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[ 2-¢ 41 (95-96)
[ 2-d 38 (39-40)
[ 2-¢ 55 74.5/0.1
[ 2-g 86 71-73/0.07
. 211 65 77-78/0.046
: 2.k 50 (38-40) 20
: 2-m 80 72-73/0.01

2-f 22 52-33/0.12
[ 2 63 95-96/13
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[ 2-x 35 61-62/0.095
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-7 x )BT, FxZWEUI DRI oIV ) O

aH %, KEE GrRE

Lo 1H NMR 19F NMR X MS (MY

2-s 7.48(3H), -62.68 C,64.50
7.70(1H), (64.57)
7.83(1H), H,3.49
7.90(2H), (3.59)
8.75(1H) N,6.07

(6.28)

2-a 7.19(1H), -60.82 (3Es), C,59.56
7.30(1H), -116.96 (1F, m) (59.75)
7.43(1H), H,3.19
7.98(2H), (2.90)
8.07 (1H) N, 5.52
9.00(11H) (5.81)

2-b 7.58(1H), -62.75 (3Es), C,53.68
7.66(1H), -63.10 (3F, s) (53.60)
7.88(1H), H, 2.61
8.03(1H), (2.40)
8.23(1H), N, 4.53
8.35 (1H) (4.81)
8.99(1H)

2-u 7.55(1H), -62.89 (s) C,69.17
7.63(1H), (70.33)
7.75(2H), H,3.79
7.89(2H), (3.66)
8.28(2H), N, 4.88
8.38(1H), (5.12) -
8.50 (1H)

2-c 7.53(1H), -62.14 (s) C, 53.83 (53.73)
7.64(1H), H, 2.89
7.90(1H), (2.61)
8.18(1H), N, 9.99
8.30(1H), (10.44)
8.53(1H),
9.43(1H)

2-d 7.06(1H), -62.78 (3F, 5), C,59.73
7.48(1H), -112.61 (59.75)
7.81(3H), (1F,m) H,2.86
8.01(1H), (2.90)
8.95(1H), N, 5.70

(5.81)
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%4
(BeZ)
. EEME GHEfE)
L&Y 1H NMR 19F NMR Xt MS (M)
2-¢ 3.80(3H) -62.63 C, 61.66
6.93(2H), (s) (61.90)
7.68(1H), H,3.95
7.85(1H), (4.09)
7.96(2H), N, 5.53
8.82(1H), (5.38)
2-g 2.70(3H) -114.03 C, 76.56
7.10(3H), (m) (77.00)
7.48(1H), H,5.12
7.60(1H), (5.30)
8.05(2H), N, 5.43
(7.50)
2-t 7.10(2H), -62.73 C, 50.51
7.35(2H), (3E, 5) (52.17)
7.96(1H), -113.67 H,1.97
8.78(1H), (1F, m) (2.17)
N, 5.09
(5.07)
2k 7.08(2H), 62.75 C, 60.39
7.62(1H), (3Fs) (59.75), H,3.38
7.90(3H), -111.49 (2.90),
8.80(1H), (m) N, 5.53
(5.51)
2-m 7.10(2H), -62.63 C,52.13
7.80(2H), (3Es) (52.17)
8.00(1H), -111.24 H,2.16
8.75(1H), (m) (2.17)
N, 4.85
(5.07)
2£ 7.55(3H), -62.57(s) 257(M",
7.77(2H), C,.H,F,CIN"),
8.06(1H), 222(M-C)
8.87(1H)

2-v 3.8(3H), -62.70 ppm C, 61.66 (61.37),
6.95(1H), H, 3.98 (3.67),
7.30(1H), N,5.53 (5.48)
7.50(1H),
7.58(1H),
7.75(1H),
7.90(1H),
8.87(1H)
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%4
(B Z)
A 0, =
L&Y '"HNMR "*FNMR e ‘Rf{ﬁ{f (lf;:;ﬁ{ﬁ)
2-w 8.54 (1H, d), -63.08 (3, 5)
8.21 (2H, d),
7.70 (2H, d),
7.24 (1H, s),
6.82 (1H, dd),
3.91 (3H, s)
2x  6.9(2H,m), -109.70 (1F, m),
7.18 (2H,m), -113.35(1F, m).
7.68 (2H, m),
7.95(1H, m),
8.65(1H, m);
2y 6.94(1H), -62.72 (3F, 5),
7.62(2H), -109.11 (2F, m)
7.82(1H),
8.03(1H),
8.96(1H);
2z 6.85(1H), -62.80 ( 3F, 5),
6.93(1H), -107.65 (1F, m),
7.80, 7.90, -112.45(1F, m).
8.05(3H),
8.89(1H);
2-aa 7.70(3H,m),
7.85(3H, m),
7.80, 7.90,
8.85(1H,m).
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%5
L NMR
=y GrEfM (GZIRHE ) (CD,Cl;, 25°C)
1-a C: 50.3(50.1) 'H: 6.8 (1H), 6.9 (1H), 7.0 (1H), 7.8
H: 2527 (2H), 7.95 (1H), 8.1 (1H)
N: 4.9(4.9) F. 634
Cl: 0.0(0.2)
1-b C: 47.4(47.3) 'H: 6.4 (1H), 6.75 (1H), 7.7 (1H), 7.8
H: 2.0(2.1) (1H), 7.95 (1H), 8.05 (1H)
N: 4.6 (4.4) PF: -63.4 (s); -109.5 (ddd)
1-c C: 474 (47.2) 'H: 6.6 (1H), 6.7 (1H), 6.9 (1H), 7.8
H: 2.0(2.0) (1H), 8.0 (1H), 8.6 (1H)
N: 4.6 (4.5) "F: -63.5(s); -112.8 (ddd)
1d C: 55.9(56.1) 'H: 6.6 (2H), 6.8 (1H), 7.0 (1H), 7.6
H: 3.0(3.2) (1H), 7.7 (1H), 8.4 (1H)
N: 5.9(5.8) BF:. -115.0 (ddd)
1-e C: 44.1(43.3) 'H: 6.9 (1H), 7.1 (1H), 7.8 (1H), 8.0
H: 1.7(2.1) (2H), 8.2 (1H)
N: 3.9(3.6) °F:  -63.0 (1F), -63.4 (1F)
1-f C: 50.4(50.5) 'H: 6.9 (1H), 7.1 (2H), 7.6 (1H), 7.8
H: 2.5(2.7) (1H), 7.9 (1H), 8.1 (1H)
N: 4.9 (4.9) “F: -62.4
dooooad

gooad
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#*5
(%)
a7 NMR
ey (M (ERME ) (CD,CL,, 25°C)
1-g C: 55.9(56.3) 'H; 6.4 (1H), 6.7 (1H), 7.0 (1H), 7.6
H: 3.0(32) (1H), 7.7 (2H), 7.9 (1H)
N: 59(6.0) UF: -112.6 (ddd)
1-h C: 51.0(45.2) 'H: 6.8 (1H), 6.95 (1H), 7.05 (1H), 7.7
H: 2.1(23) (1H), 8.0 (1H), 8.9 (LH)
N: 4942 BF. 633
1-i C: 49.4(49.3) H: 3.6 (3H), 6.3 (1H), 6.6 (1H), 7.7
H: 2.9(2.8) (2H), 7.85 (1H), 7.95 (1H)
N: 4.4 (4.4) SR 63.2
1+ C: 474 (474) H: 6.7 (m), 7.1 (m), 7.5 (m), 7.6 (m),
H: 20(23) 7.7 (m), 8.0 (m), 8.2 (m)
N: 4.6(4.7) PF. 8538 (-63.0 - -63.6) and 8 ddd 3t
TS (92.2--125.5)
1k C: 435 (44.0) 'H: 6.9 (1H), 7.15 (1H), 8.1 (1H), 8.3
H: 18(2.1) (1H), 8.45 (1H), 8.6 (1H)
N: 85(84) YE: -62.9
11 C: 422(42.1) H: 6.5 (1H), 6.7 (1H), 7.75 (1H), 7.85
H: 16.(1.8) (1H), 8.0 (1H), 8.1 (1H)
N: 3.8(37) BF: -58.1 (1F), -63.4 (1F)
0Do0O00a0
DO0O000
oopoooooooooooooooo®o0o0,00 40 , 0D
D000O000O000000
00000
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0000000000000 0O0O0,000,0000000000000
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000000000000 O00000O000O00000O00000000
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000000000000 O000O00O000O00O000O00000000
000000000000 O00000O000O00O000O00000000
oDoo” " 0000000000000 00O00O000O00000000
000000000000 O000O00O0000
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000000000000 O00,000,000000000000000
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Alg=FJ AB- L FOFF /I MNFINIZTL

DDPA=29- P AF)-4,7- 7 =) L10-/xF - )

Ir(ppy)s=fac- b U Z(2- 7 =B U A1) P A

MPMP=t Z[4-NN-TLFNT I ]2 AFN T2 AFI T2 ZINAS >

0T /& EL @ ET 8
B4 (B&, ABAT)Y | (EH. ABSD (JE 2 A BHT)
e i) MPMP (528) Ix(ppy)3 (408) DDPA (106) + Alq? (320)
1 MPMP (520) &4 1-b(499) | DDPA(125) + Alg® (365)
2 MPMP (541) &4 1-b(580) | DDPA(407)
3 MPMP (540) L& 1-e(499) | DDPA(112) + Alg3 (340)
4 MPMP (525) {3t 1k (406) | DDPA (106) Alg? (341)
5 MPMP (570) L&Y 1-1(441) DDPA (107) + Alg3 (339)
6 MPMP (545) L&Y 14 (462) DDPA (111} + Alg? (319)
7 MPMP (643) L&Y 1-g (409) DDPA (112) + Alg? (361)
8 MPMP (539) ¥ 1-4(430) DDPA (109) + Alg3 (318)
9 MPMP (547) ftL&¥ 1-a(412) | DDPA(105) + Alg? (300)
10 MPMP (532) {t&% 1-h(457) | DDPA(108) + Algs (306)
11 MPMP (603) &Y 1-d(415) | DDPA (111) + Alg3 (303)
12 MEMP (551) LB 1-c(465) | DDPA (106) + Alg3 (313)
13 MPMP (520) {LE¥ 1-1(405) DDPA (410)
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[ V— 7 HgHHE | U i e BEY— 71k
: Z¥N E BT %)% Ca/A £
: Cd/m? Cd/A nm
[ b 2 i 540 0.39 0.48 522
: e at22 v
C 1 1400 34 11 525
: at21v
C 2 1900 59 13 525
[ at 25V
[ 3 830 1.7 13.5 525
[ at 18V
[ 4 7.6 0.005 0.13 521
: at27 v
[ 5 175 0.27 1.8 530, 563
: at25v
: 6 514 L5 22 560
: at20v
: 7 800 0.57 1.9 514
: at26' Vv
: 8 1200 0.61 2 517
: at28 v
: 9 400 11 4 545
: at 18 V
: 10 190 23 3.3 575
: at 16 V
: 11 1150 1.2 3.8 506, 526
: at 25V
: 12 340 0.49 21 525
at20v

[

13 400 3 5 520
[ at 21V
E 14 1900 5 9 525
0 15 2500 6 11 525
[ 16 100 0.17 0.2 560
[ at27 vV
[ 17 3.5 0.005 0.014 575
[ at 28V
[ 18 30 0.08 0.16 590
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OILE
ELECTROLUMINESCENT IRIDIUM COMPOUNDS WITH FLUORINATED
PHENYLPYRIDINES, PHENYLPYRIMIDINES, AND PEENYLQUINOLINES
AND DEVICES MADE WITH SUCH COMPOUNDS
BACKGROUND OF THE RNYVERNTION
Field of the Invention

This invention relates to electrolumineseent compiexes of irdium(i) with
fluorinated phenylpyridines, phenylpyrimidines, and phenylquinclines. Tt also
relates to elestranic devices in which (he active layer includes an
electroluminescent Ir{I11) compiex.

