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LUMINESCENT CYCLOMETALATING
TRIDENTATE LIGAND-CONTAINING
GOLD(III) COMPOUNDS WITH ARYL
AUXILIARY LIGANDS FOR ORGANIC
LIGHT-EMITTING DEVICES AND THEIR
PREPARATION THEREOF

FIELD OF THE INVENTION

[0001] Embodiments of the invention are related to the
design and synthesis of a novel class of gold(TIT) compounds
containing cyclometalated tridentate ligand and one aryl
auxiliary ligand. These emitters can be fabricated by vacuum
deposition or solution processing for applications in phos-
phorescent organic light-emitting devices (OLEDs).

BACKGROUND OF THE INVENTION

[0002] With the advantages of low cost, light weight, low
operating voltage, high brightness, robustness, color tun-
ability, wide viewing angle, ease of fabrication onto flexible
substrates as well as low energy consumption, OLEDs are
considered to be remarkably attractive candidates for flat
panel display technologies and for solid-state lighting. Phos-
phorescent heavy metal complexes are an important class of
materials in making OLEDs because of their relatively short
triplet excited-state emission lifetimes and high lumines-
cence quantum yields. The presence of a heavy metal center
can effectively lead to a strong spin-orbit coupling and thus
promotes an eflicient intersystem crossing from its singlet
excited state, eventually to the lowest-energy triplet excited
state followed by relaxation to the ground state via phos-
phorescence at room temperature. This results in a four-fold
enhancement in the internal quantum efficiency of OLEDs to
reach a theoretical maximum of 100%.

[0003] Typically an OLED consists of several layers of
semiconductor materials sandwiched between two elec-
trodes. The cathode is composed of a low work function
metal or metal alloy deposited by vacuum evaporation,
whereas the anode is a transparent conductor such as
indium-tin oxide (ITO). Upon the application of a DC
voltage, holes injected by the ITO anode and electrons
injected by the metal cathode will recombine to form
excitons. Subsequent relaxation of excitons will then result
in the generation of electroluminescence (EL).

[0004] The breakthroughs that led to the exponential
growth of this field and to its first commercialized products
can be traced to two pioneering demonstrations. In 1987,
Tang and VanSlyke [Tang, C. W.; VanSlyke, S. A. Appl.
Phys. Lett. 51, 913 (1987)] proposed the use of a double-
layer structure of vacuum deposited, small-molecular films,
in which tris(8-hydroxyquinoline)aluminum (Alg3) was uti-
lized both as the light-emitting layer and the electron trans-
porting layer. Later, the first polymeric light-emitting device
was pioneered by Burroughs et al. in 1990 [Burroughs, J. H.;
Bradley, D. D. C.; Brown, A. R.; Marks, N.; Friend, R. H.;
Burn, P. L.; Holmes, A. B. Nature 347, 539 (1990)], in which
a yellow-green EL from poly(p-phenylenenvinylene) (PPV)
was achieved. Since then, a number of new small molecular
based and polymeric light-emitting materials have been
investigated with improved light-emitting properties. The
key advantage of using polymers as light-emitting materials
is that they are highly soluble in most organic solvents, and
the devices can be easily fabricated by using low-cost and
efficient wet processing techniques, such as spin-coating,
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screen-printing, or ink-jet printing [Burrows, P. E.; Forrest,
S. R.; Thompson, M. E. Curr. Opin. Solid State Mat. Sci. 2,
236 (1997)].

[0005] In 1998, Baldo et al. utilized 2,3,7,8,12,13,17,18-
octaethyl-21H,23H-porphine platinum(1l) (PtOEP) as emis-
sive material and demonstrated a very encouraging external
quantum efficiency (EQE) of up to 4% [Baldo, M. A
O’Brien, D. F.; You, A.; Shoustikov, A.; Sibley, S.; Thomp-
son, M. E.; Forrest, S. R. Nature 395, 151 (1998)]. Since
then, organometallic compounds based on transition metal
centers, such as iridium(IIl), rhenium(I), ruthenium(Il),
osmium(II), copper(I), gold(I), platinum(II), have attracted
extensive attention in the past few decades and are consid-
ered as highly attractive candidates for full-color display
technologies and energy-saving solid-state lighting systems
[Tang, M.-C.; Chan, A. K.-W.; Chan. M.-Y; Yam, V. W.-W.
Top. Curr. Chem. 374, 1 (2016)]. On the other hand, unlike
the relatively mature platinum(Il) systems, gold(I1l) com-
pounds of isoelectronic d* electronic configuration have
been less explored and only limited number of luminescent
gold(11I) complexes have been reported. It is believed that
the presence of low-energy d-d ligand field excited states
would quench the luminescence excited state through ther-
mal equilibration or energy transfer [Yam, V. W. W.; Choi,
S. W.K.; Lai, T. E.; Lee, W. K. J. Chem. Soc., Daiton Trans.
1001 (1993)]. This limitation has been overcome by Yam et
al., in which the incorporation of strong o-donating ligands
on the gold(IIT) center, which would render the metal center
less electrophilic as well as result in the enhancement of
luminescence properties by raising the energy of the d-d
states [Yam, V. W.-W.; Wong, K. M.-C.; Hung, L.-L..; Zhu,
N. Angew. Chem. Int. Ed. 44,3107 (2005), Wong, K. M.-C;
Hung, L.-L.; Lam, W. H.; Zhu, N.; Yam, V. W.-W. J. Am.
Chem. Soc. 129, 4350 (2007); Wong, K. M.-C.; Zhu, X;
Hung, L.-L.; Zhu, N.; Yam, V. W.-W.; Kwok, H. S. Chem.
Commun. 2906 (2005)]. In addition, the utilization of these
luminescent gold(I1T) compounds as phosphorescent dopant
materials in OLEDs yields strong EL with high EQE of
about 5.5%. In order to further improve the EL performance
of the bis-cyclometalated alkynylgold(IIT) systems, system-
atic modifications have been conducted on the bis-cyclom-
etalated ligands as well as on the alkynyl ligands [Au, V.
K.-M.; Tsang, D. P.-K.; Chan, M.-Y; Zhu, N.; Yam, V. W.-W.
J. Am. Chem. Soc. 132, 14273 (2010); Au, V. K.-M.; Tsang,
D. P-K.; Wong, K. M.-C.; Chan, M.-Y; Zhu, N.; Yam, V.
W.-W. Inorg. Chem. 52, 12713 (2013)]. It was found that the
introduction of more conjugated and more rigid aryl-substi-
tuted diphenylpyridine and alkynyltriarylamine ligands onto
the gold(Ill) metal center could generally improve their
luminescence quantum yields. The optimized device with
[Au(2,5-F,C;H;-C'N"C)Y(C=C—CH,N(C,H,),-p] exhib-
ited a maximum current efficiency of 37.4 cd A™', power
efficiency of 26.2 Im W, and a high EQE of 11.5%, that is
comparable to those of the Ir(ppy);-based devices [Baldo,
M. A,; Lamansky, S.; Burrows, P. E.; Thompson, M. E.;
Forrest, S. B. Appl. Phys. Letr. 75, 4 (1999), Wong, K.
M.-C.; Chan, M.-Y; Yam, V. W.-W. Adv. Mater. 26, 5558
(2014)]. In light of the interest in the use of phosphorescent
materials for solution-processable OLEDs, further extension
of the work had been made to the design and synthesis of
phosphorescent dendrimers through the incorporation of the
gold(TIT) complexes into a dendritic structure [Tang, M.-C.;
Tsang, D. P.-K.; Chan, M.-Y; Wong, K. M.-C.; Yam, V.
W.-W. Angew. Chem. Int. Ed. 52, 446 (2013); Tang, M.-C.;
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Tsang, D. P.-K; Wong, Y-C.; Chan, M.-Y; Wong, K. M.-C.;
Yam, V. W.-W. J. Am. Chem. Soc. 136, 17861 (2014); Tang,
M.-C.; Chan, K. M.-C.; Tsang, D. P.-K.; Wong, Y.-C. Chan,
M.-Y; Wong, K. M.-C.; Yam, V. W.-W. Chem. Eur. J. 20,
15233 (2014)]. In 2013, Yam and co-workers demonstrated
the first report on the design and synthesis of gold(IIl)
dendrimers; particularly, carbazole-based and triphenylam-
ine-based dendritic alkynylgold(Ill) complexes have been
synthesized. Efficient solution-processable OLEDs have
been achieved by doping gold(III) complexes into m-(N,N'-
dicarbazole)benzene (MCP) as emissive layer by spin-coat-
ing. A high yellow-emitting OLED with EQE of up to 10.1%
was recorded. In addition, the incorporation of hole-trans-
porting moieties, such as carbazole or triphenylamine, into
the dendritic structure to form higher generation dendrimers
could suppress the intermolecular interactions and reduce
the bathochromic shift of the emission, similar to the cases
for the iridium(IIT) dendrimers. More importantly, the emis-
sion energies could be effectively tuned from green to
saturated red by a delicate design on the cyclometalated
tridentate ligands as well as the dendrimer generations.

