjected to silica gel column chromatography
with 50/50 dichloromethane/hexane as the eluent, yielding
4.5 g of pure product in addition to 4.1 g of more impure
fractions. The pure fraction was recrystallized from 60 mL
of a 90/10 toluene/hexane mixture to give 3.4 g (24%) of
product that was then evaporated in vacuo to yield 0.9 g
(6%) of purefac tris[2-(2-methylbiphenyl-3-yl)pyridine]iri-
dium(I1).

COMPOUND VII—Hexadentate Ligand Complex
Synthesis

Step 1: 2-(4-bromophenyl)-5-methylpyridine—
[0270]

B(OH),
X
| PA(0), K203
n e
2N DME, 5,0
Br Br
=
z N
Br
[0271] To a 500 mL round bottom flask, 4-bromophenyl-

boronic acid (25.0 g, 0.125), 2-bromo-5-methylpyridine
(20.0 g, 0.114 mol), palladium(O)tetrakistriphenylphosphine
(4.0 g, 0.0035 mol), potassium carbonate (47.0 g, 0.34 mol.),
1,2-dimethoxyethane (120 mL) and water (120 mL.) were
added. The mixture was heated to reflux under nitrogen
atmosphere for 18 hours. After the reaction was cooled
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down, 100 mL of water and 150 mL of ethyl acetate were
added. The mixture was separated in a separatory funnel.
The organic phases were collected, combined and evapo-
rated. The mixture was distilled using a kugelrohred (spell-
ing?) to obtain 2-(4-bromophenyl)-5-methylpyridine (26.0
g) as a white solid that was further purified by recrystalli-
zation in hexanes.

Step 2

[0272]

Pd(0), Cu(l)
DIPA

A

[0273]

2-(4-Bromophenyl)-5-methylpyridine (9.3 g, 0.038
mol.) was added to a mixture of dry toluene (70 mL), dry
diisopropylamine (70 mL), 1,3,5-triethynylbenzene (2.0 g,
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0.0133 mol), palladium(O)tetrakistriphenylphosphine (1.4 g,
0.0012 mol), Cul (0.15 g) were added in a dry three-necked
reaction flask. The mixture was stirred under nitrogen at
room temperature for 3 hours, and then heated up to 60° C.
for 2 days. The reaction mixture was cooled down and
purified by silica gel column chromatography using dichlo-
romethane/ethyl acetate as the eluent. The pure fractions
were collected and concentrated to give Compound B (8.0 g)
as a white solid.

Step 3

[0274]

5% Pd/C, H,
THF
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[0275] In acomputer controlled hydrogenation apparatus,
Compound B (10.0 g, 0.015 mol.), 5% Pd/C catalyst (5.0 g,
0.0024 mol.) and ~300 mI. of THF were added in reactor.
The reaction was placed under 45 psi of hydrogen pressure
and stirred under room temperature overnight. After the
reaction was completed the crude product was filtered and
the solvent concentrated. The crude product was purified by
a silica gel column chromatography using 30% ethyl acetate
in hexane to give Compound C (9.0 g) as a white solid.

Step 4: Hexadentate Ligand Complex
[0276]

Ir(acac);
—_—
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[0277] Approximately 70 mL of ethylene glycol, Ir(acac),,
(0.76 mg, 0.00154 mol) and Compound C (1.0 g, 0.00151
mol) were added to a 100 mL round bottom flask. The
reaction was heated to 160° C. under nitrogen atmosphere
for 24 hours and then cooled down. Methano! was added and
the yellow solid collected by vacuum filtration. The crude
vellow product was purified by silica gel column chroma-
tography using 40% dichloromethane in hexane to give the
desired compound (900 mg) as a yellow solid.

COMPOUND VIII fac tris[2-(4"-fluorobiphenyl-3-
y1)-5-methylpyridine Jiridium(IIT) (“If 5'-Me-5-(4-
FPh)ppy];™) Synthesis

Step 1: 2-(3-bromophenyl)-5-methylpyridine

[0278]
B(OH),
A
Pd(OAc)2, TPP K,C0;4
N * DME, H,0
Br
Br
A
oz N
Br
[0279] To a 500 mL. reaction flask were added together

2-bromo-5-methylpyridine (46.1 g, 267 mmol), 3-bro-
mophenylboronic acid (35.8 g, 178 mmol). palladium (II)
acetate (1.0 g, 4.4 mmol), triphenylphosphine (4.8 g, 18.3
mmol), dimethoxyethane (370 mL) and a solution of potas-
sium carbonate (67.8 g, 491 mmol) in 245 mL of water. The
reaction mixture was heated at reflux under a nitrogen
atmosphere for 16 h and cooled. Ethy] acetate was added,
and the aqueous phase was discarded. Evaporation of the
organic phase after drying over magnesium sulfate yielded
a brown liquid from which the excess 2-bromo-5-methylpy-
ridine was distilled in vacuo at 110° C. Further vacuum
distillation at 200° C. yielded 30.1 g (68%) of 2-(3-bro-
mophenyl)-5-methylpyridine as a light brown liquid.
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Step 2: 2-(4'-Fluorobiphenyl-3-y1)-5-methylpyridine

[0280]
B(OH),
AN
Pd(OAc)2, TPP K,C0;
N * DME, 1,0
F
Br
x
P
F
[0281] In a 500 mL. reaction flask added together 2-(3-

bromophenyl)-5-methylpyridine (10. g, 40 mmol), 4-fluo-
rophenylboronic acid (6.7 g, 48 mmol), palladium (III)
acetate (0.22 g, 1.0 mmol), and triphenylphosphine (1 g, 4.0
mmol) in 200 mL of dimethoxyethane and a solution of
potassium carbonate (12.7 g, 120 mmol) in 100 mL of water.
The reaction mixture was heated at reflux under a nitrogen
atmosphere for 16 h and cooled. Ethy] acetate was added,
and the aqueous phase was discarded. The solvent was
removed under vacuum and purified by silica gel column
chromatography with 50/50 ethyl acetate/hexane as the
eluents to give 9.0 g (91%) of 2-(4'-fluorobiphenyl-3-y1)-5'-
methylpyridine as a colorless, viscous liquid.

Step 3: fac tris[2-(4'-fluorobiphenyl-3-y1)-5-meth-
ylpyridine]iridium(1II)

[0282]

—_—
* Irfacac)s ethylene glycol
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-continued

[0283] To ethylene glycol (100 mL) were added 2.8 g
(10.6 mmol) of 2-(4'-fluorobiphenyl-3-y1)5-methylpyridine
and 1.7 g (3.6 mmol) of Ir(acac),. The reaction mixture was
heated under a nitrogen atmosphere at reflux for 24 hours
and cooled to room temperature. The yellow precipitate that
formed was collected by vacuum filtration and washed with
methanol followed by hexanes to give 1.4 g (40%) of the
desired product. The crude product was purified by a silica
gel column using methylene chloride as the eluent followed
by crystallization using 2-methoxyethoxyethanol as the sol-
vent.

COMPOUND IX: fac tris[2-(3'-fluorobiphenyl-3-

yDpyridineJiridium(IIT) (“Ie[5'-Me-5-(3-FPh)ppy]5™)
Synthesis

Step 1: 2-(3'-fluorobiphenyl-3-yl)pyridine

[0284]
CH, B(OH),
\
PA(0OAC)2, TPP K,CO;
N7 . DME, ILO
Br
CH;
x
/ N
F

37
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[0285] To a 500 mL. three-necked round bottom flask
equipped with a stir bar, temperature probe, and a nitrogen
inlet were added 2-(3-bromophenyl)-5-methylpyridine (14.7
g, 60 mmol), 3-fluorophenylboronic acid (10.0 g, 72 mmol),
palladium (I1) acetate (0.335 g, 1.5 mmol), triphenylphos-
phine (1.56 g, 6.0 mmol), sodium carbonate (17.0 g, 160
mmol), containing dimethoxyethane (120 mL.) and water
(80 mL.). The solution was heated at reflux for twenty hours,
cooled, and diluted with ethyl acetate. The organic layer was
separated, dried over magnesium sulfate, and evaporated to
dryness to give a brown liquid, which was purified by flash
silica gel chromatography using a 5/95 to 10/90 ethyl
acetate/hexane gradient, yielding a viscous, colorless liquid
(12.5 g 80%).