Description of the Related Art

Crganic elecironic devices that emit light, such as light-emitting diodes
that male up displays, we present in many different kinds of electronic
equiprnent. In all such devices, an orgasic active layer is sandwiched between
two electrical contact fayers. At least ane of the electrical contact layers is lipht-
transmitting o that light can pass through the electrical contact layer. The
orgauic active layer emits light through the light-transmitting elecirical sontact
layer upon application of electrieity acrass the slectrical contact layers.

It is well known to use organic electroluminescent componnds as the
aclive compenent in light-emitting diodes, Simple orgamic molecules snch as
anthracene, thindiazole derivatives, and coumarin derivatives are kknown to show
cleciroluminescence. Semiconductive comugated polymers have also heen used
as electroluminescent components, as has been disclosed in, for example, Friend
et al.,, U.S. Patent 5,247,190, Hecger ct al., TLS. Patent 5,408,109, and Maliano
et al., Published European Patent Application 443 861. Complexes of
8-hydroxyquinolate with trivalent metal ions, particulerly aluminum, bave been
extensively used as electrolumtinescent components, as has been disclosed m, for
exarnple, Tang of al., U.3. Patent 5,552,678,

Burtows and Thompson have reported that fac-tris(2-phenylpyridine)
iridivmn can be used ag the active component in organic light-emitting devices.
{(Appd. Phys. Leit 1999, 75, 4y The performance is maximized when the iridium
compound is present in a host conduetive material. Thempson has farther
reported devices in which the active layer Is poly(M-vinyl carbazole) daped with
fac-tris[2-(4',5' dtifuoropheny pyridine-C% Njiridium(I). Polymer Preprints
2000, 41(13, 770.)

Rowever, there s a continuing need for electroluminescent compounds
having improved cfficiency.
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SUMMARY OF THE INVENTION
‘The present invention is directed to an iridium compound (generally
referred 2s “I{IID) compounds™ having at least two 2-phenylpyridine ligands in
‘which there is at least ane fluorine or fluorinated group on the ligand. The iridium
5  compound has the following First Formula:
LA PLe L LY {First Formuiz)
where:

x=0crl,¥y=0,1 ot 2 and == 0 or L, with the provise that:

x=0ory+z=0and
10 wheny =2 thenz=10;

L' = & bidentate ligand or & monodentate ligand, and is not 8
phenylpyridine, phenylpyrimidine, or phenylquinolme: with the
provise fhat:

when L' is 2 monodentate ligand, y+z =2, and
15 when L' is a hidentate ligand, z=0;
1" = a monodentate ligand, and iz not a phenylpyridine, and
phenylpyrimidine, or phenylguinoline; and
2, 1.1 and L€ are alike or different from each other and each of L3, Lb
and L< has structure (1) below

20
Ry Bs Ry Ro
A
Re (= o
N
R4 /
wherein:
adjacent pairs of R -R4 and Rs-Rg can be joined to form a five- or
25 six-membered ring,

at loast one of B -Rg 18 selected from F, CpFay iy, 00, Fppy, amd
QCFZX, where n=1-6 and X = I, Cl, or Br, and
A= Cor N, provided that when A =N, there is no By,
In enother embodiment, the present invention is dirceted to substituted
30 Z-phenylpyridine, phenylpyrimidine, and phenyi¢uinoline precursor compounds
from which the ebove Ir([I1T] campeunds are made. The precursor compaunds
have a structure (I} or (1T} helow:
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N\
A
R Q R, 0D
™
R R Ry

20

25

and Rg is H.

(I}

where:

at Jeast one of R o-Fey is selected from F, Oy Fony.
OCFoqe > and OCFyX, where n = 1-6 and X = H, U, or Br, and
Rapis H.

It is understood that there is free rotation about the phenyl-pyridine,
phenyl-pyrimidine and the phenyl-quinoiine bands. However, for the discussion
herein, the compovunds will be deseribed in terms of one crientation.

In ancther embodiment, the present invention is directed to an organie
ejcetronic device baving at feast one smitting layer comprising the above INIII)
compaund, or combinations of the above IXIII} compounds.

As used hereie, the toom *vompound™ is intended to mean an elecirically
vncharged substance made up of melecules that further consist of atoms, wherein
the aloms cannot be separated by physical mezns. The term “ligand” is infended
tp mean a mioleculz, 100, or atom that is attached to the coordination sphere of a
inetallic ion. The term “complex”, when used as & noun, is intended to mean o
compound having at feast one metallic ion and at least one ligand. The term
“group” is intended to mean a part of 2 compound, such a substituent in an
organic compound or a ligand in # complex. The term “facial” is intended to
mean one isomer of a complex, Megb;, having octzhedral geametry, in which the

3
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three “a™ groups are all adjacent, L. at the corners of ane face of'the octahedron.
The term “meridional” is intended to mean one isomer of a complex, Magbs,

[Ty

having ocialiedral geometry, iz which the three “a” groups cceupy three positions
such that two are trans to each other. The phrase “adjacent to,” when used to refer
to layers in a device, does not necessarily mean that one layer is imunediately next
to another layer. On the other hand, he plrase “adjacent R groups,” is used to
vefer to R groups that are next to each other in a chemical formula (ie, R groups
that are on ators joined by ¢ bond). The term “photoactive” refers to any
material that exhibits eloctroluminescence and/or photosensitivity.
ES THE DRAWINGS
Figure 1 is a schematic diagtam of a light-emitting device {LELD).
Figure 2 i3 a schematio diagrem of an LED testing apparatns.
DETAILED DESCRIPTION OF THE PREFERRED EMEDDIMENTS

The Ir{IIT} compounds of the invention have the First Formula
I {IIDLALYLe, L, above.

The above II1)] compounds are frequently referred to a5 cyclometalated
complexes: I(1IT) compeunds having the following Second Formula is also
frequently referred to as a bis-cyclometatated complex.:

ALk WLz {Second Fonmula)
where:
v, 7 L2 LbL’ and L are as defined in the Firet Formula above.

TTI) compounds baving the following Third Formula is alse frequently referred
f0 a5 a tris-cyclomeialated complex.:

IsLALYLE (Third Fesmula)
where:
L2, LPand L€ are as defined in the First Formula deseribed above.

The preferrsd cyclometalated complexss are neutral and non-ionic, and
can be sublimed intact. Thin fims of these materials obtained via vacuum
deposition exhibit good to excellent electroluminescent properties. Introduction
of fluorine substituents into the ligands op the iridium aton: increases both the
stability and volatility of the complexes. As aresull, vacuum deposition can be
carried out at lower temperatures prd decomposition of the complexes can be
avoided. Inreduction of fluorine substiteents inte the ligands can often reduce

the non-radiative decay rale and the self-quenching phenomenen in the solid state.
4
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These reductions can lead to enhanced luminescence efficiency. Variation of
sibstituents with electron-donating and eleetron-withdrawing properiies allows
for fine-tuning of electrolunzinescent properties of the compound and hence
eptimization of the brightness and efficiency in an elestroleminescent device.

While not wishing to be bound by theory, it is believed that the crission
from the iddivm compounds is ligand-based, resulting from metal-to-ligand
charge transfer. Therefore, compounds that can exhibit electroluminescenes
include these of compounds of the Second Formula IlLALEL' (1", above, and the
Third Formula LALYLS above, where all LA, L5, and L in the Third Parmnla are
phenylpyridines, phenylpyrimidines, or phenylquinolines. The R -Rg groups of
structures (1) and (I1), and the R ¢-R g groups of structure (IT0) above may be
chogen from conventional substitutents for organic commpounds, such as allkeyl,
allroxy, halogen, uitro, and cyano groups, as well as fluero, flvorinated atkyl and
fluorinated alkoxy groups. The groups can be partially or fully Avorinated
(perfluorinated). Prefecred iridivm corapounds have ail Ry-Rg and B y-Ryq
substituents selected fram fluorn, perflucrinated alieyl (G, Fa,.13 and
perfluorinated alkoxy groups (OC,Fa, 13, where the perfluorinated alky! and
alkoxy groups have 1-6 carbon atoms, or . group of the formula OCF,X, where
X =H,Cl orBr.

It has been foumd that the electroluminescent properties of the
cyelometalated iridium complexes are poorer when any one or inore of the R-Rg
and Ryg-R;g @roups is & nitee group.  Therefore, it is preferred that none of the
Ry-Rg and Ryg-Rig groups is a nitro group.

The nitropen-contlaining ring can be a pyridine ring, a pyrimidine or a
quingline. It is preferrad that at least one fluorinated substicuent is on the
niirogen-containing ring; most preferably CFa.

Any conveniional ligands known to transition metal coordination
chemigtry i3 suitable as the L' and L* lgands. Exanples of bidentate ligands
inelude compounds baving two coordinating groups, such as ethylencdiamine and
acetylacetonate, which may be substituied. Dxamples of monodentate ligonds
include chloride and nitrate ioss and mong-amines. It is preferted that the iridinm
complex be neutral and sublimable. If a single bidentate lipand is used, it should
have a net charge of minus one (-1}, If two monadentate ligands ace used, they
should have a combined net chargs of minus one {-1). The bis-cyclometalated
complexes can be useful in preparing tris-cyclometalated complexes where the
ligands are not all the same.