[0006] Although the photophysical properties of gold(III)
compounds are exciting and attractive, the limited synthetic
methods have hindered the emergence of organogold(IIl)
chemistry. One of the notable works was made by Yam and
co-workers, in which a series of luminescent organogold(I1I)
diimine complexes have been successfully synthesized
using Grignard reagents [ Yam, V. W. W.; Choi, S. W.K_; Lai,
T. F.; Lee, W. K J. Chem. Soc., Dalton Trans. 1001 (1993)].
Later, Bochmann and co-workers first reported the cyclom-
etalated C'N"C gold(IIl) hydroxide complex as versatile
synthons for Au—N and Au—C complexes [Rosca, D.;
Smith, D. A.; Bochmann, M. Chem. Commun. 48, 7247
(2012)], and a number of gold(Ill) aryls, alkynyls and
heteroaryls with intense room-temperature emission have
been achieved. However, their synthetic route involves at
least two synthetic steps to obtain their target complexes.
Recently, Gray and co-workers reported the palladium-
catalyzed Suzuki-Miyaura coupling of arvlboronic acids
coordinated to gold(TIT) chlorides with bidentate cyclometa-
lated C'N ligands [Maity, A.; Sulica, A. N.; Deligonul, N.;
Zeller, M.; hunter, A. D.; Gray, T. G. Chem. Sci. 6, 981
(2015)]. Both monoarylation and diarylation can be readily
obtained. More importantly, the reactions can be carried out
at room temperature, and the products are stable to air,
moisture, and chromatography. This opens up a new
approach for the formation of the metal-carbon bond under
mild condition.

[0007] Herein, the present invention describes the design,
synthesis and photoluminescence behaviors of luminescent
gold(1II) compounds with one aryl auxiliary group (FIG. 1).
This class of complexes can be easily obtained by reacting
the gold(Ill) chloride precursor complex with the corre-
sponding arylboronic acids under palladium-catalyzed
Suzuki-Miyaura coupling condition. The identities of com-
pounds 1-14 have been confirmed by *H NMR spectroscopy
and FAB-mass spectrometry. All compounds have been
isolated as thermally stable solids with decomposition tem-
peratures of above 250° C. and the thermogravimetric analy-
sis (TGA) trace of compound 1 has been shown in FIG. 2 as
an example. Compound 2 is selected as triplet emitting
material in the fabrication of both vacuum-deposited and
solution-processable OLEDs with respectable EQEs of up to
14.7% and 5.9%, respectively.
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BRIEF SUMMARY OF THE INVENTION

[0008] The objective of the present invention is to provide
a novel class of tridentate ligand-containing gold(Ill) aryl
compounds for applications in OLEDs. The invented gold
(1II) compound is a coordination compound that contains a
tridentate cyclometalated ligand and one aryl group, both
coordinated to a gold(IIT) metal center. Likewise, any aryl
group can be employed as the ancillary ligand. Other
embodiments of the invention are directed to OLEDs based
on this class of luminescent gold(III) complexes.

[0009] The luminescent gold(Ill) compounds have the
chemical structure shown in the generic formula (1),

O

[0010] (a) X is nitrogen or carbon;

[0011] (b) Y and Z are independently nitrogen or car-
bon;

[0012] (c) A is cyclic structure (derivative) of pyridine,

quinoline, isoquinoline or phenyl group;

[0013] (d) B and C are independently cyclic structures
(derivatives) of pyridine, quinoline, isoquinoline or
phenyl groups;

[0014] (e) B and C can be identical or non-identical,
with the proviso that both B and C are not 4-tert-
butylbenzene;

[0015] (D) R'is a substituted carbon, nitrogen, oxygen or
sulfur donor ligand attached to the gold atom;

[0016] (g) n is zero, a positive integer or a negative
integer.