Step 2: Synthesis of Dichlorobridge dimer.
[0286]

I(Cl;

_—
2-ethoxyethanol/water

[0287] To a 250 mL, round-bottomed flask equipped with
a stir bar, temperature probe, and a nitrogen inlet were
combined of 2-(3'-fluorobiphenyl-3-yl)pyridine, Iridium
chloride (4.4 g, 12 mmol), 2-ethoxyethanol (55 mL.), and 15
ml of water (15 mL.). The mixture was heated at reflux for
two days. The resulting dimer (8.5 g, 48%) was collected by
vacuum filtration and washed with methanol.
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Step 3: fac tris[2-(3'-fluorobiphenyl-3-y1)pyridine]
iridium(IIT)

[0288]

[0289] To a 500 mL, round-bottom flask equipped with a
stir bar, temperature probe, and a nitrogen inlet was added
dimer (8.5 g, 5.7 mmol), silver triflate (2.9 g, 11.3 mmol),
2-(3'-fluorobiphenyl-3-yl)pyridine (5.9 g, 22.5 mmol), and
2-ethoxyethanol (150 mL.). The mixture was heated at 95°
C. for 6 days, resulting in a yellow green solid (12 g) that
was collected by vacuum filtration and washed with metha-
nol. Purification on a silica gel column with 70/30 methyl-
ene/chloride hexane as the eluents yielded of fac tris[2-(3'-
fluorobiphenyl-3-yl)pyridineJiridium(IIT) 2.7 g (25%) as a
yellow powder.

COMPOUND X: fac tris[2-(2'-fluorobiphenyl-3-
yD)pyridine Jiridium(TIT)

Step 1: 2-(2'-fluorobiphenyl-3-y1)pyridine

[0290]

CH;

B(OH),
AN
‘ F
N N Pd(OAc),, TPP, K,CO;
DME, H,0

Br
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2-ethoxyethanol

-continued

[0291] To a 500 mL, three-necked, round-bottomed flask
equipped with a stir bar and a nitrogen inlet were added
2-(3-bromophenyl)-5-methylpyridine (12.0 g, 49 mmol),
2-fluorophenylboronic acid (8.2 g, 58.3 mmol), palladium
(1) acetate (0.27 g, 1.2 mmol), triphenylphosphine (1.3 g, 4.8
mmol), sodium carbonate (13.0 g, 131 mmol), water (70
mL.) and dimethoxyethane (100 mL.). The reaction mixture
was heated for 20 hours at reflux, cooled, and diluted with
ethyl acetate. The organic layer was separated, dried over
magnesium sulfate, and evaporated to dryness to give 12.0
¢ of a dark brown liquid that was purified by flash silica gel
column chromatography using a gradient of 5-10/90-95
ethyl acetate/hexane, yielding 9.6 g of 2-(2'-fluorobiphenyl-
3-yl)pyridine as a waxy white solid (75%).
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Step 2: fac tris[2-(2'-fluorobiphenyl-3-y1)pyridine] COMPOUND XI: fac tris[2-(2',3'-difluorobiphenyl-
iridium(IIT) 3-yD)pyridine]iridium(I1I)
[0292] [0294]
B(OH),
X
F
N . Pd(OAc),, PPhs,
Na,CO3, toluene, H,O
F
Br
N Ir(acac); ethylene glycol
COMPOUND XII: fac trig[2-(2',4'-difluorobiphe-
pr nyl-3-yDpyridine]iridium(IIT)
[0295]
B(OH),
3 AN
F
= N . Pd(OAc),, PPhs,
Na,COj3, toluene, H,O
F
[0293] To a 100 mL, round-bottomed flask equipped with
Br

a stir bar and a nitrogen inlet were added 30 mL of ethylene
glycol and 2-(2'-fluorobiphenyl-3-yl)pyridine (6.6 g, 25
mmol). The solution was heated to reflux, at which point
Ir(acac), (3.1 g 6 mmol) was added. The reaction mixture
was maintained at reflux for two days, after which it was
cooled and diluted with methanol. The resulting yellow solid
(5.4 g) was collected by vacuum filtration, washed with
ethyl acetate and methanol, and purified by silica gel column
chromatography with 70/30 dichloromethane/hexane as the
eluent, yielding 3.4 g of material. Recrystallization from 30
mL of benzonitrile gave 1.8 g of pure material which was
evaporated in vacuo to vield 1.3 g of fac tris[2-(2'-fluoro-
biphenyl-3-yl)pyridineliridium(IIT) as yellow crystals. As
will be recognized by those of skill in the art, other com-
mercially available fluoro phenylboronic or difluorophenyl-
boronic acids can be used in step 2, to make additional fluoro
substituted regioisomers, for example:




US 2007/0003789 A1l

COMPOUND XIII: fac tris[2-(2',5'-difluorobiphe-
nyl-3-yl)pyridine Jiridium(11T)

Jan. 4, 2007

[0297] Device Fabrication and Measurement

[0298] All devices are fabricated by high vacuum (<1077

[0296] Torr) thermal evaporation. The anode electrode is ~1200 A
of indium tin oxide (ITO). The cathode consists of 10 A of
LiF followed by 1,000 A of Al. All devices are encapsulated
B(OH) with a glass lid sealed with an epoxy resin in a nitrogen
AN : glove box (<1 ppm of H,O and O,) immediately after
F fabrication, and a moisture getter was incorporated inside
2N Pd(OAc), PPhs, the package. Operational lifetests are performed at constant
- Na,CO3, toluene, H,0 direct current at room temperature.
F
[0299] For Experimental Devices 1-10 and Comparative
Devices 1-2, the organic stack was fabricated to consist of,
B sequentially from the ITO surface, CuPc as a hole injection
iy
layer (HIL) at a thickness of 100 A, NPD as a hole transport
layer (HTL) at a thickness of 300 A; CBP doped with 6-12
x wt % of the dopant emitter (invention compounds and
X comparative compounds) as the emissive layer at a thickness
Z of 300 A. Adjacent to the emissive layer was an electron
transport layer (ETL2) consisting of 50 or 100 A of HPT
F (Devices 2, 4, 6, 8, 10 and Comparative Example Device 2)
or 100 A of BAlq (Devices 1, 3, 5, 7, 9 and Comparative
Example Device 1). Adjacent to layer ETL2 was another
electron transport layer (ETL1) consisting of Alg, at a
thickness of 400 or 450 A.
E [0300] The luminous efficiency and external quantum effi-
ciency of Devices 1-10 and Comparative Example Devices
1 and 2 were measured and are summarized in Table 1.
TABLE 1
External
Luminous quantum
efficiency at efficiency
Dopant Compound %  ETL2 ETL1 1000 ed/m?  at 1000 ed/m?
Device  Compound No. doping (thickness) (thickness) (cd/A) (%)
1 In(5-Meppy); I 6  BAlq (100 A)  Alg; (400 A) 424 12
2 Ir(5-Meppy), I 6 HPT (100 A)  Alg, (400 A) 40.5 113
3 Ir(5-Me-5- i 6 BAlq (100 &)  Alg, (400 A) 503 13.6
Phppy)s
4 Ir(5-Me-5- II 6 HPT (50 A)  Alg; (450 A) 473 12.8
Phppy)s
5 Ir(5-Me-5- i 8  BAlq (100 &)  Alg, (400 A) 44.4 12
Phppy)s
6 I(5-Me-5- 1 § HPT(50A)  Alg; @50 &) 66.3 17.9
Phppy)s
7 Ir(5-Me-5- i 10 BAlq (100 A)  Algs (400 A) 325 8.8
Phppy)s
8 I(5-Me-5- 1 10 HPT(50A)  Algs (450 A) 80.1 215
Phppy),
9 Ir(5-Me-5- i 12 BAlq (100 A)  Algs (400 A) 24.2 6.5
Phppy)s
10 I(5-Me-5- I 12 HPT(50A)  Algs (450 A) 81.7 2
Phppy)s
Comparative Ir(5-Phppy), I 7 BAlg (100 A) Alqg, (400 A) 26 6.9
Example
Device 1
Comparative Ir(3-Phppy); Il 6 HPT(50A)  Alg; 450 A) 36.6 9.9
Example

Device 2
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[0301] Very high efficiencies are obtained. It is generally
believed that in thin film light emitting devices, due to the
optical constraints, only about 20-30% of the light generated
inside the device is observed through the transparent side(s)
of the device. Highest external quantum efficiencies
obtained for OLEDs are of phosphorescent types which
reportedly are about 19% [Adachi et al, J. Apply. Phys. 90
(2001) 5048 and Tkai et al, Appl. Phys. Lett. 79 (2001) 156].
It can be seen that examples 6, 8 and 10 have maximum
external quantum efficiencies of 20-23%. They represent the
highest efficiency OLEDs thus far reported. At 1000 cd/m”,
the efficiencies of Ir(5-Phppy),-doped devices (Comparative
Devices 1 and 2) are 6.9% and 9.9% respectively, whereas
those of Ir(5'-Me-5-Phppy),-doped Experimental Devices 4
and 5 are 12.8% and 12% respectively. Since they are based
on the same device structure and similar emitting dopant
concentration, the results indicate that the addition of the
5'-methyl group plays a role in the efliciency enhancement.
Without being limited to any particular theory of how the
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cation No. 2004/0086743 which is incorporated by reference
herein in its entirety). Example 5, having a T, 5, of 190
hours with an initial luminance of about 17000 cd/m> may
appear to be shorter-lived than Comparative Example
Device 1. Nonetheless, it operates at a much higher bright-
ness (Ly=17000 vs 9000 cd/m?). The T .5Lo product is
therefore 300x9000=2.7x10° nit hours and 200x17000=
3.23%x10° nithours, respectively for Comparative Fxample
Device 1 and example 5. It can be seen that example 6
(. 2x10° nit. hours) also has a higher T, 5,-L, product than
Comparative Example Device 1. When scaled to display
operation brightness (L,~300 cd/m* and 600 c¢d/m? for the
red and green emitting devices respectively), the devices in
accordance with embodiments of the present invention can
advantageously have an operational half-life in excess of
about 10,000 hours. It is believed, therefore, the invention
compounds have advantageously very high device efficiency
and long operational lifetimes. Such properties render them
extremely suitable for display and lighting applications.