I a preferred embodiment, the irdium compound has the Third Formula
TeLaLPLe as described abave.
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I a more preferred cmbodiment, Lo = Lb = L2, These more praferred
compounds frequently exhibit a facial geometry, as defermined by single crystal
K-ray diffraction, in which the nitragen stoms eaordinated to the iridium are trang
with respect to carbon atoms soordinated to the idinm. These more prefecred
sompounds have the fllowing Fourth Formula:

Jac-I(Ldy, (Fourth Formula)
where L4 has structure {I} above.

The compounds cun also exhibit 2 meridional geometry in which two of the
nitrogen atoms coordinated to the iridium are trans to each other. These
compaunds bave the following Fifth Formula:

mer- (L3 {Fifib Formula)
where LA has structare (I} abowve.

Examples of compounds of the Fourth Farmls and Fifik Formula abave
ure piven in Table 1 below:

TABLE |
Comp | 4 |Ri| Ry | Ry [Re[Rs| Rg | Ry |Rg|Fomua
ound |

la | € |H [H ch; [ulaln m i1 | Fouth
b | ¢ |uln o, lwleglg e H | Fourth
I« | ¢ |H |B CF | B F N B H | Fouwth
14 | ¢ [H |H # |alrfls (B B | Fourlh
le | ¢ |8 |1 CF, | M ) H [CFy |H H | Fourth
£ | c |8 ln H | 1|4 cF la B | Powth
g | ¢ |H |H B |H|H|H [F B | Foulh
4 | ¢ |olR ck, |Hlnlw m H | Fouth
1i | ¢ |u[n CF, |5 | H |H  |oCH; | H | Fourth
4 | ¢ |uln CFy | B ] HIF a g | Foun
1k | c |u |H MG, | H | H |cr, |H H | Pourh
11 | clH|H CF; | B | H |H OCF;, | H | Fouh
lma | M |- |CFy |H | A | B |H F H | Fourth |
g lclu(n cr | 1 | 4 |otH, A H | Fowth |
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TABLE

Comp | & [R;| Ry | Ry | Rs | Rs| Rg 1 Ry | Ry | Formuls
ound

r jclaloom n [Blelag loay lul Foum
H

1< | ¢ |H |E H Elr|a F Fourih
and
Fifih
4+ | ¢ |u |y ch; | B |l v |F i) F | Tifth
la | ¢ lylu EE A RN E F # | Fiflh
v | C |H | cr, lulmlm F 1 | Fifth

Examples compounds of the Secoud Fornmula IrL“LbL‘yL"z above include
compounds 1-n, 1-0, 1-p, 1-w and 1-x, respectively having structure (1Y), (V),

(VI), (IX) and (X) below:
i
.0
5D O, av)
o
= "N
T | N
1
/Oi'[g
I
1 0] "
% 0¥ Ch
CF
! z
7
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P
' ovn
2N 0=
\

=)

/ 4 Br
f\\
=
Y | NF
S gy
CFy /2 Br

The iridivm complexes of the Third Formula ILALILE above are generatly
prepared from. the appropriate substituted 2-phenylpysidine, phenylpyrimidine, or

2
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phenytquineling. The substituted 2-phenytpyridines, phenyipyrimidines, and
phenylquinolines, as shown in Structure {1I) sbove, are prepared, in geod to
excellent yield, using the Suznki coupling of the substinried 2-chiloropyridine,
2-chloropyritgidine or 2-chloroquinoline with arylborenic acid as desctibed in
5 0. Lohse, P.Thevenin, E. Waldvogel Symfetr, 1999, 45-48. This reaction is
illustrated for the pyridine derivative, where X and Y represent substituents, ix

Equatien (1) below:
HO},B.
N T
Y
10
Examples of 2-phenylpyridine and 2-phenylpyrimidie compounds,
having siructure {IT) above, are given in Table 2 below:
TABLEZ

Compovnd {1 A | Ry | By Rz | Ry Rs | Ry R Ry {Rg
2z C jH H CF3 | R F H H H |H |

| 2h [ ] B |H CF; [H H |CP H H H
2 _jc s H NOp|H  |H | Ry i Ho1H
2 £ |H i Ty jH H F H i H
2¢ cluw fu | ol (u n CHy0 B H |
2-f c |a H CF; | B —ﬂ H H H |H
Ty c |H H W |ce |8 ln F H
Zh H |- il L ;! ! H r v |H
2i C |H 11 CFy 11 H l H CF30 H il
24 N |- CFy = H_ ¥ i H H H H
2k C |H H CF3 [ H H H ¥ H OIH
2 [c [ery [m E la |n |m H TIE
2-m l c |a )E) LF3 |H H H I H 1
2-n C |Cky | H H H H H F H H
20 {c € |H H n H |H CHzD | H H
2p | C |[cl H CFy 1H [z} H CHz0 |1 H

S
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TABLE 2
Compoynd | A | Ry Ry R 4 ’ Rs | Rg Ry Rg | Ry |
Z-q N |- CFq H H \ H H ¥ H il
2-r c | Ct H CFy [H H H H H F
Ex < |H o Cr; (H H H 2l H _IL
2t c | H &} " ¥ H B H H
2-¥ c |H H {CFy |H H CHiO | B H H
2w < [0 | CUsC | H H o A € H H
X ¢ |H B ‘ H B H ¥ F H H
2 ¢ |H H CFy 'H H |F B F | H |
272 Cc H | CFy | H r H F H H
23 [¢c [n [n B {H |u |u Br n|u

15

Cne example of a substituted 2-phenylquineline campound, having
structure (11 above, is compound 2-u, which has R17 = CF3 and Ry-Ry6 and
Rig-Rop=H.

The: 2-phewrylpyridines, pyrimidines, and quinolines thus prepared are used
for the synthesis of the eyclornetalated iridivm complexes. A convenient one-step
mnethed has been developed eroploying commercially available ividium trichloride
bydrate and silver frifluoroacetate. The roactions e generally carried out with an
excess of 2-phenylpyridine, pyrimidine, or quinoling, withouz a solvent, in the
presence of 3 equivalemts of ApOCOCTFs. This reaction is iHustrated for a
Z-phenylpyridine in Equation (2) below:

Y Y-
rCl, AZOCOCE;
190-195°C B @

3

The tig-cyclometalated iridium complexes were Isolated, purified, and fully
charucterized by elemental analysis, 1H and 1%F NMR specital data, and, for
compounds 1-b, 1-c, and 1-g, single erystal X-ray diffraction. In some cases,
mixtures of isomners are abtained. Often the ixture can be used wilhoul solating
the individual isomers.
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The iridiwm complexes having the Second Formula [LaLbL! JL'; above,
may, in some cases, be {solated froms the reaction mikture ueing the same
synthetic procedures as preparing those having Third Formula IrLaLYLE above.
The complexes cau also be preparcd by first preparing an {ntermediate irfdium
dimner having structdte VII below:

wherejn:
B =H, CHs, or CyHs, and
La, Lb,LS, and L8 can be the same or difterent from sach
other and sach of L8, Lb,Le, and 1.9 has structure ([} above.
The ixidium dimers can generally be prepated by first reacting hridinm trichloride
bydrate with the 2-phenylpyridine, phenylpyrimidine or phenylyuineline, and
adding NaOB.
Oge particudarly useful iridium dimer is the hydroxo isidium dimer,
having structure VI below:

)

This intermediate cun be used to prepare compound 1-p by the addition of

cthyl acctoaceiate.
Electonic Device

‘The present invention also relates to an elestronic devige comprising at
ieast one photoactive layer positioned between two electrical contact layers,
wherein the at least one layer of the device includes the iridivm complex of the
mvention. Devicesfrequently have additional hole {ransport and electran transport
layers. A typical structure is shown in Figure 1. The device 100 has an 2node
layex 110 and a catbode layer 150. Adjacent ta the anode is a layer 120

1
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comprising, hole trangport material. Adjacent to the cathode is a layer 140
comprising an slectron transport material, Betwsen the hole ransport layer and
the electron transport layer is the photoactive Jayer 130.

Depending upon the application of the device 140, the photoactive layer
130 can be a light-emitting layer that is activated by ar applied voltage (such as in
2 lipht-emitting diode or light-emitting electrochenical sell}, alayer of material
that responds to radiant energy and generates a signal with or without an applied
bias voltage (such as in a photodetsctor). Examples of photodetectors include
photoconductive cells, photoresisiors, photoswitches, phototransistors, and
phototubes, and photovoltaic cells, as these terms are deseribe in Markus, Johm,
Electronics and Nucleonics Dictionary, A70 and 476 (MceGraw-ITill, Inc. 1966).

The ittdium compounds of the invention are particularly usefu) as the
photoactive material In layer 130, o1 as alectron transport material in layer 140,
Preferably the iridium cotoplexes of the invention are used as the light-emitting
malerial in diodes. It bas been found that in these applications, the [luorinatad
compounds of the invention do net need to be in a solid matrix diluent in order to
be effective, A layer that is greater than 20% by weight iridivm compound, based
an the total weight of the layer, up to 100% iridinn compound, can be used as the
emmitting layer. This is in contrast to the noo-fiuorinated iridium eompound,
risf2-phenylpyridine) iridivm JI0, which was found to aclieve maximem
efficiency when present in an amount of only 6-8% by weight in the emitting
layer. This was nccessary to reduce the self-quenching effect. Additional
roaterialg can be present in the emitiing layer with the iridium compound. For
example, a {luorescent dye may be present to alicr the colar of cmission, A
diluent may also be added. The diluent ¢att be a polymeric material, such as
polyiis-vinyl carbazole) and polysilane. It can also be a small molecule, such as
4,4-N,N'-djcarbazole bipheny! or tertiary aromatic amines. When a diluent is
used, the jridinum compound is generally present in 8 small amount, usually less
(han 20% by weight, preferably less than 10% by weight, based on the total
weight of the layer.

In some cases the ifdium complexes may be present in more than one
isomeric form, or mixtures of different complexes may be present. It will be
understeod that in the above discussion of OLEDs, the term “the iridivm
compound” 15 miended to engonzpass mixtmes of compeunds and/or isomers.