[0017] whereinR'is selected from, but not limited to,
aryl, substituted aryl, heteroaryl, substituted het-
eroarvl, heterocyclic aryl and substituted heterocy-
clic aryl, alkoxy, aryloxy, amide, thiolate, sulfonate,
phosphide, fluoride, chloride, bromide, iodide,
cyanate, thiocyanate or cyanide.

[0018] The present invention further includes the follow-
ing embodiments:
[0019] 1. A luminescent gold(Ill) compound having the

chemical structure shown in formula (1),

)

[0020] (a) X is nitrogen or carbon;
[0021] (b) Y and Z are independently nitrogen or car-
bon;



US 2020/0044167 Al

[0022] (c) A is cyclic structure (derivative) of pyridine,
quinoline, isoquinoline or phenyl group; (d) B and C
are independently cyclic structures (derivatives) of
pyridine, quinoline, isoquinoline or phenyl groups;

[0023] (e) B and C can be identical or non-identical,
with the proviso that both B and C are not 4-tert-
butylbenzene;

[0024] (D) R'is asubstituted carbon, nitrogen, oxygen or
sulfur donor ligand attached to the gold atom;

[0025] (g) n is zero, a positive integer or a negative
integer; and wherein R’ is selected from, but not limited
to, aryl, substituted aryl, heteroaryl, substituted het-
eroaryl, heterocyclic aryl and substituted heterocyclic
aryl, alkoxy, aryloxy, amide, thiolate, sulfonate, phos-
phide, fluoride, chloride, bromide, iodide, cyanate,
thiocyanate or cyanide;

[0026] ring A is benzene, pyridine, or aryl (derivative),
or pyridyl, quinolyl, isoquinolyl (derivative), but not
limited to, with one or more alkyl, alkenyl, alkynyl,
alkylaryl, cycloalkyl, OR, NR,, SR, C(O)R, C(O)OR,
C(O)NR,, CN, CF;, NO,, SO,, SOR. SO,R, halo, aryl,
substituted aryl, heteroaryl, substituted heteroaryl or
heterocyclic group, wherein R is independently alkyl,
alkynyl, alkylaryl, aryl or cycloalkyl; and rings B and
C are independently benzene or pyridine, or aryl (de-
rivatives), or pyridyl, quinolyl, isoquinolyl (deriva-
tives), with one or more alkyl, alkenyl, alkynyl, alky-
laryl, cycloalkyl, OR, NR,, SR, C(O)R, C(O)OR, C(O)
NR,, CN, CF;, NO,, SO,, SOR, SO;R, halo, aryl,
substituted aryl, heteroaryl, substituted heteroaryl or
heterocyclic group, wherein R is independently alkyl,
alkynyl, alkylaryl, aryl or cycloalkyl.

[0027] 2. A method for preparing a luminescent compound

with a cyclometalated tridentate ligand and at least one

monoaryl group coordinated to a gold(IIl) metal group,
comprising the following reaction:

« R'—DB(OH),, Base, [Pd]

OR
[Ag], Toluene,

R'—NH, R'—O0H or
R'—=SH, Base

[0028] wherein ring A is benzene, pyridine, or aryl
(derivative), or pyridyl, quinolyl, isoquinolyl (deriva-
tive), with one or more alkyl, alkenyl, alkynyl, alky-
laryl, cycloalkyl, OR, NR,, SR, C(O)R, C(O)OR, C(O)
NR,, CN, CF;, NO,, SO,, SOR, SO;R, halo, aryl,
substituted aryl, heteroaryl, substituted heteroaryl or
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heterocyclic group, wherein R is independently alkyl,
alkynyl, alkylaryl, aryl or cycloalkyl;

[0029] rings B and C are independently benzene or
pyridine, or aryl (derivatives), or pyridyl, quinolyl,
isoquinolyl (derivatives), with one or more alkyl, alk-
enyl, alkynyl, alkylaryl, cycloalkyl, OR, NR,, SR,
C(O)R, C(O)OR, C(O)NR,,, CN, CF;, NO,, SO,, SOR,
SO,R, halo, aryl, substituted aryl, heteroaryl, substi-
tuted heteroaryl or heterocyclic group, wherein R is
independently alkyl, alkynyl, alkylaryl, aryl or
cycloalkyl; and

[0030] R' is selected from aryl, substituted aryl, het-
eroaryl, substituted heteroaryl, heterocyclic aryl and
substituted heterocyclic aryl, alkoxy, aryloxy, amide,
thiolate, sulfonate, phosphide, fluoride, chloride, bro-
mide, iodide, cyanate, thiocyanate or cyanide.

[0031] 3. Alight-emitting device with an ordered structure

comprising an anode, a hole-transporting layer, a light-
emitting layer, an electron-transporting layer and a cath-
ode wherein the light-emitting layer comprises a gold(III)
compound having a chemical structure represented by the
following formula,

O

[0032] (a) X is nitrogen or carbon;

[0033] (b) Y and 7 are independently nitrogen or car-
bon;

[0034] (c) Ais cyclic structure (derivative) of pyridine,
quinoline, isoquinoline or phenyl group;

[0035] (d) B and C are independently cyclic structures
(derivatives) of pyridine, quinoline, isoquinoline or
phenyl groups;

[0036] (e) B and C can be identical or non-identical,
with the proviso that both B and C are not 4-tert-
butylbenzene;

[0037] (D) R'is asubstituted carbon, nitrogen, oxygen or
sulfur donor ligand attached to the gold atom;

[0038] (g) n is zero, a positive integer or a negative
integer;

[0039] wherein R' is selected from aryl, substituted
aryl, heteroaryl, substituted heteroaryl, heterocyclic
aryl and substituted heterocyclic aryl, alkoxy, ary-
loxy, amide, thiolate, sulfonate, phosphide, fluoride,
chloride, bromide, iodide, cyanate, thiocyanate or
cyanide;