TABLE 2
Dopant Compound Lo (cd/m?) at T =40 Teo.5
Device Compound No. mA/cm? (hr)  Tiosy x Lo (nit - hour)
1 Ir(5"-Meppy)s 1 12000 70 8.4 x 10°
2 1r(5-Meppy)s 1 10700 100 1.07 x 10¢
5 Ir(5-Me-5-Phppy); 11 17000 190 3.23 x 106
6 Ir(5-Me-5-Phppy); 11 16000 200 3.20 x 106
Comparative  Ir(5-Phppy); m 9000 300 1.07 x 108

Example Device 1

invention works, it is believed that this efficiency improve-
ment may be due to the improved charge trapping, particu-
larly hole trapping behavior of the invention compounds. It
is further believed that alkyl groups other than methyl group
will have the same effect in efficiency enhancement. Higher
efficiencies are demonstrated by Ir(5'-Me-5-Phppy);-doped
Devices 6 and 8 which utilize HPT as the ETL2 compared
to Ir(5'-Me-5-Phppy);-doped Devices 5 and 7 respectively
which utilize BAlq as the ETL2. Again, without being
limited to a particular theory, it is believed that the enhanced
electron injection and/or hole blocking properties of HPT as
the ETL2 results in the improvement of efficiency compared
to devices with BAlq as the ETL2.

[0302] Table 2 shows the operational stability of the
devices using the 5'-alkyl substituted invention compounds
compared to the devices using Ir(5-Phppy); which has no
S'-alkyl group (Comparative Example Device 1). Device
stability was characterized by measuring device luminance
as a fupction of time under constant curtent drive of 40
mA/cm at room temperature. While Comparative Example
Device 1 exhibited the longest operational half life [T, 5=
300 hours], it operated at lower initial luminance (L,) than
the Examples of the present invention, of about 9000 cd/m*
for Comparative Example Device 1 vs. L, of about 12,700
cd/m? for experimental Device 1; 10,700 cd/m? for Experi-
mental Device 2; 17,000 cd/m? for Experimental Device 5
and 16000 cd/m? for Experimental Device 6.

[0303] When scaled to display operation brightness
(L,~300 cd/m* for red emitting devices and 600 cd/m* for
green emitting devices) the operational half life of Com-
parative Example Device 1 (a green emitting device) is at
least 10,000 hours (as disclosed in U.S. Application Publi-

[0304] As demonstrated, devices comprising the present
invention compounds have superior properties as compared
with known devices. While those devices exemplified in
Experimental Devices 1-10 herein are green emitting
devices comprising phenylpyridine type ligands, devices of
the present invention can emit at any color. For example,
phenylisoquinoline ligands can be coordinated to a metal
atom for use in red-emitting devices as disclosed in U.S.
Publication No. 2003/0072964 and U.S. application Ser. No.
10/829,011, incorporated herein by reference in their entire-
ties. When the substituents taught herein are incorporated
into the emissive material of these devices, it is expected
they will similarly exhibit high external quantum and lumi-
nous efficiencies and long lifetimes. Accordingly, the present
invention encompasses methods of increasing device effi-
ciency, such as can be measured for a device comprising a
compound of the present invention, relative to that from a
device comprising a reference compound having the same
structure, but without the substituents at the substitution
site(s) disclosed herein.

[0305] In further experiments, Experimental Devices
11-26, and 29-40 were fabricated similarly to the Experi-
mental Devices 1-10. Experimental Devices 27 and 28 and
Comparative Example Devices 3 and 4 were also similarly
fabricated except their emissive layers consisted of a neat
layer of emissive material Ir[5'-Me-5-(2-MePh)ppy]; for
Bxperimental Devices 27 and 28 and Ir(3'-Meppy), for
Comparative Example Devices Device 3 and 4. The lumi-
nous efliciency and external quantum efficiency of Experi-
mental Devices 11-40 and Comparative Example Devices 3
and 4 were measured and are summarized in Table 3.
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TABLE 3
External
Luminous quantum
efficiency efficiency
Compound % ETL2 ETL1 at 1000 ed/m?  at 1000 cd/m?
Device Dopant No. doping (thickness) (thickness) (cd/A) (%)
11 In(3-Me-dhbg)s v 6 BAlq (100 A)  Algs (400 A) 434 12
12 I(3-Me-dhbq), v 6 HPT(50A)  Alg, (450 A) 34.8 9.6
13 I(3-Me-dhbg)s v 8 BAlq (100 A)  Alg; (400 A) 483 133
14 I(3-Me-dhbg)s v 8 HPT(S0A)  Alg, (450 A) 432 11.9
15 I(3-Me-dhbg)s v 10 BAlq (100 &)  Algs (400 A) 40.4 11.1
16 It(3-Me-dhbg)s v 10 HPT (SO A} Algs (450 A) 46 12.6
17 I[5-Me-5-(2-MePhyppy]; VI 6 BAlq (100 A)  Alg; (400 A) 473 13
18 I{5-Me-5-(2-MePhyppy], VI 6 HPT(S0A)  Alg, (450 A) 05 1.7
19 If5-Me-5-(2-MePhjppy], VI 8 BAlg (100 A)  Alg, (400 A) 4.6 125
20 H[5-Me-5-(2-MePhjppy], VI 8 HPT(S0A)  Alg, (450 A) 50 137
21 H[5-Me-5-(2-MePhjppy], VI 12 BAlq (100 &)  Algs (400 A) 30.3 83
22 H[5-Me-5-(2-MePhjppy], VI 12 HPT(SOA)  Algs (450 A) 62 17.1
23 Hexadentate Ligand Complex VII 6 BAlq (100 A)  Algy (400 A} 43 11.9
24 Hexadentate Ligand Complex VII 6 HPT (50 A} Algs (450 A) 385 10.7
25 Hexadentate Ligand Complex VII 10 BAlq (100 A)  Algs (400 A} 364 10
26 Hexadentate Ligand Complex VII 10 HPT (50 A} Algs (450 A) 56 15.4
27 If5-Me-5-(2MePh)ppyl, VI 100 BAlq (100 A)  Alg, (400 A) g 09
28 H[5-Me-5-(2-MePhjppy], VI 100 HPT (50 A} Alg, (450 A) 233 6.6
Comp. Ir(3-Meppy), 100 BAlq (100 A)  Algs (400 A} 1.8 0.6
Example
Device 3
Comp.  Tr(3-Meppy)s 100 HPT (50 A}  Algs (450 A) 8.8 25
Example
Device 4
29 I5-Me-5-(4FPh)ppyls VIII 6 BAlq (100 &)  Alg, (400 A) ) 11.6
30 h[S-Me-5-(4-FPh)ppyl; VII 6 HPT (50 A}  Alg, (450 A) ) 11.6
31 B[S-Me-5-(4-FPhippyl; VIII 8 BAlq (100 A)  Alg (400 A) 45 124
32 H[S-Me-5-(4-FPhippyl; VIII 8 HPT (50 A}  Alg, (450 A) 53 14.6
33 If5-Me-5-(4FPh)ppyl, VIII 10 BAlq (100 &)  Alg, (400 A) ) 11.6
34 H[S-Me-5-(4-FPhippyl; VIII 10 HPT (S0 A}  Algs (450 A) 60 16.6
35 H[S-Me-5-(3-FPhippyl; X 6 BAlq (100 A)  Alg (400 A) 39 10.7
36 I[S-Me-5-(3-FPhippy]; X 6 HPT (50 A} Alg, (450 A) ) 115
37 H[S-Me-5-(3-FPhippyl; X 8 BAlq (100 A)  Algs (400 A) 39 10.7
38 I[S-Me-5-(3-FPhippyl; X 8 HPT (50 A}  Alg, (450 A) 48 132
39 H[S-Me-5-(3-FPhippyl]; X 10 BAlq (100 &)  Alg, (400 A) 37 10.1
40 If5-Me-5-(3-FPh)ppyl; X 10 HPT(50A)  Alg, (450 A) 47 15.7
[0306] Again, the phosphorescent light emitting devices <1077 torr where the source and the substrate distance is

fabricated according to the present invention showed very
high external quantum efliciency.