Te achicve a high elficiency LED, the BOMO (highest occupicd
molscular orbital) of the hole ragsport material should align with the work
function of the anode, the LUMO (lowest un-oecupied molecular orbitai) of the

¢leetron transport material should align with the wark fanetion of the caihode.
12
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Chemical compatibility and sublimation ternp of the rraterials are also important
considerations in selecting the electron and hole fransport materjals.

The other layers in the OLED can be made of any materials which are
lknown ta be useful in such layers. The anede 110, is an electrode that is
particularly efficient for jnjecting posihive chacge carners. [t can be made of, for
example materials containing a metal, mixed metal, alloy, metal oxide or mixed-
metal oxide, or it can be a conducting polymer. Suitable metals include the
Group 11 mwtals, the metals in Groups 4, 5, and 6, and the Group 8-10 transition
metals. 1fthe avode is to be ligh-ransmitting, mixed-metal oxides of Groups 12,
13 and 14 metals, such as indivn-tin-oxide, are generally used. The IUPAC
aumbering system is used throughour, where the groups ftom the Periodic Table
are numbered from lefi to rié,ht 25 1-18 {CRC Handbook of Chemistry and
Physics, 815t Edition, 2000). The anode 110 may also comprise ap organic
material such as polyaniline as described in *Flexible light-emitting diodes made
from seluble conducting palymer,” Nagwre val. 357, pp 477-479 (11 Jung 1992,
At least one of the anode and cathode should be at least partially transparent to
allow the generated light to be observed.

Examples of hole transport materials for layer 120 have been summarized
for example, in Kitk-Othmer Encyclopedia of Chemical Technology, Fousth
Edition, Vol. 18, p. 837-860, 1996, by Y. Wang. Both hole transporting
molecules and pelymers can be used. Commonly vsed hele transporting
melecules are; NN-diphenyl-N,N“bis(3-methylphenyl)-{1,1'-biphenyl]-4,4-
diaming {TPD), 1,1-bis[{di-4-tolylemine) phenylleyelohexane (TAPC),

N N“bistd-psthylpheny)-tLIN"-bis 4-ethylphenyi)-[1,1(3,3'-dinethy)biphenyl]-
4 4'-diamine (ETPD), tetrakis-(3-methylpheny])-MN NN N2, 5-phenylenediatine
(PDA}, a-phenyl-4-N,N-diphenylaminostyrene (IPS), p-(diethylarmine)-
benzaldehyde diphenylhydrazone (DEH), triphenylimine (TPAY), bisf4-(N,N-
diethylamine)-Z-methylphenyll(4-methylphenyDmethane (MPMP), 1-phenyl-3-
{ip-(diethylamina)styryl]-5-[p-(diethylamino)phenyl] pyrazetine (PPR or DEASP),
1,2-trans-bis(S1-carbazol-9-v) eyclobutane (DCZR), WINN' N -tetrakis(d-methy!l-
phenyt)-{1,1"-biphenyl)-4,4'-diamine (TTB), and porphyrinic compeounds, such as
copper phthalocyanine. Commonly used hole transporting polymers are
polyvinylearbazole, (phenylmethyl)polysilane, and polyamiline. It is also possible
0 obtain hole transporting polymers by doping hole transporting molecules such
a3 those mentioned 2bove inio polymers suck as polystyrene and polycarbonate.

Examples of electron transport materials for layer 140 include metal
chelated oxineid compounds, such as tris(8-hydroxygquinelato)aluminum (Algs);
phenanthroline-based compaunds, such as 2,9-dimethyl-4,7-diphenyl-1,10-

13
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phenanthroline (DDPA} or 4,7-diphenyl-1,10-phenanthroline (DPA), and azale
compounds such as 2-(4-biphenylyl)-5-(4-t-butylphenyl)-1,3,4-oxadiarole (PBD}
and 3-(4-biphenylyl)-d-phenyl-5-(4-t-butylphenyl- 1,2, 4-trlazole (TAZ). Layer
140 can fimctien both to facilitate electron (ransport, aud also serve as a buffer
layer or confinement layer to prevent quenching of the exciton at Igyer interfaces.
Freferably, this layer promotes eleatron mobility and yeduces excifon quenching.

The cathode 150, is an electrode that is partienfarly efficiont for injecting
electrons ot negative charge earricrs. The cathode can be any metal ot nenmetal
having a lower worll function than the annde. Materials for the cathode can be
selected from alkali metals of Group 1 (e.g., Li, Cs), the Group 2 (alkeline carih)
inetals, the Greup 12 metals, including the rate earth elements apd lanthanides,
and the actinides, Materials such as aluminum, indinm, calcium, bagfum,
samartuo and magnesium, as well ag combinatians, can be used. Li-conteining
organemetallic compounds can also be deposited between the organic layer and
the cathode layer to Jower the eperating volizge.

It iz known to have other lagers it organie electronic devices. For
example, thers ¢an be a layer (not shown) between the conductive polymer layer
120 and the active layer 130 to facilitate positive charge transport and/or band-gap
matching of the layers, or to function a3 & protective layer, Similary, therc can bo
additipnal layers {not shown) between the active layer 130 and the cathode layer
150 to facilitate negative charge transport and/or band-pap ratching between the
iayers, or to function as a protective layer. Layers that ate known in the art can be
used. In addition, any of the above-described layers can be made of two or more
layers. Altemmatively, some or all of inorganic anode luyer 119, the conductive
polymer jayer 120, the active layer 130, and cathode laver 150, may be surface
treated to increase charge caner transport efficiency. The choice of materials for
each of the component laycrs is preferably determined by balancing the goals of
providing a device with high device efficiency.

[l is vnderstood that eack fitnctional layer may be madc up of more than
one layer.

The device caw be prepared by sequentially vapor depositing the individual
layers en a suitable spbstate. Substrates sneh as glass and polymeric filims can be
used. Conventional vapor deposition technlques can be used, such as thermal
evaporation, chernical vapor deposition, and the ke, Alternatively, the organic
iayers ean be coated from sofutions or dispersions in suitable solvents, using any
couventional coating technique. In general, the different layers will have the
fellowing range of thicknesses: anode 110, 500-5000A, preferably 1000-20004;
bole transport layer 120, 50-1000A, preferably 200-8004; hight-emitting layer

14
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130, 10~1000 A, preferably 108-800A; electron transport layer 140, 50-10004,
preferably 200-80DA; cathiode 150, 200-10000A, preferably 300-5060A. The
lecation of the electron-hole recombination zone in the device, and thus the
emission spectrum of the device, can be affecied by the relative thickness of each
layer, Thus the thickness of the electron-transport layer should be chosen so that
the electran-hole recombination zone is in the light-emitting layer. The desired
ratio of layer thicknesses will depend on the exact nature of the materials used.

It is understood that the efficiency of devices made with the iridium
compounds of the invention, can be fucther irproved by optimizing the otber
layers in the device. For example, more effieient cathodes such as Ca, Ba or LiF
can be nsed. Shaped substrates and novel hole transport materials that result in a
reduction i operating voltage or increase quamum efficiency are also upplicable.
Additional layers can also be added to (ailor the energy levels of the various layers
and facilitate electroluminescence.

The iridium comploxes of the invention ofien are phosphorescent and
photoluminesceni and may be useful in applications other than OLEDs. For
example, organometallic complexcs of iridium have boen used as oxygen
sensitive indicators, as phosphorescent indicators in bioassays, znd as catulysts.
The bis cyclometalated complexes can be used to sythesize tris cyclometataied
complexes where the third ligand is the same or differeni.

EXAMPLES

The following examples {llustrates certain features and advanrages of the
present invention. They are intended to be illustrative of the invention, but not
limiting. All perventages are by weight, unless otherwise indicated.

EXAMPLE |

This example lustrates the preparation: of the 2-phenylpyridines and
2-phenylpyrimidines which are used 1o form the iridium compounds.

The general procedure used was deseribed in 0. Lohse, 1. Thewenin,

E, Waldvogel Syriets, 1999, 45-48, Tn a typical experiment, a ntixtore of 200 mi
of degassed water, 20 g of potassium carbonate, 150 m! of 1.2-dimethoxyethane,
0.5 g of PA(PPhy)y, 0.05 mol of a substituted 2-chlaropyridine (quinoline or
pyrimiding) and .85 mol of a subsiiiuted phenylboronie acid was refluxed
{80-20°C) fur 16-30 b, The resulting reaction mixture was diluted with 300 wl of
water and extracied with CH,Cly (2 x 100 ml). The combined organic layers
weere dried over MgSQy, and the solvent removed by vacuum. The liquid
products were purified by fiactional vaceum distillation. The solid materials were
recrystaltized from hexane. The typical pucily of jsolated materials was >95%.

L3
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The starting materials, yields, melting and boiling points of the new materials are
givenin Lable 3. NMR data and analyticel data sre given in Table 4,

TABLE 3
Preparation of 2-Phenv! Pvridines, Phenvlpyrimidines and Phenvlguinolines
Compound Yield in % B.p./ mun Hg (m.p.) in °C

28 70 -

2-a 72 e

24 48 -

Zu 975 (76-78)

Py 41 (95-96)

2d 38 {39-40)

-2 55 74.5/0.1

2-g 36 130,07

2t 65 T7-78/0.046
2l 50 (38-40%

2-m 80 T2-73/0.01

2-f 22 52-33/D.12
2w 63 05-96/13

2w 72

2-x% 35 61-62/0.095
2y 62 (68-70}

2ez 42 G6-6710.06 {58-60)
2-3a 60

16
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Properties of 2-Pheny] Pyridines, Phenylpyrimidines and Phenylquinokines

Analysis %, found (calc.)