[0040] ring A is benzene, pyridine, or aryl (derivative),
or pyridyl, quinolyl, isoquinolyl (derivative), with one
or more alkyl, alkenyl, alkynyl, alkylaryl, cycloalkyl,
OR, NR,, SR, C(O)R, C(O)OR, C(O)NR,, CN, CF,,
NO,, SO,, SOR, SO;R, halo, aryl, substituted aryl,
heteroaryl, substituted heteroaryl or heterocyclic group,
wherein R is independently alkyl, alkynyl, alkylaryl,
aryl or cycloalkyl; and
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[0041] rings B and C are independently benzene or
pyridine, or aryl (derivatives), or pyridyl, quinolyl,
isoquinolyl (derivatives), with one or more alkyl, alk-
enyl, alkynyl, alkylaryl, cycloalkyl, OR, NR,, SR,
C(O)R, C(O)YOR, C(O)NR,, CN, CF;, NO,, SO,, SOR,
SO;R, halo, aryl, substituted aryl, heteroaryl, substi-
tuted heteroaryl or heterocyclic group, wherein R is

independently alkyl, alkynyl, alkylaryl, aryl or
cycloalkyl.
[0042] The present invention additionally includes the

following embodiments:
[0043] 1. The novel luminescent gold(Ill) compounds
have the chemical structure shown in the generic formula

.

M

[0044] (a) X is nitrogen or carbon;

[0045] (b) Y and Z are independently nitrogen or car-
bon;

[0046] (c) A is cyclic structure (derivative) of pyridine,

quinoline, isoquinoline or phenyl group;

[0047] (d) B and C are independently cyclic structures
(derivatives) of pyridine, quinoline, isoquinoline or
phenyl groups;

[0048] (e) B and C can be identical or non-identical,
with the proviso that both B and C are not 4-tert-
butylbenzene;

[0049] (D R'is asubstituted carbon, nitrogen, oxygen or
sulfur donor ligand attached to the gold atom;

[0050] (g) n is zero, a positive integer or a negative
integer.
[0051] wherein R' is selected from, but not limited to,

aryl, substituted aryl, heteroaryl, substituted heteroary],
heterocyclic aryl and substituted heterocyclic aryl,
alkoxy, aryloxy, amide, thiolate, sulfonate, phosphide,
fluoride, chloride, bromide, iodide, cyanate, thiocya-
nate or cyanide. Rings A, B and C are independently
benzene or pyridine, or aryl (derivatives) or pyridyl,
quinolyl, isoquinolyl (derivatives) with, but not limited
to, one or more alkyl, alkenyl, alkynyl, alkylaryl,
cycloalkyl, OR, NR,, SR, C(O)R, C(O)OR, C(O)NR,,
CN, CF,, NO,, SO,, SOR, SO,R, halo, aryl, substituted
aryl, heteroaryl, substituted heteroaryl or heterocyclic
group, wherein R is independently alkyl, alkenyl, alky-
nyl, alkyaryl, aryl, or cycloalkyl.

[0052] 2. The gold(Ill) compound according to embodi-
ment 1 wherein the compound is deposited as a thin layer
on a substrate layer.

[0053] 3. The gold(1IT) compound according to embodi-
ment 2 wherein the thin layer is deposited by vacuum
deposition, spin-coating, or inkjet printing.

[0054] 4. The gold(IIT) compound according to embodi-
ment 1, wherein the compound has photoluminescence
properties within a range of about 380 to 1050 nm.
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[0055] 5. The gold(TIT) compound according to embodi-
ment 1, wherein the compound emits light in response to
the passage of an electric current or to a strong electric
fleld.

[0056] 6. The gold(IlI) compound according to embodi-
ment 1, wherein the compound is used to fabricate an
OLED.

[0057] 7. The gold(IlI) compound according to embodi-
ment 6, wherein the gold (III) compound serves as the
light-emitting layer of the OLED.

[0058] 8. The gold(IlI) compound according to embodi-
ment 7, wherein the gold (III) compound serves as a
dopant in the light-emitting layer of the OLED.

[0059] 9. The gold(IlI) compound according to embodi-
ment 8 wherein the emission energy of the compound is
independent on the concentration of the gold(Ill) com-
pound dopant.

[0060] 10. A method for preparing a luminescent com-
pound with a cyclometalated tridentate ligand and at least
one monoaryl group coordinated to a gold(Ill) metal
group, comprising the following reaction:

[0061]

wherein:

« R'—B(OH),, Base, [Pd]

OR
[Ag], Toluene,

R'—NH, R'—0H or
R'—=SH, Base

[0062] R' is selected from, but is not limited to, aryl,
substituted aryl, heteroaryl, substituted heteroaryl, het-
erocyclic aryl and substituted heterocyclic aryl, alkoxy,
aryloxy, amide, thiolate, sulfonate, phosphide, fluoride,
chloride, bromide, iodide, cyanate, thiocyanate or cya-
nide. Rings A, B and C are independently benzene or
pyridine, or aryl (derivatives) or pyridyl, quinolyl,
isoquinolyl (derivatives) with, but not limited to, one or
more alkyl, alkenyl, alkynyl, alkylaryl, cycloalkyl, OR,
NR,, SR, C(O)R, C(O)OR, C(O)NR,, CN, CF,, NO,,
SO,, SOR, SO;R, halo, aryl, substituted aryl, het-
eroaryl, substituted heteroaryl or heterocyclic group,
wherein R is independently alkyl, alkenyl, alkynyl,
alkyaryl, aryl, or cycloalkyl.

[0063] 11. The method according to embodiment 10
wherein a luminescent compound is prepared.

[0064] 12. The method according to embodiment 10
wherein the gold(IIl) metal center comprises a light-
emitting layer of a light-emitting device.
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[0065] 13. The method according to embodiment 10
wherein the gold(Il) metal group comprises a layer of a
light-emitting device.

[0066] 14. The gold(IIl) compound according to embodi-
ment 10 wherein the gold(1II) metal compound is a dopant
included in the light-emitting layer of the light-emitting
device.

[0067] 15. The method according to embodiment 10
wherein the gold(Ill) metal compound is a dopant
included in a light-emitting device.