[0307] The voltage is also low (typically <9 V at 10
mA/cm2) for devices having HPT ETL2. For the Ir(5-
Phppy); which has no 5-alkyl group device the voltage is
about 9.5-10 V for the same device architecture (Compara-
tive Example Device 2). The driving voltages of the devices
with the invention compounds are about 1 to 1.5 V lower
than the devices with previously known analogs having no
alkyl substitution at the 5' position. These low driving
voltages further increase the power efficiency of the devices

[0308] In addition to the high efficiency, the invention
compounds also evaporate at mild temperatures. Lower
evaporation temperatures can reduce damage due to thermal
degradation under prolonged heating during OLED manu-
facturing by thermal vacuum deposition or other deposition
processes that require vapor transport of the materials. The
evaporated temperature of organic materials used in OLEDs
is an important aspect in OLED manufacturing. The evapo-
ration temperature is the deposition temperature at a depo-
sition rate of ~0.2 A/s at the substrate under a vacuum of

about 50 cm. Under these conditions, Ir(3-Me-dhbq); (Com-
pound Example V), If{5'-Me-5-(2-MePh)ppy]; (Compound
Example VI), and the hexadentate ligand complex (Com-
pound Example VII) evaporate at ~235° C., ~265° C. and
~270° C. respectively. These temperatures are lower than
that of Ir(5-Phppy), (Comparative Example Compound III)
which evaporates at ~300° C. under the same conditions.

[0309] Modifications to the 5'alkyl substituted ligands of
the present invention including further substitutions with
certain substituents may further lower the evaporation tem-
perature of the complexes. For example, as shown in the
Table 4 (where the phenyl substituent at the 5 position is
designated ring “C”), invention compounds Ir(5'-Me-5-Ph-
ppy)s (Compound Example No. II), I[5'-Me-5-(2-MePh-
)ppyl; (Compound Example No. VII), If[5'-Me-5-(4-FPh-
)ppy]; (Compound Example No. VIII) and Ir[5'-Me-5-(3-
FPh)ppy]; (Compound Example No. IX) have evaporation
temperatures (T_, ) of 315° C., 270° C., 280° C. and 280°
C. respectively. As also shown in Table 4, Compound Nos.
11, VII and VIII and IX have dihedral angles between rings
B and C of 48°, 87°, 48° and 48° respectively.
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TABLE 4
Compound Dihedral
No. Name Structure angle T, (C)
I [1x(5"-Me-5-Phppy),] 48° 315
VII  If5-Me-5-(2-MePh) 87° 270
VIII Ir[5'-Me-5-(4- 48° 280
FPh)ppyl;
X I 5"-Me-5-(3- 48° 280

FPh)ppyls
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[0310] Tt is believed that the lower evaporation tempera-
ture exhibited by Compound Example No. VII is due to the
twisting between rings B and C exerted by the steric
hindrance from the presence of a bulky methyl substituent at
the 5 position on Ring B. The increased non-coplanarity
exerted by such substituent groups reduces intermolecular
packing in the solid state. Itis well known that a high degree
of intermolecular packing in organic materials increases the
evaporation temperature and reduces the solubility. There-
fore, in preferred embodiments, phenyl ring C may have
substituents that cause ring C to be equally or less co-planar
with respect to ring B than when ring C is un-substituted.
Substituents on ring C that cause rings B and C to be more
co-planar, especially substituents resulting in dihedral
angles less than 20° may be less desirable. Itis expected that
compounds where ring C has bridging substituents such as

(which have dihedral angles between rings B and C of about
0°) would not lower evaporation temperatures over the
compounds where ring C is unsubstituted due to increased
molecular packing when the phenyl rings are coplanar. Thus,
preferred substituents are those that result in a dihedral angle
between Rings B and C of at least 20°, more preferably at
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least 45° and most preferably greater than 45°. As also
shown in Table 4, Examples VIII and IX exhibit evaporation
temperatures that are 35° C. lower than that of Example TI.
While the dihedral angles between Rings B and C are similar
for Examples II, VIIT and IV (48°), it is believed that
fluorine-containing substituents such as those in Examples
VTII and IX can lower the degree of molecular packing in the
solid state, hence lowering evaporation temperature in
organic materials because fluoro groups have weak van der
Waals interactions with regular organic groups. Therefore,
fluorine containing substituents are desirable groups to
lower the evaporation temperature.

[0311] When the compounds of the present invention are
designed to phosphoresce as green, conjugated substituents
on Ring C may not be desirable. Conjugated substituents,
such as a fused benzene or other fused aromatic ring, tend
to delocalize the electrons in the ligand and lead to a lower
triplet energy for the organometallic complex (resulting in a
red-shift in the phosphorescence). Fused benzene or other
aromatic ring substituent on ring C is also believed to
increase the evaporation temperature as the fused rings may
induce additional molecular packing of the compounds in
the solid state. Thus, particularly preferred substituents on
Ring C are non-conjugated substituents that do not cause
electron delocalization and those that result in increased
non-coplanarity between Rings B and C relative to the
degree of coplanarity when Ring C (for example, phenyl) is
unsubstituted.

[0312] In order to study different alkyl and aryl substitu-
tion patterns to establish a structure-property relationship in
the material processibility and device characteristics of
Ir(ppy), type phosphorescent materials and their PHOLEDs,
numerous alkyl and aryl substituted Ir(ppy); phosphorescent
materials were synthesized and OLEDs incorporating them
as the dopant emitters were fabricated by vacuum thermal
evaporation. Alkyl and aryl substitutions are of particular
importance because they offer a wide range of tunability in
terms of evaporation temperature, solubility, energy levels,
device efficiency, and that they are stable functional groups
chemically and in device operation.

Compound XIV: fac-tris[2-(2'-methylbiphenyl-3-

yl)pyridine]Ir(IIT)
Step 1: 2-(3-bromophenyl)pyridine
[0313] 2-bromophenylboronic acid (35.0 g, 0.174 mol)
was reacted with 2-bromopyridine (55.1 g, 0.348 mol) under
standard Suzuki coupling condition. The excess 2-bromopy-
ridine was removed via vacuum distillation at 125° C. The
product was collected at 180° C. as a light yellow liquid (29
2, 71%) and used for the next reaction without additional
purification.

Step 2: 2-(2'-methylbiphenyl-3-yl)pyridine

[0314] 2-(3-bromophenyl)pyridine (25.0 g, 0.107 mol)
was reacted with 2-methylphenylboronic acid (17.4 g, 0.128
mol) under standard Suzuki coupling condition. The product
(25 g) was collected by Kugelrohr distillation at 220° C. as
a white solid.

Step 3: fac-tris[2-(2"-methylbiphenyl-3-yl)pyridine]
Ir(111)

[0315] Ethylene glycol (40 mL) and 2-(2'-methylbiphe-
nyl-3-yl)pyridine (7.7 g, 31.4 mmol) were combinded in a
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100 mL, three-necked flask equipped with a stir bar, reflux
condenser, and a nitrogen inlet and heated to reflux. Ir(acac),
(3.8 g, 7.8 mmol) was then added and the reaction mixture
was maintained at reflux for 24 hours and cooled to room
temperature. Methanol (50 ml) was added, and the yellow
product (4.1 g) was collected by vacuum filtration and
passed through a silica gel plug with methylene chloride as
the eluent to afford 4.0 g of material, which was then
recrystallized from dichlorobenzene/methanol to give 2.6 g
of product which was further vacuum sublimed to yield 550
mg of pure material.

Compound XV: fac-tris[2-(4'-tert-butylbiphenyl-3-
y)pyridine]Ir(IIT)

Step 1: 2-(3-bromophenyl)pyridine

[0316] 14.2 g (0.088 mol) of 2-borompyridine was added
to 19.6 g (0.098 mol) of 3-bromophenylboronic acid, 5.2 g
(0.0044 mol) of Pd(Phs),, 31.0 g (0.23 mol) of K,COs, 50
ml of DME and 50 mL of water. The reaction mixture was
refluxed for 20 hours and separated on silica gel column. MS
confirmed the desired product.

Step 2: 2-(4'-tert-butylbiphenyl-3-yl)pyridine

[0317] 13.7 g (0.058 mol) of 2-(3-bromophenyl)pyridine
was added to 12.5 g (0.070 mol) of 4-tert-butylphenylbo-
ronic acid, 3.4 g (0.003 mol) of Pd(Ph;),, 22.0 g (0.16 mol)
of K,CO;, 50 mL of DME and 50 mL of water. The reaction
mixture was refluxed for 20 hours and separated on silica gel
column. MS confirmed the desired product.