Compound  'HNMR 197 NMR or MS (M)

2-3 7.48¢(3H), -62.68 C,64.50
710(1H), (64.57)
783(1H), 1349
7.90(2H), {3.59)
875(1H) NEO7

6.28)

7a 7.19(1H), -60.82 (3F.s), C.59.56
730{1H),  -116.96 (1T, m) (59.75)
7.43¢1H) 315
7.080H), (2.50)
8.07 (1E} N, 5.57
9.00(1H) 530

20 7.551H), 6275 (3F.), C, 53.68
7.66(1H), -63.10 (3F, 5) (33.60)
7.88(1H), 261
8.03{1H), {2.40)
$.{1H), W, 4.53
£35 (1H) @81
£.09(1H)

2w 7.55(1H), 6259 (s C, 69,17
7.63(1H), (70.33)
1I5(2H), H, 379
7.89(201), (3.56)
3.28(2H), N, 4.88
8.38(1H), 5.12)
.50 (1H} -

2 7.53(1H), 62,14 (s) C, 53.83 (53.7%)
7.64(151), H,2.80
7.90¢15), G6n
8.18(11), ,9.9
5.30015), (10.44)
.53(1H),
943

2-d 7.06{1H), -62.78 {3F, s}, C, 58.73
7.48(1H), Grel (50.75)
781(3H), .86
S.01(1H), {1¥,m} (2.50)
8.95(LiT), W, 3.70

(30
17
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TARLE 4
{continued)
Analysis %, found (cale.)
Compound _ !H MMR PFNMR or MS (M3

Q¢ 3.80(3H) -62.63 C. 61.66
6.93(2H), (s) {61 .90)
7.68(1H), H,3.95
7.85(1H), (4.043
7.96(2H), N, 353
8.82%1}1'), (5.38)

2. 2.70(3H) -114.03 C, 76.56
7.10(3H), {m) {77.00)
7AG(1H), H.5.12
7.60015). (5.30)
8.05(2H), N, 543

(7.50)

21 7.19{ZH), -62.73 C, 5051
7.35(2), (3F, 5) (52.17)
7.95(110), -113.67 H,1.97
§.78(1H). (1F, m) @17

N, 5.09
(5.07)

2k 7.08(2H), -62.75 C, 60.39
T.62{1H), (3F.5) (59.753, H,3.38
7.90(3H), -111.49 (2.90),
$.8001H), (m} N, 5.3

(5.51)

2-m 7.10{2H), -62.63 C,52.13

7.80(21), (3F 5) (5217}
S.00(1H), -111.24 H,2.16
8.75(1H), (o) 2,173
N, 4.85
(5.07}

2-f 755031, -62.57(s) 25T0ME,
7.77(28), € oHgF2CIN®),
8.06{1H), EZEEM—C‘H
8.87(1E)

v 3.803H), -62.70 ppm: ©, 61 66 (61.37),
6.95(111), I, 3.98 (3.67),
730{1H), N,5.53 (5.48)
7.50(1H),

75815
7.75(1H)
7.90{1H),
8.87(1T)
18
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TABLE 4
{continued)

Analysis %, lound (calc)
19F NMR. or MS (M)

2w

2%

2-y

P

$.54 (1, d),
821 (21, d),
7.70 (24, d),
724 (IH, s),
6.82 (1H, dd),
3.91 (31, 5)
6.9 (28, m),
7.18 (2H,m}.
7.68 (2H, m),
7.95(1H, m},
8.65(1H, m);
6.94(1H),
7.62(2H),
T.82(1H),
8.03(1H),
8.96(1H);
6.85(1H),
6.93(1H),
7.80, 7.99,
8.05(3H),
8.89(1H);

7.70(3H.m),
T.85(3H, m),
7.80,7.90,

8.85(1H,m).

ZT0R T, 57

-109.79 {IF, m),
-113.35(1F, m}.

6272 ¢ 3F, 5,
-109.11 (2F, m)

-62.80 { 3F, 5),
-107.65 (I, m),
-L12.45(1F, m).

EXAMPLE 2

This example illustrates the proparation of iridium compounds of the
Fourth Formula fwc-In(L#); above.

In 2 typical experiment, 2 mixture of IrCly-nH, 0 (53-55% Ir), AgOCOCF;
(3.1 equivalents per Ir), 2-arvlpyridine (excess), and (optionally) a small amoant
of water was vigorously stitred under Ny at 180-125°C (oil bath) for 2-8 hours,

The resulting mixture was thoroughly extracted with CHyCly until the extracts

were colorless. The extracts were filtered through a silica column to produce a

clear yellow solution. Bvaperation of this solution gave a residue which was
treated with methanol fo produce colored crystalling tris-cyclometalated I¢
complexes. The complexes were separated by tiltration, washed with metirancl,

dried under vacuum, and (optionally) purified by crystallization, vacunm
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subliration, or Soxhlet extraction. Yields: 10-§2%. All matcrials were
characterized by NMR spectroscopic data and elemental analysis, and the results
ave given in Table 5 below. Single-crystal ¥-ray shructures were obtained for
three complexes of the series.
Compound 1-b

A mixture of IrCl; nH20 (54% Ir; $08 me), 2-(4-fluorophenyl)-5-
trflnoromethylpyridine, compound kk (2.20 g), AgOCOCF; (1,01 g), and water
{1 mL} was vigorously stirred under a flow of Ny as the temperatuze was slowly
(30 min) brought up te 185°C (oi] bath). Afier 2 hours at 185-190°C the ynixture
solidified. The mixnre was cooled down to roam temperature. The solids were
extracted with dichloromethane natit the extracts decolotized. The combined
dichloromethane selutions were filtered through a shert silica column and
evaporated. After methanol (50 mL} was added to the residue the flask was kept
at -10°C overnight. The yellow precipiiate of the fris-cyclometalated complex,
compound b, was separated. washed with methanol, and dried under vacuum.
Vield: 1.07 g (82%4). X-Ray quality crystals of the complex were obtained by
slowly coeling its warm selution in 1,2-dichloroethane.
Compound 1.¢

A mixture of IrCl3-nH;0 (34% Tv; 504 mg), 2-(3-tifluoromethylphenyl)-
S-tufluoromethylpynidine, compound bh (1.60 g), and AgDCOCF; (1.0F g) was
vigorously stinred under a flow of Nj as the temperature was slowly (15 min)

brought up to 192°C (oll bath). After 6 hours at 190-195°C the mixture solidified.

The mixture was cooled down 1o room lemperature. The solids were placed on a
silica column which was then washed with a lacge quantity of dichloromethane.
The residue after evaporation: of the filtrate was treated with methano! to produce
yellow solid. The solid was collecled and purified by exteaction with
dichloromethane in a 25-mL micro-Soxhlet extractor. The yellow precipitate of
the tris-cyclometalated complex, compound e, was separated, washed wilh
wigthauol, and dried under vacwm, Yield: 0.59 g (39%). X-Ray quality crystals
of the complex were obtained from hot 1 2-dichlarpethane.
Compound 1-d

A mixture of TrCly-nH,C (54% Ir; 508 myg), 2-(2-luorophenyl)-3-
trifluoromethylpysidine, compound aa {1.33 g), and AgOCOCEF; (1.01 g) was
vigorously stitred under a flow of Nj &t 190-195°C (oi] hath) for 6 h 13 min. The
mixfure was cooled dovn to toom temperature and then extracted with hot
1,2-dichloroethane. The extracts were filtered through a short eilica column and
evaporated. Treatment of the residue with methanel (20 mL) tesulted in

precipitation of the desired product, compound 4, which was separated by
20
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filtration, washed with methanol, and dried under vacuum. Yield: 0.63 g (49%).
H-Ray quality erystals of the complex were obtained from dichioromethane /
methanol.
Compound 1-i

A mixture of IrCly nHs O (54% [r; 503 mg), 2-(4-trifluoromethoxyphenyi)-
S-triflnaromethylpyridine, compound ee {2.00 g), and AgOCOCF, {1.10 g) was
vigorously stirred under a flow of Ny at [90-195°C (0il bath} for 2 h 45 min. The
mixture was cooled down to room {emperature and then extracted with
dichloromethane. The extracts were filiered through a short silica column and
cyaporated. Treatment of the residue with methanol (20 mL) resulted in
precipitation of the desired product, compound i, which was separatod by
filtration, washed with methanol, and deled upder vacuum, The yield was .86 g.
Additionally, 327 g of the comiplex was obtained by evaporaling the mother
liquor and adding petroleum elher to the =sidue. Overall yiclkd: 1.13 g (72%).
Compound 1-q

A mixtuse of IrCly-nH;0 (54% Ir; 530 myg), 2-(3-methoxyphenyl)-5-
trifluoromethylpyridine (2.50 g), AgOCOCF; (1.12 g), and water (1 mL) was
vigovously stirred under a flow of N; as the temperafure was slowly (30 mim}
brought up to 185 °C {oil bath). After I hour et 185 °C the mixture solidified.
The mixture was cooled down to room temperature. The solids were exirgeted
with dichloromethane until the exiracis decolorized. The combined
dichlorumethene solutions were Iltered through a short silica column and
evaporated. The residue was washed with hesanes and then recrystallized fiom
1,2-dichloroethane - hexanes (twice), Yield: ¢.30 g. 1%F NMR (CDoCly, 20 °C),
& -63 (=), T NMR (CD,Cly, 20 °C), 8: 8.1 (1H), 7.9 (1H), 7.8 (1H), 7.4 (1H),
6.6 (2[), 4.8 (311). X-Ray quality crystals of the complex (1,2-dichloroethane,
hexane solvaie) were abtained from 1,2-dichloroethane - hexanes. This facial
complex was orange-photoluminescent.