[0068] 16. A light-emitting device with an ordered struc-
ture comprising an anode, a hole-transporting layer, a
light-emitting layer, an electron-transporting layer and a
cathode wherein the light-emitting layer comprises a
gold(I1T) compound having a chemical structure repre-
sented by the following general formula (I),

iy

[0069] (a) X is nitrogen or carbon;

[0070] (b) Y and Z are independently nitrogen or car-
bon;

[0071] (c) A is cyclic structure (derivative) of pyridine,

quinoline, isoquinoline or phenyl group;

[0072] (d) B and C are independently cyclic structures
(derivatives) of pyridine, quinoline, isoquinoline or
phenyl groups;

[0073] (e) B and C can be identical or non-identical,
with the proviso that both B and C are not 4-tert-
butylbenzene;

[0074] (D) R'is asubstituted carbon, nitrogen, oxygen or
sulfur donor ligand attached to the gold atom;

[0075] (g) n is zero, a positive integer or a negative
integer.
[0076] wherein R' is selected from, but not limited to,

aryl, substituted aryl, heteroaryl, substituted heteroaryl,
heterocyclic aryl and substituted heterocyclic aryl,
alkoxy, aryloxy, amide, thiolate, sulfonate, phosphide,
fluoride, chloride, bromide, iodide, cyanate, thiocya-
nate or cyanide. Rings A, B and C are independently
benzene or pyridine, or aryl (derivatives) or pyridyl,
quinolyl, isoquinolyl (derivatives) with, but not limited
to, one or more alkyl, alkenyl, alkynyl, alkylaryl,
cycloalkyl, OR, NR,, SR, C(O)R, C(O)OR, C(O)NR,,
CN, CF,, NO,, SO,, SOR, SO,4R, halo, aryl, substituted
aryl, heteroaryl, substituted heteroaryl or heterocyclic
group, wherein R is independently alkyl, alkenyl, alky-
nyl, alkyaryl, aryl, or cycloalkyl.

[0077] 17. The light-emitting device of embodiment 16
wherein the light-emitting layer is prepared using vacuum
deposition or solution processing technique.

[0078] 18. A light-emitting device having an ordered
structure comprising an anode, a hole-transporting layer,
a light-emitting layer, an electron-transporting layer and a
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cathode wherein the light-emitting layer comprises a
gold(1II) compound prepared according to the method of
embodiment 10.

[0079] 19. The light-emitting device of embodiment 18
wherein the light-emitting layer is prepared using vacuum
deposition or solution processing technique.

[0080] In accordance with the present invention, these
luminescent gold(Ill) complexes show either strong pho-
toluminescence via a triplet excited state upon photo-exci-
tation, or EL via a triplet exciton upon applying a DC
voltage. These compounds according to embodiments of the
invention are highly soluble in common organic solvents
such as dichloromethane, chloroform and toluene. Alterna-
tively, the compounds can be doped into a host matrix for
thin film deposition by spin-coating or ink-jet printing or
other known fabrication methods. In some embodiments of
the invention, selected gold(III) compounds can be used for
the fabrication of OLEDs as phosphorescent emitters or
dopants to generate EL.

[0081] Inan OLED according to the present invention, the
luminescent gold(Ill) compound is included in a light-
emitting layer. The typical structure of an OLED using
luminescent compounds of the present invention as a light-
emitting layer is in the order shown in FIG. 3: cathode/
electron transporting layer/luminescent gold(IIl) compound
as a light-emitting layer/hole transporting layer/anode.
Sometimes, hole blocking layer and carrier confinement
layer will be employed to improve the device performance.

BRIEF DESCRIPTION OF THE DRAWINGS

[0082] FIG. 1 shows the chemical structures of com-
pounds 1-14.

[0083] FIG. 2 shows the TGA trace of compound 1.
[0084] FIG. 3 is a schematic diagram of the basic structure

of an organic EL device.

[0085] FIG. 4 shows the UV-vis absorption spectra of
compounds 1-4 in dichloromethane at 298 K.

[0086] FIG. 5 shows the normalized emission spectra of
compounds 2 and 4 in dichloromethane at 298 K. No
instrumental correction was applied for the emission wave-

length.

[0087] FIG. 6 shows the normalized photoluminescence
spectra of thin films of 5 wt % of compounds 1-4 doped into
MCP at 298 K. No instrumental correction was applied for
the emission wavelength.

[0088] FIG. 7 shows the EL spectra of the solution-
processable OLEDs with compound 2 doped into MCP as
the light-emitting layer, in accordance with an embodiment
of the present invention.

[0089] FIG. 8 shows the EQEs of the solution-processable
OLEDs with compound 2 doped into MCP as the light-
emitting layer, in accordance with an embodiment of the
present invention.

[0090] FIG. 9 shows the EL spectra of the vacuum-
deposited OLEDs with compound 2 doped into MCP as the
light-emitting layer, in accordance with an embodiment of
the present invention.

[0091] FIG. 10 shows the EQEs of the vacuum-deposited
OLEDs with compound 2 doped into MCP as the light-
emitting layer, in accordance with an embodiment of the
present invention.
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[0092] FIG. 11 shows the EQEs of the vacuum-deposited
OLEDs with compound 2 doped into PYD-2Cz as the
light-emitting layer, in accordance with an embodiment of
the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0093] The objective of the present invention is to provide
a novel class of cyclometalated gold(IlT) compounds for
applications in OLEDs. The invented gold(III) compound is
a coordination compound that contains a tridentate cyclo-
metalated ligand and one aryl group, both coordinated to a
gold(1lT) metal center. Likewise, any aryl group can be
employed as the ancillary ligand. Other embodiments of the
invention are directed to OLEDs based on this class of
luminescent gold(IIl) complexes.

[0094] The luminescent gold(IIl) compounds have the
chemical structure shown in the generic formula (I),

M

[0095] (a) X is nitrogen or carbon;

[0096] (b) Y and Z are independently nitrogen or cat-
bon;

[0097] (c) Ais cyclic structure (derivative) of pyridine,

quinoline, isoquinoline or phenyl group; (d) B and C
are independently cyclic structures (derivatives) of
pyridine, quinoline, isoquinoline or phenyl groups;

[0098] (e) B and C can be identical or non-identical,
with the proviso that both B and C are not 4-tert-
butylbenzene;

[0099] (D) R'is asubstituted carbon, nitrogen, oxygen or
sulfur donor ligand attached to the gold atom;

[0100] (g) n is zero, a positive integer or a negative
integer.