Step 3: fac-tris[2-(4'-tert-butylbiphenyl-3-yl)pyri-
dine]Ir(1H)

[0318] 9.0 g (0.03 mol) of 2-(5-(4-tert-butylphenyl)phe-
nyl)pyridine and 3.8 g (0.0077 mol) of Ir(acac), were mixed
with 15 mL of ethylene glycol and heated to reflux under
nitrogen for 24 hours. The reaction mixture was cooled
down. The product was separated on silica gel column and
further purified by zone sublimation. MS and NMR both
confirmed the desired product.

Compound XVI: fac-tris[2-(3'-methylbiphenyl-3-
yDpyridine Jiridium(11T)

[0319] The synthesis of above title complex was con-
ducted in the same fashion as Compound XV. The difference
is in Step 2 that instead of using 4-tert-butylphenylboronic
acid, 3-methylphenylboronic acid was used for the Suzuki
coupling.

Compound XVII: fac-tris[2-(biphenyl-3-y1)-4-meth-
ylpyridineIr(I1T)

Step 1: 2-(biphenyl-3-yl)-4-methylpyridine
[0320] 9.0 g (0.05 mol) of 2-bromo-4-methylpyridine,
12.0 g (0.06 mol) of 3-biphenylboronic acid, 1.7 g (0.0015
mol) of Pd(Ph,),, 19.0 g (0.135 mol) of K,CO;, 50 mL of
DME and 50 mL of water. The reaction mixture was refluxed
for 20 hours and separated on silica gel column. MS
confirmed the desired product.

Step 2: fac-tris[2-(biphenyl-3-yl)-4-methylpyridine]
Ir(11T)

[0321] 3.6 g(0.014 mol) of 2-(biphenyl-3-y1)-4-methylpy-
ridine was mixed with 2.1 g (0.004 mol) of Ir(acac), and 12
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mL of ethylene glycol. The mixture was heated to reflux for
24 hours. The product was separated on silica gel column
and further purified by zone sublimation method. MS and
NMR both confirmed the desired product.

Compound XVIII: fac-tris(2-phenyl-3,5-dimeth-
ylpyridine) Ir(I1I)

[0322] The synthesis of above title complex was con-
ducted in the same fashion as Compound XX described
below. Instead of using 3,4-lutidine, 3,5-lutidine was used as
the starting material to make the ligand 2-phenyl-3,5-dim-
ethylpyridine and fac-tris(2-phenyl-3,5-dimethylpyridine)
Ir(IID).

Compound XIX: fac-tris[2-(4-methylphenyl)pyri-
dine]iridium(IIT)

Step 1: Dimer

[0323] To a mixture of 2-ethoxyethanol (200 mL) and
water (50 mL) were added 2-(4-methylphenyl)pyridine
(15.0 g, 89 mmol) and IrCl, (16.4 g, 44 mmol). The reaction
mixture was heated under nitrogen at reflux for 60 hours and
cooled. The yellow precipitate that formed was collected by
vacuum filtration and washed with methanol to give 20.6 g
(82%) of chloro bridged dimer.

Step 2: fac-tris[2-(4-methylphenyl)pyridineJirid-
fum(I1I)

[0324] A mixture of dimer (8.0 g, 7.1 mmol), silver triflate
(3.6 g, 14.2 mmol), and 2-(4-methylphenyl)pyridine (4.8 g,
28.4 mmol) in 150 mL of 2-ethoxyethanol was heated under
nitrogen at 100° C. for 60 hours and then cooled. The
precipitate was collected by vacuum filtration and washed
with methanol to give 9.0 g of crude product, 5.6 of which
was then dissolved in 7.8 L of 70/30 dichloromethane/
hexanes and subjected to silica gel column chromatography
with the same solvent system, yielding 3.4 g of product that
was then recrystallized from dichloroethane, then THF to
yield 1.2 g of pure product. Vacuum sublimation of the
recrystallized product afforded 900 mg of the pure product.

Compound XX and Compound XXI: fac-tris(2-
phenyl-4,5-dimethylpyridine) Ir(I]) and fac-tris(2-
phenyl-3,4-dimethylpyridine) Ir(IIT)

Step 1: 2-amino-4,5-dimethylpyridine and 2-amino-
3,4-dimethylpyridine

[0325] To 100.0 g (0.1 mol) of 3,4-lutidine (3,4-dimeth-
ylpyridine) and 40 g (1.0 mol) of sodium amide was added
237 mL (1.86 mol) of N,N-dimethylaniline. The reaction
mixture was heated with stirring under nitrogen for 7 hours
at 150° C. After cooling down, the reaction mixture was
added to 400 mL of ice and ~250 mL of ethyl acetate was
added to the mixture to extract the organic phase. The
organic phase was evaporated and fractional distilled. About
~40 g (35% yield) of a white solid mixture of 2-amino-3,
4-dimethylpyridne (~78%) and 2-amino-4,5-dimethylpy-
ridne (~22%) was obtained for next step reaction without
further purification. MS results confirmed the desired prod-
ucts.

Step 2: 2-bromo-4,5-dimethylpyridine and
2-bromo-3,4-dimethylpyridine

[0326] 8.0 g (0.065 mol) of the Step 1 mixture was added
to ~25 mL of 60% HBr, then stirred at -10° C. to -17° C.
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31.0 g (0.2 mol) of pre-cooled Br, (0° C.) was added
dropwise and the mixture was stirted for 20 mins. Pre-
cooled (0° C.) NaNQO, solution of 11.4 g (0.16 mol) of
NaNO, dissolved in 18-20 mL of water was added dropwise
into the reaction mixture at about —=15° C. After the addition,
the reaction was stirred for one hour. Ice-cooled 25% NaOH
solution was added slowly until the solution became basic.
200 mL of ethyl acetate was added to the mixture to extract
the organic phase. The organic phase solvent was evaporated
and distilled under vacuum. ~10.7 g (88% yield) a solid
mixture of 2-bromo-34-dimethylpyridne (~78%) and
2-bromo-4,5-dimethylpyridne (~22%) was obtained which
confirmed by MS. The mixture was used for next step
Suzuki coupling reaction without further purification.

Step 3: 2-phenyl-4,5-dimethylpyridine and 2-phe-
nyl-3,4-dimethylpyridine

[0327] 12.0 g (0.0645 mol) of the Step 2 mixture was
added to 9.1 g (0.071 mol) of phenylboronic acid, 2.2 g
(0.002 mol) of Pd(Ph,),, 24 g (0.174 mol) of K,CO;, 100
ml of DME and 100 mL of water. The reaction mixture was
refluxed for 20 hours and separated on silica gel column with
10% ethyl acetate in hexane. ~7.5 g of 2-phenyl-3,4-dim-
ethylpyridine and 2.5 g of 2-phenyl-4,5-dimethylpyridine
were obtained which are confirmed by NMR and MS.

Step 4: fac-tris(2-phenyl-4,5-dimethylpyridine)
Ir(1IT) and fac-tris(2-phenyl-3,4-dimethylpyridine)
Ir(110)

[0328] 2.0 g (0.01 mol) of 2-phenyl-4,5-dimethylpyridine
was added to 1.6 g (0.003 mol) of Ir(acac); and 10 mL of
ethylene glycol and heated to reflux under nitrogen for 20
hours. The reaction mixture was separated on silica gel
column to obtain tris(2-phenyl-4,5-dimethylpyridine) Ir(I1I)
as in Example 46. The complex was further purified by zone
sublimation method and confirmed by both MS and NMR.

[0329] 5.0 g (0.027 mol) of 2-phenyl-3,4-dimethylpyri-
dine was added with 2.2 g (0.0045 mol) of Ir(acac); and
heated under nitrogen at high temperature for 24 hours. The
reaction mixture was separated on silica gel column to
obtain tris(2-phenyl-3,4-dimethylpyridine) Ir(III) complex
as Compound XX. The complex was further purified by
zone sublimation method and confirmed by both MS and
NMR.

Compound XXII: fac-tris[2-(biphenyl-3-y1)-4-tert-
butylpyridine]Ir(I1T)

Step 1: 2-amino-4-tert-butylpyridine

[0330] To 100 g (0.73 mol) of 4-tert-butyl-pyridine and
31.0 g (0.79 mol) of sodium amide was added 181 mL (1.5
mol) of N,N,-dimethylaniline. The reaction mixture was
heated with stirring under nitrogen for 7 hours at 150° C.
After cooling, the reaction mixture was added to 400 mL of
ice. ~250 mL of ethyl acetate was added to the mixture to
extract the organic phase. The organic phase was evaporated
and fractional distilled. About ~50 g (45% yield) of
2-amino-4-tert-butylpyridine was obtained. MS results con-
firmed the desired products.