Compounds 1-a. 1-c, 1-f threugh 1-h, 1 threugh 1-m. and t-r were
similarly prepared. In the preparation of compound 1-3, a mixtre of isomers was
obtained with the fluorice in cither the Ry or Ry position.
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Analysis NMR
Compound (caled (found) (CD,Cl5,25°C)
1-a C: 503 (50,1} LH: 6.8 (11, 6.9 (11T), 7.0 (1T 7.8
H: 25027 ?2]:{), 7.95 (1H), 8.1 (1H;
M 4.9 {49 9F 634
Cl: 8.0(0.2)
b €1 47.4(47.3) 1H: 6.4 (LH), 6.75 (1H), 7.7 (JE, 7.8
I 20020 illi) 7.95 (11, 8.05 (1H)
4.6 (4.4) T -63.4 (5): ~109.5 (ddd)
1 C: 4744723 LH: 6.6 (1H), 6.7 (1H), 6.9 (1H), 7.8
I 2.0 2.0) L) 8.0 (D), 8. (1)
N: 46{4.5 9F. -63.5 () -112.8 fddd)
14 <. 35.9(56.1) 111 6.6 (2H), 6.8 () Hy, 708,76
H: 3.03.2) ﬁuﬂ 7.7 (D, 8.4 (1H)
N: 5.9¢5.8) -118.0 {dddy
I-o C: 44.1(43.3) IH: 69 LIH), TI(H)L TR (HL &0
H: 1.7(2.1) 2H), 8
N 3.5(3.6) 5S'F ab (11-), 63.4 (1F)
1-f C: 50.4 (5{.5) I 6.9 (1H), 7.1 (2H), 7.6 (IH), 78
H: 25027 guﬂ 79UH)81(HD
N: 45419 C624
TABLE 3
(continued)
Analysis NMR
Compound {calcd (found) {CPaCly, 25°C)
l-g C: 359 (36.3) IH; 6.4 (1), 6.7 (1H), 7.0 (1H}, 7.6
H: 1.0(3.2) (1H). 7.7 (1), 76 (111)
N: 5.5 {6.0} SF: -112.6 (ddd}
I-h C: 531.0(452) I 6.8 (1H), 6.95 (1H), 7.05 (1H), 7.7 1
g i; gg:)’ g]H}; 8.0 (IH), 29(iH)
1-i C: 49.4(49.3) IH: 3.6 {3]-[), 63 (1H), 6.6 (1H), 7.7 [
g: iz %ﬁ% %'EI), ’2.85 (LH), 7.95 (1H) |
c 444 Fr -63.2
1- C: 47.4 (47.4) T 6.7 (), 7.1 (), 7.5 (wy), 7.6 {m), !
H: 2.0 (2.3) 7.7 (m), 8.0 (m), §.2 (m)
N: 4.6 (4.7) 15F:" B s resanances (-63.0 - -63.6) and [
§ ddd resopances {(-92.2 - 125 5)
1k C: 435 (44.0) IH: 6.9 (1H), 715 (IH), 8.1 (1M}, 83 |
ﬁ; é.s ﬁﬁ (1D, %.45 (IH3, 8.6 (TH)
B3 (8 F: -62.9
1-1 C: 42.2(42.1) IH: 6.5 f1H), 6.7 (LW}, 7.75 (114, 7.85
H: 16, (1.8) (1D, 8.0 (1), 8.1 (Lk)
N: 3.8(3.7) YF: -58.1 (1F),-63.4 (1T} !
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EXAMPLE 3

This example illustrates the preparation of iridium complexes of the
Second Formula Iﬂ.,ﬂI.,bL‘le‘‘,.L"2 above,

Compound 1-n ’

A mixture of IrCly-nHyC (54% Ir; 510 mg), 2-(3-triflucromethylphenyl)-
quinoline (1.80 g), and silver trifluoroacetate (1.10 g) was vigorously stimred at
190+195°C for 4 hours. The resulting solid was chromategraphed on silica with
dichloromethans te produse a mixture of the dicyclometalated complex and the
unraacted ligand. The latter was removed from the mixture by exiraction with
warmn hexanes. After the extracts became colorless the hexane-tnsaluble solid
was collected and dried under vesuum. The vield was 0.29 g IYFNMR: -63.5
(s, 6F}, -76.5 (5, 3F). The structure of this complex was established by a single
crystal X ray diffraction study.

Compound 1-0

A mixture of IrCly-nH0 (54% Tr; 500 my), 2-(2-fluorophenyiy-3-chloro-
S-trifluoromethylpyridine (2.22 g), weter (0.3 mL), and silver trifiuoroacetate
(1.00 g) was stirred at 190°C for [.5 hours. The solid product was
chromatographed on silica with dichioromethane to produce .33 g of 2 2:1
co-crystallized adduct of the dicyclometalated aqua frifluoroacetate complex,
compound 1-p, and the unreacted ligand. !9F NMR: -63 4 (9F), -76.5 {1F), -37.7
(2F), -114.4 (1F). The co-crystallized phenylpyridine ligand was removed by
reerystallization trom dichloromethane-hexanes. The structures of both the
adduct and the cormplex were established by & single erystal Xeray diffraction
study.

EXAMPLE 4

This example tlustrates the preparalion of an hydroxo iridium dimer,
having structure (VIIL) above.

A miziwe of Cly-nHy O (54% Ir; 510 mg), 2-(4-fluoropheny)-5-
trifluoromethylpyridine (725 mp), water (5 mL), and 2-ethoxyethazsl (20 mL)
was vigoronsly stirred undes reflux for 4.5 hours. After a salution of NaOH
(2.3 g) in water (5 mL}) wag added, followed by 20 mL of water, the mixture was
stirred under reflux for 2 hours. The mixture was cooled down to roem
temperature, diluted with 50 mL of water, and filtered. The solid was vigorously
stirred under reflux with 30 mL of 1,2-dichlorcethane and aqueous NaQH (2.2 g
in 8 mL of water} for 6 hours. The organic solvent was evaporated from the
mixture to leave a suspension of an orange solid in the aguecus phase. The
orange solid was separated by filtration, thoroughly washed with water, and dried

mder vacwuen {o produce 0.94 g (95%) of the iridium bydroxo dimer
23
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(speotrosoopically pure). 'H NMR.(CD,ClLy): -1.0 (s, 1H, [rOH), 5.5 {dd, 2H),
6.6 (de, 2ZH3, 7.7 (dd, 2H), 7.9 (dd, 28, 8.0 (d, 219), 9.1 (d, 2H). F NMR
(CD,Cly): -62.5 (5, 3F), -109.0 (ddd, 1¥).
EXAMPLE 5

This example ilustraies the preparation of bis-cyclometalated complexes
from ar iridiuor dimer.
Compound 1-p

A mixture of the indium bydrono dimer (100 mng) trom Example 4, ethyl
aeetoacetate (0.075 mL; 4-fold excess), and dichloromethane (4 wl) was stitred
at roam termperature overnight. The solution wes filtered threugh a short silbica
plug and evaporated to ive an orange-vellow solid which was washed with
hexanes and dried. The yield of the complex was 109 mg (94%4). TH NMR
{CDLCLE): 1.1 (4, CH;), 3.9 (dm, CHZY, 4.8 (5, CHRCOCHD, 5.9 (m), 6.7 (), 7.7
(), 8.0 (m), 8.8 (). 19F NMR (CDyCly): -63.1 (5, 3F), 63.2 (s, 3F), -10%.1
(ddd, IF), -109.5 (ddd). Analysis: Caled: C, 44.9,H, 2.6, N, 3.5, Found: C,
44.4; H, 2.6, N, 3.3,
Compound 1-w

A solution of hydroxe iridium dimer from Example 4 (0.20 g) in THF
(6 mL) was treated with 50 mg of triflucraacetic acid, filtered through a short
silica plug, evaporated to ca. 0.5 mL, treated with hexanes (§ mL), and Jeft
overnight. The yellew crystalline solid was separated, washed with hexanes, and
dried under vacum. Yield (1:1 THE sclvate): 0.24 g (96%). [2F NMR (CD,Cly,
20°C), &: -63.2 (3, 3F), -76.4 (3, 3F), -107.3 (ddg, 1F). [HMMR {CD,Cl, 20 °C),
&: 9.2 (brs, 1F), 8.2 (dd, 1H), 8.1 (d, 1H}, 7.7 (m, 1H}, 6.7 {m, 1H), 5.8 {dd, 1H),
3.7 tm, 2H, TUF), 1.8 (m, 2H, THF},
Compound {-x

A ustce of the iifluorcacetate intenmediate, compound 1-w (75 mg),
and 2-{4-bromophenyl)-5-bromopyridine {130 mg) was stirred under N; at
150-155 °C for 30 min. The resulting selid was caoled to room temperature and
dissolved in CHyCly. The resulting solution was fiitered through silica gel and
evaporated. The residue was washed several times with warm hexanes and Jyied
under vacuum to leave a yellow, yellow-photoluminescent solid. Yield; 74 mg
{869%). 19F NMR (CD,Cly, 20 °C), 8: -63.1 {5, 3F), -63.3 (5, 3F), -16%.8 (ddd,
1F), -109.1 (ddd, 1F}. "H ¥MR {CDyClp, 20 “C), &: 8.2 (s), 7.9 (m), 7.7 (m), 7.0
(d), 6.7 (1), 6.2 (ddi}, 6.0 (dd). The complex was mertdional, with the nitrogens
of the {luorinated ligands being trans, as confirmed by X-1ay anulysis,

24
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EXAMPLE 6

This example illustrates the preparation of iridium compounds of the Fifth
Formula merXe(L0)q shove.
Cempound 1-5

This complex was synthesized in a manner similar to coropound 1-n,
According to the NMR, TLC, and TGA data, the result was an approximately 1:1
mixture of the facial and meridional {somers.
Compound i-t

A mixture of ItCl3nH,0 (54% Ir; 0.40 g), 2-(3,5-difluorophenyl)-5-
trifluorometirylpyridine (3.40 g), AgQCOCF, (0.81 g), and water {0.5 mL) was
vigorously stirred under a flow of N3 as the temperature was slowly {30-40 min)
brought up to 165°C (oil balh). After 40 min af 165°C the mixture solidified. The
mixture was cooled down ta reom temperature. The solids were extracted with
dichloromethane unlil the exiracts decolorized. The combised dichloromethane
solutions were filtered timough & short silica colunm and evaporaied. The residue
wag thoroughly washed with kexanes and dried under vacoun Yield: 0.53 g
(49%). 19F NMR. {CDaCly, 20 °C), 81 -63.55 (5, 3F), -63.57 (s, 3F), -63.67 5,
3F), -89.1 (¢, 18), -100.6 {t, 1F), -102.8 (dd, 1F), ~118.6 (ddd, 1F), -11%.3 (ddd,
%), -123.3 (ddd, 1F). 'HNMR {CD,(Cls, 20 °C), §: 8.4 (3), 8.1 (m), 7.9 {m), 7.6
{s), 7.5 (m), 5.6 (m), 6.4 {m). The complex was meridional, as was also
confirmed by X-ray analysis.
Compound L-u

This complex was prepared and isolaled similarly to compound 1-q, then
purified by crystellization from 1,2-dichloroeihane - hexanes. The vicld af the
purifted produet was 53%. The complex is mex, as follows from the NMR. daia.
19F NMR (CDqCla, 20 °C), 8: -63.48 (5, 3F), -63.52 (s, 6F), -105.3 {ddd, 1F), -
105.9 (ddd, 1F), -106.1 (ddd, 1F), -107.4 (¢, 1F), -107.9 {t, [F), -109.3 (&, 1F}. IH
NMR (CD,Cly, 20 °C), 8: 8.6 (m), 8.3 (5), 3.2 (8), 8.1 (m), 7.9 (m), 7.6 (m), 6.6
{m}, 6.4 (m), 6.9 (m}, 5.8 (m).
Compound i-v

This mer-complex was preparcd in a manner simifar to compound T-w,
using the trifluoroacetate dicyclometaliated infermediate, compound 1-x, and
2-(d-fluorophenyl)-3-trifluoromethylpyridine. 19F NMR (CD,Cly, 20 °C), &
-63.30 (s, 3T), -63.34 (5, 3F), -63.37 (5, 3F), -108.9 (ddd, 1F}, -109.0 {ddd, 1F),
-109.7 (dad, 1F}. TH NMR. (CD,Cly, 20 °C}, 5: 8.3-7.6 {m), 6.7 (m), 6.6 (4d), 6.3
{dd), 6.0 (dd). This yellow-luminescent merisional gomplex isomerised to the
green Juminescent facial isomer, compound 1-b, upon sublimation at 1 atm.
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EXAMPLE 7

This example illustrates the formation of OLEDs using the ividiwn
complexes of the invention.