[0101] wherein R'is selected from, but not limited to,
aryl, substituted aryl, heteroaryl, substituted het-
eroaryl, heterocyclic aryl and substituted heterocy-
clic aryl, alkoxy, aryloxy, amide, thiolate, sulfonate,
phosphide, fluoride, chloride, bromide, iodide,
cyanate, thiocyanate or cyanide.

[0102] Rings A, B and C are independently benzene or
pyridine, or aryl (derivatives) or pyridyl, quinolyl, isoqui-
nolyl (derivatives) with, but not limited to, one or more
alkyl, alkenyl, alkynyl. alkylaryl, cycloalkyl, OR, NR,, SR,
C(O)R, C(O)OR, C(ONR,, CN, CF,, NO,. SO,, SOR,
SO,R, halo, aryl, substituted aryl, heteroaryl, substituted
heteroaryl or heterocyclic group, wherein R is independently
alkyl, alkenyl, alkynyl, alkyaryl, aryl, or cycloalkyl.

[0103] In the present disclosure the following terms are
used.
[0104] The term “optional” or “optionally” means that the

subsequently described event or circumstance may or may
not occur, and that the description includes instances where
said event or circumstance occurs and instances in which it
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does not. For example, “optionally substituted alkyl”
includes “alkyl” and “substituted alkyl,” as defined below.
[0105] The term “halo” or “halogen” as used herein
includes fluorine, chlorine, bromine and iodine.

[0106] The term “alkyl” as used herein includes straight
and branched chain alkyl groups, as well as cycloalkyl group
with cyclic structure of alkyl groups, such as cyclopropyl,
cyclopentyl, cyclohexyl, and the like. Generally, the term
“cycloalkyl” includes a cyclic alkyl group, typically having
3 to 8, preferably 5 to 7, carbon atoms. Preferred alkyl
groups are those containing from one to eighteen carbon
atoms, 2-10 carbon atoms, or 4-6 carbon atoms, and includes
methyl, ethyl, propyl, isopropyl, butyl, isobutyl, tert-butyl,
and the like. In addition, the alkyl group may be optionally
substituted with one or more substituents selected from OR,
NR,, SR, C(O)R, C(O)OR, C(O)NR,, CN, CF;, NO,, SO,,
SOR, SO4R, halo and cyclic-amino, wherein R is indepen-
dently alkyl, alkenyl, alkynyl, alkyaryl, aryl, or cycloalkyl.
For example, the substituted alkyl can include mono-ha-
loalkyl, di-haloalkyl, trihaloalkyl, specifically trichloro-
alkyl, such as trichloromethyl (CF,), etc.

[0107] The term “alkenyl” as used herein includes both
straight and branched chain alkene radicals. Preferred alk-
enyl groups are those containing two to eighteen carbon
atoms. In addition, the alkenyl group may be optionally
substituted with one or more substituents selected from OR,
NR,, SR, C(O)R, C(O)OR, C(O)NR,, CN, CF;, NO,, SO,,
SOR, SO,R, halo and cyclic-amine, wherein R is indepen-
dently alkyl, alkenyl, alkynyl, alkyaryl, aryl, or cycloalkyl.
[0108] The term “alkynyl” as used herein includes both
straight and branched chain alkyne radicals. Preferred alky-
nyl groups are those containing two to eighteen carbon
atoms. In addition, the alkynyl group may be optionally
substituted with one or more substituents selected from OR,
NR,, SR, C(O)R, C(O)OR, C(O)NR,, CN, CF;, NO,, SO,,
SOR, SO4R, halo and cyclic-amino, wherein R is indepen-
dently alkyl, alkenyl, alkynyl, alkyaryl, aryl, or cycloalkyl.
[0109] The term “arylalkynyl” as used herein includes an
alkynyl group which has an aromatic group as a substituent.
In addition, the arylalkynyl group may be optionally sub-
stituted with one or more substituents selected from OR,
NR,, SR, C(O)R, C(O)OR, C(O)NR,, CN, CF,, NO,, SO,,
SOR, SO,R, halo and cyclic-amino, wherein R is indepen-
dently alkyl, alkenyl, alkynyl, alkyaryl, aryl, or cycloalkyl.
[0110] The term “alkylaryl” as used herein includes an
alkyl group which has an aromatic group as a substituent. In
addition, the alkylaryl group may be optionally substituted
with one or more substituents selected from OR, NR,, SR,
C(O)R, C(O)OR, C(O)NR,, CN, CF,, NO,, SO,, SOR,
SO;R, halo and cyclic-amino, wherein R is independently
alkyl, alkenyl, alkynyl, alkyaryl, aryl, or cycloalkyl.
[0111] Preferred alkyl groups are C, through C,, alkyls.
Similarly C, through C,, alkoxy and aryl groups are pre-
ferred. C, through C,; heteroaryl, alkylamino, arylamino,
alkylsulfido, arylsulfido, alkylphosphino or arylphosphino
groups are preferable.

[0112] Aryl alone or in combination includes carbocyclic
aromatic systems. The systems may contain one, two or
three rings wherein each ring may be attached together in a
pendent manner or may be fused. Preferably the rings are 5-
or 6-membered rings. Aryl groups include, but are not
exclusive to, aryl having between 6 and 24, preferably
between 6 and 18, more preferably between 6 and 16, even
more preferably between 6 and 10 carbon atoms, comprising
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1, 2, 3 or 4 aromatic rings, bound by means of a carbon-
carbon bond or fused, such as phenyl, biphenyl, naphthyl,
substituted phenyl, substituted biphenyl or substituted naph-
thyl, and may include carbocyclic or heterocyclic, monocy-
clic or fused or non-fused polycyclic aryl such as phenyl,
naphthyl, pyrrolyl, indolyl, furanyl, thiophenyl, imidazolyl,
oxazolyl, isoxazolyl, thiazolyl, triazolyl, tetrazolyl, pyra-
zolyl, pyridinyl, quinolinyl, isoquinolinyl, acridinyl, pyrazi-
nyl, pyridazinyl, pyrimidinyl, benzimidazolyl, benzothio-
phenyl or benzofuranyl.