Step 2: 2-bromo-4-tert-butylpyridine

[0331] 39.0 g (0.26 mol) of 2-amino-4-tert-butyl-pyridine
was added with ~100 mL of 60% HBr, then stirred at —=10°
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C.to -17° C. 124.0 g (0.78 mol) of pre-cooled Br, (~0° C.)
was added dropwise added and the mixture was stirred for
20 mins. Pre-cooled (0° C.) NaNQ, solution of 46.0 g (0.67
mol) of NaNO, dissolved in ~80 mL of water was added
dropwise into the reaction mixture at -10° C. to -17° C.
After addition, the reaction was stirred for one hour. Ice-
cooled ~25% NaOH solution was added slowly until the
solution became basic. 200 mL of ethyl acetate was added to
the mixture to extract the organic phase. The organic phase
solvent was evaporated and distilled under vacuum. ~47 g
(85% yield) of 2-bromo-4-tert-butyl-pyridne was obtained.
The product was confirmed by MS.

Step 3: 2-(biphenyl-3-yl)-4-tert-butylpyridine

[0332] 15.0 g (0.7 mol) of 2-bromo-4-tert-butyl-pyridne
was added to 13.8 g (0.7 mol) of 3-biphenylboronic acid, 2.4
2 (0.002 mol) of Pd(Ph,)., 26 g (0.188 mol) of K,CO;, 100
ml of DME and 100 mL of water. The reaction mixture was
refluxed for 20 hours and separated on silica gel column with
10% ethyl acetate in hexane. ~18.0 g (~90% yield) 2-(bi-
phenyl-3-yl)-4-tert-butylpyridine was obtained. MS con-
firmed the desired product.

Step 4: fac-tris(2-(3-biphenyl)-4-tert-butylpyridine
Tr(IIT)

[0333] 7.1 g (0.024 mol) of 2-(biphenyl-3-yl)-4-tert-bu-
tylpyridine was added to 3.40 g (0.007 mol) of Ir(acac), and
~10 mL of ethylene glycol. The reaction mixture was heated
to reflux for 24 hours and cooled. ~5.6 g (~80% yield)
complex was obtained which was separated by silica col-
umn. It was further purified by zone sublimation. MS and
NMR both confirmed the desired product.

Compound XXIII: fac-tris[2-phenyl-6-methylpyri-
dine]lr(IIT)

Step 1: 2-phenyl-6-methylpyridine

[0334] Phenylboronic acid (42.6 g, 0.349 mol) was reacted
with 2-bromo-6-methylpyridine (50.0 g, 0.290 mol) under
standard Suzuki coupling condition. Vacuum distillation of
the product (10 mm Hg, 135-150° C.) afforded 32.0 g (76%)
of 2-(4-methylphenyl)-5-methylpyridine as a colorless lig-
uid.

Step 2: fac-tris[2-phenyl-6-methylpyridine Ir(IIT)

[0335] 2-phenyl-6-methylpyridine (32 g, 0.189 mol) was
heated to 260° C. in a 100 mL, 3-necked flask equipped with
a stir bar, nitrogen inlet, and a Dean-Stark trap. Ir(acac); (7.7
g, 0.016 mol) was then added, and the reaction mixture was
kept at 260° C. for 48 hours while the resulting acetylac-
etone was distilled off. Methanol (200 mL) was then added,
and the brown precipitate (5.0 g) was collected by vacuum
filtration. Purification through a silica gel plug with 70/30
CH,Cl,/hexane yielded 2.2 g of a yellow solid that was
further purified on a basic alumina column with 40-50/60-50
methylene/chloride as the eluent, affording 950 mg of pure
material. Vacuum sublimation yielded 600 mg of the pure
product.

Compound XXIV: fac-tris[ 2-(biphenyl-3-y1)-5-tert-
butylpyridine JIr(IIT)
Step 1: 2-(biphenyl-3-yl)-5-bromopyridine

[0336] To a 1000 mL, 3-necked flask equipped with a stir
bar, nitrogen inlet, and a reflux condenser were added
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2,5-dibromopyridine (39.9 g, 84.2 mmol), 3-biphenylbo-
ronic acid (20.0 g, 101 mmol). palladium(1I) acetate (0.47 g,
2.1 mmol), triphenylphosphine (2.2 g, 8.4 mmol), sodium
carbonate (24.1 g. 227 mmol), dimethoxyethane (170 mL),
and water (114 mL). The reaction mixture was heated at
reflux for 16 h, after which ethyl acetate (200 mL) was
added. The organic layer was then dried over magnesium
sulfate and evaporated to dryness. Purification of the result-
ing solid on a silica gel column with ethyl acetate/hexane as
the eluent yielded 19.0 g (73%) of 2-(biphenyl-3-yl)-5-
bromopyridine as a white solid.

Step 2: 2-(biphenyl-3-yl)-5-tert-butylpyridine

[0337] To a suspension of copper(l) cyanide (17.3 g, 11
mmol) in 1730 mL of anhydrous THF in an oven-dried, five
liter, three-necked flask equipped with a mechanical stirrer
and a nitrogen inlet was added tert-butylmagnesium chloride
(200 mL, 2.0 M, 400 mmol) via an addition funnel, and the
mixture was stirred at —78° C. for 30 min. A solution of
2-(biphenyl-3-yl)-5-bromopyridine (15.0 g, 48 mmol) in
100 mL of dry THF was then added dropwise, and the
mixture was stirred for 3 hours at —=78° C. and then overnight
at room temperature. Saturated aqueous ammonium hydrox-
ide was then added to quench the reaction mixture, the pH
was adjusted to 10 with aqueous sodium hydroxide, and the
mixture was extracted with methylene chloride. The organic
layer was dried over magnesium sulfate and evaporated to
dryness to give 9.0 g of light yellow liquid that was purified
by flash silica gel chromatography with a 2.5/97.5 to 7.5/
92.5 ethyl acetate/hexane gradient as the eluent, affording
2.6 g (19%) of 2-(biphenyl-3-yl)-5-tert-butylpyridine as a
colorless liquid.

Step 3: fac-tris[2-(biphenyl-3-y1)-5-tert-butylpyri-
dine]lr(111)
[0338] Ethylene glycol (20 mL) and 2-(biphenyl-3-yl)-5-
tert-butylpyridine (2.6 g, 9.1 mmol) were combinded in a
100 mL, three-necked flask equipped with a stir bar, reflux
condenser, and a nitrogen inlet and heated to reflux. Ir(acac),
(1.1 g, 2.3 mmol) was then added and the reaction mixture
was maintained at reflux for 24 hours and cooled to room
temperature. Methanol (50 mL) was added, and the yellow
product (2.1 g) was collected by vacuum filtration and
passed through a silica gel column with 70/30 dichlo-
romethane/hexane as the eluent, affording 1.8 g of pure
material. Vacuum sublimation yielded 1.0 g of the product.

Compound XXV: fac-trig[ 2-(3"-ethylbiphenyl-3-
y)pyridine]Ir(IIT)

Step 1: 3-ethylboronic acid

[0339] A solution of 3-ethylbromobenzene (50 g, 270
mmol) in 225 mL of anhydrous THF was cooled to —78° C.
in a two liter, three-necked flask equipped with a stir bar,
nitrogen inlet, and an addition funnel, and n-butyllithium
(190 mL, 1.6 M in hexanes) was then added dropwise. The
solution was allowed to stir for 30 minutes, and trimeth-
ylborate (33.7 g, 324 mmol) was then added dropwise. The
reaction mixture was then allowed to warm up to room
temperature, stirred for 4 hours, and quenched with water.
The organic layer was separated and evaporated to dryness.
The residue was then acidified to pH 1 with concentrated
HCI. The solution was diluted with water, and the product
was collected by vacuum filtration to afford 24.7 g of
3-ethylboronic acid.
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Step 2: 2-(3'-ethylbiphenyl-3-y1)-5-methylpyridine

[0340] 2-(3-bromophenyl)-5-methylpyridine (16.7 g, 67.3
mmol) was reacted with 3-ethylboronic acid (22.7 g, 151
mmol) under standard Suzuki coupling condition. Kugelrohr
distillation at 230° C. yielded 32.0 g of a yellow liquid that
was then purified by silica gel column chromatography with
10/90 ethyl acetate/hexane as the eluent, affording 174 g of
2-(3'-ethylbiphenyl-3-yl)pyridine as a clear, viscous liquid.

Step 3: fac-tris[2-(3'-ethylbiphenyl-3-yl)-5-meth-
ylpyridine]Ir(I1T)

[0341] Ethylene glycol (20 mL) and 2-(3"-ethylbiphenyl-
3-yD)pyridine (5.0 g, 18.3 mmol) were combined in a 100
ml, three-necked flask equipped with a stir bar, reflux
condenser, and a nitrogen inlet and heated to reflux. Ir(acac),
(2.2 g, 4.6 mmol) was then added and the reaction mixture
was maintained at reflux for 24 hours and cooled to room
temperature. Methanol (50 mL) was added, and the yellow
precipitate (3.1 g) was collected by vacuum filtration and
passed through a silica gel column with 40/60 dichlo-
romethane/hexane as the eluent, affording 2.0 g of the
product

Compound XXVTI: fac-tris[ 2-(4'-n-propylbiphenyl-
3-y1)-5-methylpyridine JIr(I1I)

Step 1: 2-(4"-n-propylbiphenyl-3-yl)pyridine

[0342] 2-(3-bromophenyl)-5-methylpyridine (20.0 g, 81.1
mmol) was reacted with 4-n-propylphenylboronic acid (15.9
g, 96.7 mmol) under standard Suzuki coupling condition.
Kugelrohr distillation at 230° C. yielded 28.5 g of a viscous
yellow liquid that was then purified by silica gel column
chromatography with 15/85 ethyl acetate/hexane as the
eluent, affording 14.0 g of pure material plus an additional
impure fraction.