Thin film OLED devices including a hole transport layer (AT layer),
electroluminescent layer {EL layer) and at least one electron transport layer (BT
layer) were fabricated by the thermal evaporation techrigue. An Bdward Aute
306 evaporator with o1l diffusion pumyp was used. The base vacuum for all of the
thin film depasition was in the rangs of 106 torr. The deposition chamber was
capable of depositing five different filns withou? the need to breal up the
vacuum.

Anindium tin oxide (ITO) coated glass substrate was used, baving an 110
layer of about 1000-2000 A. The substrate was first patterned by etching away
the unwanted ITO area with 1N TICI solusion, to form a fivst electrode pattern,
Polyimide tape was used as the mask. The patterned ITQ subsirates were then
cleaned ultrasonically in agucous detergent solution. The substrates wers then
tinsed with distilled water, followed by isopropanol, and then degreased in
tatuene vapor for ~3 hours.

The cleaned, patterned TTO substraie was then loaded into the vacuum
chamber and the chamber was pumped down to 10-¢ torr. The substrats was then
furthet cleancd using an exygen plasma for about 5-1¢ minutes. Afler cleaning,
multiple layers of thin films wers then deposited sequentially onto the substrate by
thermal evaporation. Finally, patterned metal elecuodes of Al werc deposited
through a mask. The thickness of the fil was messured during deposition using
a guartz crystal monitor {Sycen STC-200). All film thiclmess reported in the
Examples are nominal, caloulated assuming the density of the material deposited
to be one. The completed OLED device was then taken out of the vasuom
chamber and characterized immediately without encapsulation.

A summary of the device layers and thicknesses is given in Table 6. In all
cases the anode was 1TO as disoussed above, and the cathode was Al having a
thickness i the range of FO0-760 A. In some of the samples, a two-layer glectron
transport layer was used. The layer indicated first was applied adjacent to the EL.
layer.
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TABLE &
Algy = iris{8-hydroxyquinolato} aluntnum
DDPA =2 9-dimethyl-4,7-diphenyl-1,10-phenanthroline
Ir{ppy)s = fac-tris(2-phenylpyridine} iridium
MEME = bis[4-(N,N-disthylamino)-2-methyiphenylj(4-methylphenyt)methene
IIT layer EL layer ET layer
Sample (Thickness, A) | (Thickness, A) {Thickness, A}
Comparative | MPMP (528) | Tr(ppy)s (408) DDPA (106) + Algs (320)
] MPMP (520) | Compound 1-b DDPA (125) + Alqs(365)
(499)
2 MPMP (541} Compound 1-b DDFA (407}
(5800
3 MPMP (5403 | Compound -8 DDPA(112) + 4lq5(340)
{499)
4 MPMP (525} Compound 1-k DDPA (106) Algs (341}
(406)
5 MPMP (370} | Compound 1-i DIDPA (107) + Algy (339}
@1y
[3 MPMP (545} | Compound 1-f DDPA (111) + Algz (319}
(462)
7 MPME (6543) | Compound 1-g | DDPA [112) + Algs (361)
(4093
8 MEMP (539) | Compound [-f DDPA (109) + Alqgy (318)
430)
g MPWP (547) | Compound l-a DDPA (105) + Algy {300)
(412}
10 MPMP (532) Compound -h DDPA (108) + Algs {306)
457)
11 MPMP (603) | Compound 1-d DDPA {111} + Algy (303)
415)
12 MFMP (551} Compound 1-¢ DIPA (106) + Algy {313)
(465)
13 MPMP (3207 { Comprund 11 | DDPA (410)
(403)
27
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TABLE 6
(continued)
HT layer EL layer ET layer
Sarnple (Thickness, A) | (Thickness, A) {Thicimess, A)
14 MPMP {504} Compound 1-b DDPA (393)
(400) o
15 MPME {518} | Compound 1-b | 'DPA (415)
(133)
16 MPWP (556) | Compound lan | DDPA (430)
416)
17 MPMP (520} | Compound 1-n BDPA (420)
419
18 MPMF {511} Compound 1-¢ BDPA (413)
{412)
19 MPMP (527) Compound 1-p DDPA (412)
{425)
20 MPWMP (564) Compound 1-q TPA (407)
@1
2] WMPMP Compound 1-t DPA (416}
B RED) (419)
22 MPMP Cosmpound 1-u DPA (405)
(520) @1

(65)

The OLED samples wete characterized by measiring their (1) curzent-
voltage (I-V) curves, (2) electroluminescence radiance versus voltage, and
(3) electrolurninescence spectra versus voltage. The apparatus used, 200, is
shown in Figurc 2. The 1.V curves of an OLED sample, 220, were measured with
# Keithley Sturce-Measurement Unit Model 237, 280. The electroluminescence
radjance (in the unit of CdAu?} ve. vollage wag micasured with a Minolta LS-110
lumincecence meter, 210, while the voltage was scanned using the Keithley SMYU,
The eleciroluminescence speotrum was obtained by collecting light using a pair of
lenges, 230, through an electronie shutter, 240, dispersed through a spectrograph,
250, and then measured with a diode array detector, 260, All three measurements
were performed af the same time and controlled by a computer, 270. The
efficiency of the device at certain voltage is determined by dividing the
electrolumineseence radiance of the LED by the current density needed to run the
device, The unitis in Cd/a,

28
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The results are given in Table 7 below:

TABLE?
Electroluminescent? roperiies of Iridium Compounds
Penk Efficicney at Peal Approximaie Peak
Radiance, | pesk radiznce, efficiency, ‘Wavelengths,
Sample Cd/m2 Cd/A CdiA nm
Comparative 540 0.39 0.4% 522
atliy
1 1400 34 11 s25
at 2l v
2 1500 5% 13 525
at 25V J
3 B0 | 17 13.5 523
atlg v |
4 7.6 0.005 0.13 521
a2TVv
5 175 0.27 1.8 530, 563
at23Vv
6 514 1.5 2.2 560
al 20V
7 400 657 1.8 314
at26V
8 1200 0.51 2 517
A28V
9 400 1.1 4 543
at18 Vv
10 150 2.3 33 575
at 16V
11 1150 1.2 3.8 506, 526
at2s Vv
12 340 0.49 2.1 528
at 2V
13 480 k] : 5 520
at2l Vv
14 1200 5 2 525
15 2500 6 11 525
14 100 0.17 g.2 560
at 27V
17 35 0.005 0014 575
ai 28 W
18 30 0.08 .16 590
at 26 V
29
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TABLE 7
(continued)
Peak Efficiency at Peaic Approxitnate Peal
Radiance, | peak radiance, | efficiency, Wavelengths,
Sample Cdim2 Cd/A CdiA nm
19 2000 6 8 332
Lomal ¥V
20 1 350 060 16 595
af 26 V
21 1200 3 545
al 22V
22 8¢ 1 540
at 19 v

15

The peak efficiency is the best indication of the value of the
electrolbmineseent compound in a device. It gives a measure of how many
elestrons ave to be tnput into a device iv order to get a certain number of photons
out (rediance}. It is a fundamentally important nomber, which reflects the
intrinsic efficicncy of the lipht-emitting material. Itis also bapertant for practical
applications, since higher efficiency means that fewer elections are needed in
order to achieve the same radiance, which in tarn means lower power
consumption. Higher efficiency devices alsa tend to have longer lifelines, since a
higher proportion of injected electrons are converted to photons, instead af
generating heat or causing an undesirable chemical side reactions. Mot of the
iridizm complexes of the invention have much bigher peak efficiencies than the
parent fac-tris(2-phenylpyriding) iridivm complex, Those complexes with fower
efficiencies may also find uiility as phosphorescent or photolurminescent
materials, or as catalysts, as discussed above.
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CLAIMS
VWhat is claimed is:
1. Aporpanic electronic device comprising an smitting layer wherein at
Teast 20% by weight of the emitting layer comprises at Jeast one compound having
5 aforoula below:
IEALALS, LY LY,
where:

x=forl,y=0 1or2 and z=0 or 1, with the proviso that:

x=0ory+z=0and
10 when y=2thenz=0;

L'=a bidentate igand or & monoedentate ligand, and is nota
phenylpyridine, phenylpyrimidine, or phenylquinoling; with the
proviso that:

when L' is 2 monodentate ligand, y+z = 2, and
15 when L' is a bidentate ligand, z = (1,

L* = a monedentale Hgand, and is not a phenylpyridine, and

phenylpyrimidine, or phenylguinoline; and

L2, Lb and L are alike or different from each ofher and each of L2, L
20 and LF has structure {I) below:

Ry Rs R Ry

A
A
Ry (=% ©
N
R 7w
wherein:
25 adjacent pairs of Ri-R4 and Rs-Rg cen be joined to form a

five- of six-membered ring,
ut least ane of Ry-Ry is selocted from F, C Fap,

CC Fans. and OCF, X, where n = -6 and X = H, €I, or Br, and
A =Cor N, provided that when.A =N, there is ne R

30 2. The device of Claim ] whereinx=1,¥=0,:md z= Q.
3. The device of Claim 2 wherein A = C and none of R -Ryg is selected
from nitro.

4. The device of Claim 1 wherein Ry is CFy.

31
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5. The device of Claim 4 wherein at least one of Rs-Rg I3 selected from
F, CpFans1. OC Faney, and OCELX, where n = 1-6 and X = H, C), or Br.

4. The deviee of Claim, Z wherein A=C, Ry =CF3, Ry =F, and R, Ry,
Ry-Rjzand Rg=H.

5 7. The device of Claim 2 wherein A = C, R3 and Ry = CFy. and By, Ry,

Ry, Rs, Ry and Rg = H.