[0113] Heteroaryl alone or in combination includes het-
erocyclic aromatic systems. The systems may contain one,
two or three rings wherein each ring may be attached
together in a pendent manner or may be fused. Preferably the
rings are 5- or 6-membered rings.

[0114] Heterocyclic and heterocycle refer to a 3 to 7-mem-
bered ring containing at least one heteroatom. This includes
aromatic rings including but not limited to pyridine, thio-
phene, furan, pyrazole, imidazole, oxazole, isoxazole, thi-
azole, isothiazole, pyrrole, pyrazine, pyridazine, pyrimidine,
benzimidazole, benzofuran, benzothiazole, indole, naphtha-
lene, triazole, tetrazole, pyran, thiapyran, oxadiazole, triaz-
ine, tetrazine, carbazole, dibenzothiophene, dibenzofuran,
indole, fluorine, and non-aromatic rings including but not
limited to piperazine, piperidine, and pyrrolidine. The
groups of the present invention can be substituted or unsub-
stituted. Preferred substituents include but are not limited to
alkyl, alkoxy, aryl.

[0115] Heteroatom refers to S, O, N, P.

[0116] ““Substituted” as used herein to describe a com-
pound or chemical moiety refers to substitution with at least
one hydrogen atom of that compound or chemical moiety
being replaced by a second chemical moiety and it may refer
to any level of substitution although mono-, di- and tri-
substitutions are preferred. Non-limiting examples of sub-
stituents are those found in the exemplary compounds and
embodiments disclosed herein, as well as halogen; alkyl,
heteroalkyl; alkenyl; alkynyl; aryl; heteroaryl; hydroxy;
alkoxyl; amino; nitro; thiol; thioether; imine; cyano; amido;
phosphonato; phosphine; carboxyl; thiocarbonyl; sulfonyl;
sulfonamide; ketone; aldehyde; ester; oxo; haloalkyl (e.g.,
trifluoromethyl); carbocyclic cycloalkyl, which can be
monocyclic or fused or non-fused polycyclic (e.g., cyclo-
propyl, cyclobutyl, cyclopentyl or cyclohexyl) or a hetero-
cycloalkyl, which can be monocyclic or fused or non-fused
polycyclic (e.g., pyrrolidinyl, piperidinyl, piperazinyl, mor-
pholinyl or thiazinyl); carbocyclic or heterocyclic, monocy-
clic or fused or non-fused polycyclic aryl (e.g., phenyl,
naphthyl, pyrrolyl, indolyl, furanyl, thiophenyl, imidazoly],
oxazolyl, isoxazolyl, thiazolyl, triazolyl, tetrazolyl, pyra-
zolyl, pyridinyl, quinolinyl, isoquinolinyl, acridinyl, pyrazi-
nyl, pyridazinyl, pyrimidinyl, benzimidazolyl, benzothio-
phenyl or benzofuranyl); amino (primary, secondary or
tertiary); o-lower alkyl; o-aryl, aryl; aryl-lower alkyl;
—CO,CH;; —CONH,; —OCH,CONH,; —NH,;
—SO,NH,; —OCHF,; —CF,;; —OCF;; —NH(alkyl);
—Nalkyl),: —NH(aryl); —N(alkyl(ary); —Naryl),:
—CHO; —COf(alkyl); —CO(aryl); —CO,(alkyl); and
—CO,(aryl); and such moieties can also be optionally
substituted by a fused-ring structure or bridge, for example
—OCH,0—. These substituents can optionally be further
substituted with a substituent selected from such groups. All
chemical groups disclosed herein can be substituted, unless
it is specified otherwise. For example, “substituted” alkyl,
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alkenyl, alkynyl, aryl, hydrocarbyl or heterocyclic moieties
described herein are moieties which are substituted with a
hydrocarbyl moiety, a substituted hydrocarbyl moiety, a
heteroatom, or a heterocyclic moiety. Further, substituents
may include moieties in which a carbon atom is substituted
with a heteroatom such as nitrogen, oxygen, silicon, phos-
phorus, boron, sulfur, or a halogen atom. These substituents
may include halogen, heterocycle, alkoxy, alkenoxy,
alkynoxy, aryloxy, hydroxy, protected hydroxy, keto, acyl,
acyloxy, nitro, amino, amido, cyano, thiol, ketals, acetals,
esters and ethers.

[0117] Cyclometalated ligand is a term well known in the
art and includes but is not limited to 2,6-diphenylpyridine
(C'NC), 2,6-bis(4-tert-butylphenylpyridine
('BuC'N"CtBu), 2,6-diphenyl-4-(2,5-difluorophenyl)pyri-
dine (2,5-F,—C/H;-C'N"C), 2,6-diphenyl-4-p-tolylpyri-
dine (C'NTol™C), 2,6-diphenyl-4-phenylpyridine
(C'NPW'C), 2,6-bis(4-fluorophenyl)pyridine (FC'N"CF),
2,6-diphenyl-4-(4-isopropylphenyl)pyridine (4-iPr-Ph-
C'N°C), 2,6-diphenyl-4-(4-nitrophenyl)pyridine (4-NO,-
Ph-C'N"C), 2,6-diphenyl-4-(4-methoxyphenyl)pyridine
(4-OMe-Ph-C'N"C), 2,6-diphenyl-4-(4-methylyphenyl)
pyridine (4-Me-Ph-C'N"C), 2,6-diphenyl-4-(4-ethylyphe-
nyl)-pyridine  (4-Et-Ph-C'N"C),  2,6-diphenyl-4-(2,3,4-
trimethoxyphenyl)pyridine (2,3,4-OMe,-Ph-C'N"C), 2,6-
bis(4-methoxyphenyl)-4-(4-nitrophenyl)pyridine  (4-NO,-
Ph-MeOC'N"COMe),  2,6-bis(2,4-dichlorophenyl)-4-(4-
isopropylphenyl)-pyridine (4-iPr-Ph-C1,C'N'CCl,), 2,6-
diphenyl-4-(4-tosylphenyl)pyridine (4-OTs-Ph-C'N"C), 2,6-
diphenyl-4-(4-dimethylaminophenyl)pyridine (4-NMe,-Ph-
C'N°C), 2,6-diphenyl-4-(4-diphenylaminophenyl)pyridine
(4-NPh,-Ph-C'N"C), 2,6-diphenyl-4-(4-bromophenyl)pyri-
dine (4-Br-Ph-C’N"C), 2,6-diphenyl-4-(4-chlorophenyl)
pyridine (4-C1-Ph-C'N"C), 2,6-diphenyl-4-(4-flurophenyl)
pyridine (4-F-Ph-C"N"C), 2,6-diphenyl-4-(4-iodophenyl)
pyridine (4-I-Ph-C'N"C), 2,6-diphenyl-4-(2,5-
dimethylphenyl)pyridine  (2,5-Me,-Ph-C’'N"C), 2,6~
diphenyl-4-(2,3,4,5,6-pentafluorophenyl)pyridine (2,3.4,5,
6-Fs-Ph-C'N"C), 2-(4-tert-butylphenyl)-6-(3,5-
difluorophenyl)pyridine (3,5-F-Ph-C"NPh"C'Bu), (2-(4-tert-
butylphenyl)-6-(3,5-difluorophenyl)-4-phenylpyridine  3,5-
F-Ph-C"N"C'Bu), 13-diphenylisoquinoline (dpiq), 1,3-bis
(4-fluorophenyl)isoquinoline (4-FC'N{C,H;)"CF-4), 1,3-
bis(4-tert-butylphenyl)isoquinoline (Au{"BuC"N(C,H,)
"C'Bu), 6-fluoro-1,3-diphenylisoquinoline (C'N(6-FC,H,)
"C), 5-fluoro-1,3-diphenyl-isoquinoline (C"N(5-FCyH,)"C),
5-fluoro-1,3-bis(4-fluorophenyl)isoquinoline (4-FC"'N(5F—
C,H,) ' CF-4) and 1,3-bis(4-tert-butylphenyl)-5-(2-isoqui-
nolylbenzene ("BuC"C(4-BuC H,)"N(2-isoquinoline)).