Step 2: fac-tris[ 2-(4'-n-propylbiphenyl-3-y1)-5-meth-
ylpyridine]Ir(I1T)

[0343] Ethylene glycol (60 mL) and 2-(4'-n-propylbiphe-
nyl-3-yl)-5-methylpyridine (13.6 g, 47.3 mmol) were com-
bined in a 100 mL, three-necked flask equipped with a stir
bar, reflux condenser, and a nitrogen inlet and heated to
reflux. Ir(acac); (5.8 g, 11.8 mmol) was then added and the
reaction mixture was maintained at reflux for 24 hours and
cooled to room temperature. Methanol (50 ml.) was added,
and the brown precipitate (7.0 g) was collected by vacuum
filtration and passed through a silica gel column with 50/50
dichloromethane/hexane as the eluent, affording 5.9 g of the
product.

Compounds XXVII and XXVIII: fac-tris(2-(biphe-
nyl-3-y1)-3,4-dimethylpyridine) Ir(IT) and fac-
tris(2-(biphenyl-3-y1)-4,5-dimethylpyridine) Ir(II)

[0344] Their syntheses were conducted in the same fash-
ion as for compounds XXI and XX. The difference is that
3-biphenylboronic acid was used in Step 3 instead of phe-
nylboronic acid. The products fac-tris(2-(biphenyl-3-y1)-3,
4-dimethylpyridine) Ir(IIl) was isolated as Compound
XXVII and fac-tris(2-(biphenyl-3-yl)-4,5-dimethylpyridine)
Ir(I1T) was isolated as Compound XXVII.
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Compound XXIX: fac-tris(2-phenyl-3,4-5-trimeth-
ylpyridine) Ir(I1I)

Step 1: 2-amino-3,4,5-trimethylpyridine

[0345] 23.0 g(0.11 mol) of 2-amino-5-bromo-3,4-dimeth-
ylpyridine was mixed with 14.1 g (0.11 mol) of trimethyl-
boroxin (TMB), 12.9 g (0.011 mol) of Pd(Ph,),, 46.0 g (0.33
mol) of K,CO; and 220 mL of DMF. The reaction mixture
was heated under nitrogen at 115° C. for 18 hours. The
reaction mixture was purified by silica gel column. The
desired product was confirmed by MS.

Step 2: 2-bromo-3,4,5-trimethylpyridine

[0346] 10.3 g (0.075 mol) of 2-amino-3,4,5-trimethylpy-
ridine was added to 30 mL of 60% HBr. The mixture was
cooled to =10 to -17° C. and pre-cooled 36.0 g (0.23 mol)
bromine was added dropwise and the mixture was stirred for
20 mins. Pre-cooled (0° C.) NaNO, solution of 13.5 g (0.19
mol) NaNOQ, dissolved in 20 m[ water was added dropwise
into the reaction mixture at —10° C.~-17° C. After addition,
the reaction was stirred for one hour. Ice-cooled 25% NaOH
solution was added slowly until the solution became basic.
200 mL of ethyl acetate was added to the mixture to extract
the organic phase. The organic phase solvent was evaporated
and the residue was distilled under vacuum. ~13.1 g (87%
vield) of the desired product was obtained which was
confirmed by GC/MS.

Step 3: 2-phenyl-3,4,5-trimethylpyridine

[0347] 10.2 g (0.051 mol) of 2-bromo-3,4,5-trimethylpy-
ridine was mixed with 7.86 g (0.061 mol) of phenylboronic
acid, 1.8 g (0.0016 mol) of Pd(Ph,),, 19.1 g (0.13 mol) of
K CO; 50 mL of DME and 50 mL of water. The reaction
mixture was refluxed for 20 hours and separated on silica gel
column. MS confirmed the desired product.

Step 4: fac-tris(2-phenyl-3,4-5-trimethylpyridine)
Ir(1IT)

[0348] The complex was synthesized in the same fashion
as in Step 4 of Compound XX.

Compound XXX: fac-tris[2-(4-methylphenyl)-3-
methylpyridine JIr(IIT)

Step 1: 2-(4-methylphenyl)-3-methylpyridine

[0349] 4-methylphenylboronic acid (20.0 g, 0.147 mol)
was reacted with 2-bromo-3-methylpyridine (21.1 g, 0.123
mol) under standard Suzuki coupling condition. A small
amount of unreacted 2-bromo-3-methylpyridine was
removed via vacuum distillation. Purification via flash silica
gel chromatography with a 1/99 to 7.5/92.5 EtOAc/hexane
solvent gradient yielded 17.0 g of 2-(4-methylphenyl)-3-
methylpyridine as a colorless liquid.

Step 2: fac-tris[2-(4-methylphenyl)-3-methylpyri-
dine]Ir(IIT)

[0350] 2-(4-methylphenyl)-3-methylpyridine (16.6 g, 91
mmol) was heated to 260° C. in a 100 mL, three-necked
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flask equipped with a stir bar, nitrogen inlet, and a Dean-
Stark trap. Ir(acac), (7.4 g, 15 mmol) was then added, and
the reaction mixture was kept at 260° C. for 48 hours while
the resulting acetylacetone was distilled off. Methanol (200
ml) was then added, and the brown precipitate (8.4 g) was
collected by vacuum filtration. Purification on a silica gel
column with 70/30 methylene chloride/hexane yielded 3.5 g
of a yellow solid that was then recrystallized from 50 mL of
chlorobenzene to afford 3.1 g (28%) of pure material which
was further purified by vacuum sublimation.

Compound XXXIT fac-tris[ 2-(biphenyl-3-y1)-4-eth-
ylpyridine) Ir(I1I)

[0351] The above title compound was made in the same
fashion as Compound XVIII except that 2-bromo-4-ethyl-
pyridine was used instead of 2-bromo-4-methyl-pyridine in
Step 1.

[0352] It is important to note that by substituting the
phenylpyridine ligand with larger alkyl groups, such as
n-propyl, n-butyl and t-butyl groups, the solubility of the Ir
complex is highly increased. For example, compound XXII
and compound XXIV are quite soluble in common organic
solvents. 28 mg of 49 can be dissolved in 10 mL of toluene.
For comparison, Ir(ppy)s;, Ir(5-Phppy); and Ir(3'-Meppy)s
are quite insoluble and only <<4 mg can be dissolved in 10
mL of toluene. It is anticipated that these soluble materials
are suitable for solution processed devices. For example,
0.008 g of compound XXII and 0.1 g of mCP may be
dissolved in 10 mL toluene to result in a solution which may
be spin-coated for device fabrication.

[0353] Device Fabrication and Measurement

[0354] Alldevices were fabricated by high vacuum (<1077
Torr) thermal evaporation. The anode electrode is ~1200 A
of indium tin oxide (ITO). The cathode consists of 10 A of
LiF followed by 1,000 A of Al. All devices are encapsulated
with a glass lid sealed with an epoxy resin in a nitrogen
glove box (<1 ppm of H,O and O,) immediately after
fabrication, and a moisture getter was incorporated inside
the package.

Device Examples 41-51 and Comparative Examples
5-6

[0355] The organic stack consisted of sequentially, from
the ITO surface, 100 A thick of copper phthalocyanine
(CuPc) as the hole injection layer (HIL), 300 A of 4,4'-bis
[N-(1-naphthyl)-N-phenylamino]biphenyl (a-NPD), as the
hole transporting layer (HTL), 300 A of 4,4'-bis(N-carba-
zolyl)biphenyl (CBP) doped with 6-12 wt % of the dopant
emitter (invention compounds and comparative compounds)
as the emissive layer (EML), 50 of HTP as the ETL2, and
400 A of tris(8-hydroxyquinolinato)aluminum (Algs,) as the
ETL1. The current-voltage-luminance (IVL) characteristics
and operational lifetimes are measured and summarized in
the Table 5. A typical display brightness level of 1000 cd/m*
for green emitting devices is chosen for the comparison
between different devices.
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[0356] It can be seen from Table 5 that some invention
compounds show similar or higher efficiency and lifetime
versus the comparative examples Ir(5-Phppy); and
Ir(3'Meppy);. Device Example 48 shows an efliciency of
36.4 cd/A at 1000 cd/m? and a device stability of 6.43x107
cd-hr/m? [defined as T, ,(hr)xL,(cd/m?) where T,,, is the
time for the initial luminance L, to drop to 50%] under a
constant current drive of 40 mA/cm? at room temperature.
Under the same condition, Ir(5-Phppy), (Comparative
Example 5) is 383 cd/A and 5.34x107 cd'hr/m® and
Ir(3'Meppy), (Comparative Example 6) is 35.1 cd/A and
5.45%10 cd-hr/m”.