8. The device of Claim 2 wherein A =C, Ry = CFy, Ry and Rg=F, and
Ry, Ry, Ry, Re, and Ry = E.

9. The device of Claim [ wherein x = 0 and y = 1 having a structure (V1)

10 below:

vh

10, An orgauic elecironis device comprising an emitliog layer wherein the
15 emitting [ayer comprises o diluent and less than 209 by weight of at least ona
componnd that hias a formula below:

IrLALALE,
whaere:
20
1.2, Ll and L¢ are alike ar difforent from each othet and eack of L2, LY
and L* has structure (1) below,
Rg, Rs Rl\ Ra
A
K7 () @
N
B 7Ry
25
32
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20

25

30

wherein:
adjacent pairs of R|-R4 and Rs-Rg can be joined to form a
five~ or six-menthersd ring,
at least ane of R |-Ry is selected ftom F, C\Fpy.(,
OC Fayyy, and OCF,X, where n= [-6 and X =H, Cl, or Br, and
A=CorN, provided that when A =N, there is no Rl‘.

11. The device of Claim J0 wherein the diluent is selccted from
poly(N-viny! carbazole), polysilane, 4,4'-N,N'-dicarbazole bipbenyl, and tertiary
aromaiic amines.

12.  The deviee of Claim 1, further corprising @ holc transport layer
selected from N, MN-dipheny)-M,N-bis(3-methy|phenyl)-[1,1-biphenyl]-4,4'-
diamine (1PD), 1,1-bis{{di-4-tclylamine} phenyljcyelohexane (TAPC),

N N-bis(4-methylpheny)-NNbis(-ethylphenyl)-[1,1<(3,%-dimetkyl)biphenyl)-
4,4"-diamine (ETPD), tetralds-{3-methylphenyl)-N NN N2, S-phenylenediamine
(PDA), -phenyl-4-N N-diphenylaminostyrena {TPS), p-{dicthylandne)-
enzaldehyde diphenylbydrazone (DER), tiphenylamine (1P AY, bis[4-(N,N-
diethylamino}-Z-methy[phenylj(4-methyiphenylimethane (MPMP), 1-phenyl-3-
[p-{diethylamina)styryl]-3-[p-{diethylamine)phenyl] pyrazeline (PPR o DEASP),
1. 2-trans-bis(S11-carbazol-S-yl)eyclobutane (DCZR), NNN N'-tetrakis(4-
methylphenyl}(1,1'-biphenyl)-4.4"-diamine (T1B), porphyrnic compounds, and
combinations thercof.

13. The device of Claim 1, further comprising an eleckron transport layer
selected from tris(8-hydroxyquinolatoyaluminum, 2,9-dimethyl-4,7-diphenyl-
1,18-phenanthroling (DDPA), 4,7-diphenyl-1,10-phepanthroline (DPA), 2-(4-
biphenylyl-3-(4-1-butylphenyl)-1,3 4-oxadiazole (PBD}, 3-{4-biphenylyl)-4-
phenyl-5-(4-t-butylphenyl)1,2,4-hiarole {TAZ), and combinations thereaf.

14, A compound having a formula selected from fac-r(L);, mer-In(L);,
and combinations thereof, where L is selected from group 1-a through 1-m and
1-g through I-v, ag shown in Table [, and has structure (T) below:

Rs R; Rp
]\A

By C) Rz @

whercim:

33
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adjacent pairs of Rj-Ry and Rs-Rg can be jeired to form a
five- of six-mentbered ring,
at [east one of Ry-Ry is selected fiom F, CyFypy,
OC_Fap 4, and OCFX, where n = [-6 and ¥ =H, CI, or Br, and
5 A=Cor M, provided that when A= N, there isno R,
15 A compound having a structare selected from structures (IV), (V),
(V), (IX) and (X) below:

FC l

= TN

o
hggyfmg @y

)
F
VD
N
o |
CF;

34
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F
A
sl p—CFy
] \0
e |
CFy /2
axy
/ F Br
|J'\\
T .
w o)
CFg/2 Br
5
&0

16, Anorganic electronie device comprising an smitting laver that
comprises a compound selected from the following (i} and (ii):
10 (i} a compound having & formuba seleeted fram fae-Tr(L)s, mer-lr(L)g, and
combinations thereof, where L is & group selected froml-a through 1-m and 1
through 1-v, 25 shown in lable 1 and has strueture (1 below:

Rs, Rs Rl\ Ra
A
R; O O Ry U]
N
¥ 7w
13
wherein:
adjacent pairs of R;-Ry and R5-Rg can be joined to form a
five- ar six-membered ring,
at ieast ome of R1-Ryg 15 selected from I, CyFoy1,
20 QCFans, and OCF X, where n = 1-6 and X = I1, Cl, or Br, and

35
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A =Cor N, provided that when A = N, there is no Rj;
(if) 2 compounad having one of struetures TV, (V), (VI3 (IX}, end {X)

below:
5
F3C
Jd .
IT\D/}CFa avy
N
\$
z
CH,
CIF Ir\o ")
=N }\
o CF;
CF
3 2
F
CHs
9=
ﬁ i [4%)
N 0=
o 00 H;
CPy .
10
36
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/F
Q
"Ir< '}—cr:3
N (o]
o
\ CFy /2
(1Xy
F Br
] ==
(1
i
N \\N/
C g
Chy/ 2 Br
3 )

[7. The device of Claim 16 wherein the emitfing layer Further comprises a
diluent.
18. ‘The device of Claim 17 wherein the diluent js selecied from
10 poly(N-viny! carbazole), polysilane, 4,4'-NN'-dicarbazole biphenyl, and tertiary
argmatic amines.
19. A compound selected from compounds 2-a through 2-aa as shown in

Tzble 2, having structure (11} below:

Ré R Ry R
O
R R3 am
N
R{ Ry Ry

wherein: RgisH;
adjacent paits of Ri-R, and Ry-Fy can be joined to form a
[isre- o six-membered ring;

37
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at least one of Ry-Rg is selected from F, CpFany,
OC Fap 1, and OCFX, where n = 1-6 aud X =H, C, o1 By, and
A = or N, provided that when A =N, there is no R;.
20. A compound having structure {IIT) below:

5
Ry Ras Rig R
Rz
Wose
N Rus @
Ryg Rap
Rif Ry
whersin Ry = CFg and Rjg-Ryg and R g-Ryg =H.
10 21, A compound havirg strueture VII below:
i
b <
L\ /O\ /L,

S o

w3,

wherein:
B =H, CHj, or CoHs;
15 L4, Lb, Ls, and 14 are the same or different from cach other; and
each of L1, LY, L€, and L9 has stucture (1) below:

Ry

L

20 wilzerein:
adjacent pairs of K -K4 and Rs-Rg con be joined to forma
five- or six-membered ring,
at 1east one of Ry-Rg 15 selected from F, & Fayp g,
0CyFap., and OCFX, where n=1-6 apd X =H, CL, or Br, und
25 A=Cor N, provided that when A =N, there is no Ry.

38
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22,

The compound of Claim 21 wherein:

PA=lb=1r=L4

B=H;

Ry =0CFq;

Bg=F,;

R).Ry, Ry-Rgand Rg=H,

39
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INTERNATIONAL SEARCH REPORT FCTAls 01720539

Box| Cbservations where certain claims were found wnsearchable (Continu-allon of item 1 of first sheel)

“This Iv‘emaliznal Search Feporl has rot bzan established i1 respect of certaln cleims under Ardicle 17(2)ia) lor tie follewing reasans:

1. D Ciaims Mes.:

nepause thay ralate 1o suLbject mattar not rerpi-ed te be searchad ny is Autherity, namaly:

2. I: Clzims Mos.:
a6cALSe they ralats to parts of Fa Intanatnnal Application that da not comp’y with the prescribal req.Temants 1o sush
2n extent thal ro meaninghul ntematoral Search can b camied o, specilically:

kl D Claims Nos.«
because they aro dependan ohims znd are pol drated n accordarce with the 2econd ond thind sentences at Svie 6.4(a).

Box Il Observations where unity of invention is lacking {Continuation of item 2 of first sheet)

ihis Intemational Searching Authority found muliiple Fventions in this interaticnal apalication, as follows:

see additional sheet

1. As all required aduitional seach lews wore limely pa by the applicant, this Inferatioral Seardt: Report covers
szamhable clzims.

2 D As all saaranable eiama eoukd b searched withaut affert JLstifying an additisnal fos, tals Autharty did naf Invits aaymant
o any addilional fez,

3 s anly some of the: requlrad addivional search fces weee inaly pald by te appizant, this Intermational Scarch Rzport
wuvers only ‘hose claims for witic™ lees were pad, spscifically slaims Nos.:

4, D Mo zagquiced addtoral saarch teas wera timely paid by e applicanl, Conseouently, Ins Interrational Search Raportis
restricted f the irventicn first menlioned in tha clairs; it is covered by ckams Nos

Retnark on Proteat |:| The additians; search fzes were actempaniet by the Appcants prazest,

No protss accompanted the payrient of additiona; scesch fees,

Farm PCASA210 [ortinuation o fisl shaet (1)) (luly 1098}
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Intematicnal Application Ne. PCTAIS 01 £0539

FURTHER INFORMATION CONTINUED FROM  PCTASA 210

This Internationai Searching Authority found muttiple {groups of)
inventions in this international application, as follous:

1. Claims: 1 (part}),?,3 4(part),5(part),6-8,10,11,12(part),
13(part),td,16-18(part}

Organic electronic device comprising an iridium complex
IrLalble {containing nc other ligands L” or L°?) as defined
n claim 1.

1.1, €laims: 10,11
Organic electrenic device comprising an emiting layer
and less than 20% by weight of at Teast one compound
that has & formula Irialble as defined in claim 10,

1.

~

. Ciaims: 14, 16-18({part)

Compound having a formula selected from fac-Ir(L)3,
mer-Ir(L)3, and combinations thereef as defined in
claim 14 and organic siectronic device comprising an
emitting layer comprising this compound.

2. Claims: 1{part},d(part), bipart),9,12(part),13(part),15,
16-13(part)

Organic electronic device comprising an iridium complex
IrLalbL?L** , Trlalbl?? , or llLalbL® {containing ne Tigand
L) as defined 1n clatm 1

3. Claim @ 19

Organic 1igand as defined in claim 19.

4, Claim 3 20

Organic Yigand as defined in gJaim 2C.

E. Claims: 21-22
Iridium complex as defined in claim 21.
Please note that all inventions menticned under item 1, although not

necessarily linked by & common inventive concept, could be searched
without effort justifying an additional fee.
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