[0357] While the present invention is described with
respect to particular examples and preferred embodiments, it
is understood that the present invention is not limited to
these examples and embodiments. For example, the phos-
phorescent materials may contain stereo and/or structural
isomers. The phosphorescent materials can also be of het-
eroleptic nature, i.e., a metal complex ligating to more than
one type of ligand. The present invention as claimed there-
fore includes variations from the particular examples and
preferred embodiments described herein and set forth below,
as will be apparent to one of skill in the art.

What is claimed is:
1. An organic light emitting device comprising

an anode
a cathode, and

an emissive layer disposed between the anode and the
cathode

wherein the emissive layer comprises an emissive mate-
rial having the formula:

wherein
M is a metal selected from Ir, Pt, Rh or Pd;
(X—Y) is an ancillary ligand;

m is a value from 1 to the maximum number of ligands
that may be attached to the metal;

and m+n is the maximum number of ligands that may
be attached to the metal;
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ring A is an aromatic heterocyclic or a fused aromatic
heterocyclic ring having at least one nitrogen atom, N,
that is coordinated to the metal M, wherein the ring A
can be optionally substituted with one or more sub-
stituents at the R';, R', R'5 and R', positions;

additionally or alternatively the R'; and R', substituted
positions on ring A together form, independently a
fused ring, wherein the fused ring may be optionally
substituted;

ring B is an aromatic ring with at least one carbon atom
coordinated to metal M, wherein ring B can be option-
ally substituted with one or more substituents at the R,
R,, R, and R positions;

R'; R, R and R'; are each independently H, alkyl,
alkenyl, alkynyl, heteroalkyl, alkenyl, alkynyl, het-
eroalkyl, aryl, heteroaryl, aralkyl; and wherein R'; R',
and R'y are optionally substituted by one or more
substituents Z; and

R;, Ry, Ry and R are each independently selected from
the group comnsisting of H, alkyl, alkenyl, alkynyl,
alkylaryl, CN, CO,R, C(O)R, NR,, NO,, OR, halo,
aryl, heteroaryl, substituted aryl, substituted heteroaryl
or a heterocyclic group

alternatively, R'; and Ry may be bridged by a group
selected from —CR,—CR,—, —CR=CR—,
—CR,— —0—, —NR—, —0—CR,—, —NR—
CR,—, and —N=CR—;

each R is independently H, alkyl, alkenyl, alkynyl, het-

eroalkyl, aryl, heteroaryl, or aralkyl; wherein R is
optionally substituted by one or more substituents Z;

each Z is independently a halogen, R', OR’, N(R"),, SR,
C(O)R', C(O)OR', C(O)N(R"),, CN, SO,, SOR', SO,R',
or SO;R'; and

each R' is independently H, alkyl, alkenyl, alkynyl, het-
eroalkyl, aryl, or heteroaryl;

wherein at least one of R;, Ry, Rs, Rg, R'5, Ry, R's, and
R's is an alkyl or aryl substituent.

2. The device of claim 1 wherein m=3.

3. The device of claim 2 wherein the emissive layer
comprises an emissive material having the formula

Ir,
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4. The device of claim 1 wherein the emissive material in
the emissive layer is substituted such that at least one of R,
R, R, R, R'5, R, R's, and R'; is an alkyl substituent that
enhances solubility of the emissive material over a corre-
sponding unsubstituted emissive material.

5. The device of claim 4 wherein at least one of R;, R,
Rs, Rg, R'5, R',, R's, and R is an alkyl substituent selected
from n-butyl, n-propyl and t-butyl.

6. A compound having the formula:

wherein

M is a metal selected from Ir, Pt, Rh or Pd;

ring A is an aromatic heterocyclic or a fused aromatic
heterocyclic ring having at least one nitrogen atom, N,
that is coordinated to the metal M, wherein the ring A
can be optionally substituted with one or more sub-
stituents at the R'y, R', R'5 and R’ positions;

additionally or alternatively the R'; and R, substituted
positions on ring A together form, independently a
fused ring, wherein the fused ring may be optionally
substituted;

ring B is an aromatic ring with at least one carbon atom
coordinated to metal M, wherein ring B can be option-
ally substituted with one or more substituents at the R,
R,, R, and R positions;

R'; R, R's and R'y are each independently H, alkyl,
alkenyl, alkynyl, heteroalkyl, alkenyl, alkynyl, het-
eroalkyl, aryl, heteroaryl, aralkyl; and wherein R'; R',
and R'¢ are optionally substituted by one or more
substituents Z; and

58
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R;, Ry, Rs and R are each independently selected from
the group consisting of H, alkyl, alkenyl, alkynyl,
alkylaryl, CN, CO,R, C(O)R, NR,, NO,, OR, halo,
aryl, heteroaryl, substituted aryl, substituted heteroaryl
or a heterocyclic group

alternatively, R'y; and Ry may be bridged by a group
selected from —CR,—CR,—, —CR=CR—,
—CR,—, —0—, —NR—, —O0—CR,—, —NR—
CR,—, and —N=CR—;

each R is independently H, alkyl, alkenyl, alkynyl, het-
eroalkyl, aryl, heteroaryl, or aralkyl; wherein R is
optionally substituted by one or more substituents Z;

each 7 is independently a halogen, R', OR', N(R'),, SR',
C(O)R', C(O)OR', C(O)N(R"),, CN, SO,, SOR', SO,R',
or SO;R'; and

each R' is independently H, alkyl, alkenyl, alkynyl, het-
eroalkyl, aryl, or heteroaryl;

wherein at least one of R;, Ry, R, Rg, R'3, Ry, R's, and
R', is an alkyl or aryl substituent.

7. The compound of claim 6 having the formula
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8. A compound having the formula:
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wherein
M is a metal selected from Ir, Pt, Rh or Pd;
(X—Y) is an ancillary ligand;

m is a value from 1 to the maximum number of ligands
that may be attached to the metal;

and m+n is the maximum number of ligands that may
be attached to the metal;

ring A is an aromatic heterocyclic or a fused aromatic
heterocyclic ring having at least one nitrogen atom, N,
that is coordinated to the metal M, wherein the ring A
can be optionally substituted with one or more sub-
stituents at the R'y, R', R's and R'¢ positions;

additionally or alternatively the R'; and R', substituted
positions on ring A together form, independently a
fused ring, wherein the fused ring may be optionally
substituted;

ring B is an aromatic ring with at least one carbon atom
coordinated to metal M, wherein ring B can be option-
ally substituted with one or more substituents at the R,
R., R, and R positions;

R’y R, R'5 and Ry are each independently H, alkyl,
alkenyl, alkynyl, heteroalkyl, alkenyl, alkynyl, het-
eroalkyl, aryl, heteroaryl, aralkyl; and wherein R'y R',
and R'¢ are optionally substituted by one or more
substituents Z; and

Rs, Ry, Rs and Ry are each independently selected from
the group consisting of H, alkyl, alkenyl, alkynyl,
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alkylaryl, CN, CO,R, C(O)R, NR,, NO,, OR, halo,
aryl, heteroaryl, substituted aryl, substituted heteroaryl
or a heterocyclic group

alternatively, R'; and Ry may be bridged by a group
selected from —CR,—CR,—, —CR=CR—,
~CR,, —O—, —NR—, —O CR,, —NR—
CR,—, and —N=CR—;

each R is independently H, alkyl, alkenyl, alkynyl, het-
eroalkyl, aryl, heteroaryl, or aralkyl; wherein R is
optionally substituted by one or more substituents Z;

each 7 is independently a halogen, R', OR', N(R"),, SR',
C(O)R', C(O)OR!, C(O)N(R"),, CN, SO,, SOR', SO,R/,
or SO;R'; and

each R' is independently H, alkyl, alkenyl, alkynyl, het-
eroalkyl, aryl, or heteroaryl;

wherein at least one of R;, R, R, R, R'5, Ry, R's, and
R’y is an alkyl or aryl substituent.

9. The compound of claim 8 wherein at least one of R,
R, Rs, Rg, R'5, R, R's, and R'y is an alkyl substituent that
enhances solubility of the compound over a corresponding
unsubstituted compound.

10. The compound of claim 9 wherein at least one of R;,
R, Rs, R, Ry, Ry, R's, and Ry is an alkyl substituent
selected from n-butyl, n-propyl and t-butyl.
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