[0118] Benzene includes substituted or unsubstituted ben-
zene.

[0119] Pyridine includes substituted or unsubstituted pyri-
dine.

[0120] Thiophene includes substituted or unsubstituted
thiophere.

[0121] Furan includes substituted or unsubstituted furan.
[0122] Pyrazole includes substituted or unsubstituted
pyrazole.

[0123] Imidazole includes substituted or unsubstituted
imidazole.

[0124] Oxazole includes substituted or unsubstituted
oxazole.

[0125] Isoxazole includes substituted or unsubstituted
isoxazole.
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[0126] Thiazole includes substituted or unsubstituted thi-
azole.

[0127] Isothiazole includes substituted or unsubstituted
isothiazole.

[0128] Pyrrole includes substituted or unsubstituted pyr-
role.

[0129] Pyrazine includes substituted or unsubstituted
pyrazine.

[0130] Pyridazine includes substituted or unsubstituted
pyridazine.

[0131] Pyrimidine includes substituted or unsubstituted
pyrimidine.

[0132] Benzimidazole includes substituted or unsubsti-

tuted benzimidazole.

[0133] Benzofuran includes substituted or unsubstituted
benzofuran.
[0134] Benzothiazole includes substituted or unsubsti-

tuted benzothiazole.

[0135] Indole includes substituted or unsubstituted indole.
[0136] Naphthalene includes substituted or unsubstituted
naphthalene.

[0137] Triazole includes substituted or unsubstituted tri-
azole.

[0138] Tetrazole includes substituted or unsubstituted tet-
razole.

[0139] Pyran includes substituted or unsubstituted pyran.
[0140] Thiapyran includes substituted or unsubstituted thi-
apyran.

[0141] Oxadiazole includes substituted or unsubstituted
oxadiazole.

[0142] Triazine includes substituted or unsubstituted tri-
azine.

[0143] Tetrazine includes substituted or unsubstituted tet-
razine.

[0144] Carbazole includes substituted or unsubstituted
carbazole.

[0145] Dibenzothiophene includes substituted or unsub-

stituted dibenzothiophene.

[0146] Dibenzofuran includes substituted or unsubstituted
dibenzofuran.

[0147] Piperazine includes substituted or unsubstituted
piperazine.

[0148] Piperidine includes substituted or unsubstituted
piperidine.

[0149] Pyrrolidine includes substituted or unsubstituted
pyrrolidine.

[0150] The present invention will be illustrated more

specifically by the following non-limiting examples, it is to
be understood that changes and variations can be made
therein without deviating from the scope and the spirit of the
invention as hereinafter claimed. It is also understood that
various theories as to why the invention works are not
intended to be limiting. The luminescent gold(1ll) com-
plexes of structure (I) have been represented throughout by
their monomeric structure. As is well known to those in the
art, the compounds may also be present as dimers, trimers or
dendrimers.

[0151] In other embodiments of the invention, the lumi-
nescent gold(I1l) compounds of structure (I) are prepared in
high purity. The synthetic method involves reacting a tri-
dentate ligand-containing gold(III) chloride with the corre-
sponding arylboronic acid (derivatives) under palladium-
catalyzed reaction condition. This reaction is carried out
under a mild condition. Purification can be carried out by
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any method or combination of methods, including chroma-
tography, extraction, crystallization, sublimation or any
combination thereof.

[0152] The luminescent gold(IIT) complexes can be used
to form thin films by spin-coating, ink-jet printing, vacuum-
deposition, or other known fabrication methods that can be
applied in OLEDs. Referring to FIG. 3, an organic EL device
has, in order, substrate, hole-injecting anode, hole transport-
ing layer, light-emitting layer, electron transporting layer,
and electron-injecting cathode.

[0153] Substrate is electrically insulated and can be either
optically transparent, and comprises glass, plastic foil, or
other appropriate material, or alternatively, may be opaque
and comprises one or more semiconducting materials or
ceramics. In one embodiment of the invention, the EL
emission is viewed through substrate, or through both sides
of the device, and substrate comprises a transparent glass
substrate or a plastic foil. In other embodiments, the EL
emission is viewed only through the top electrode, and
substrate comprises an opaque semiconductor or ceramic
wafers. Hole-injecting anode injects holes into the organic
EL layer when anode is positively biased. Anode is com-
posed of a conductive and optionally transmissive layer. In
one embodiment of the invention, viewing the EL emission
through the substrate is desirable, and hole-injecting anode
is transparent. In other embodiments, the EL emission is
viewed through the top electrode and the transmissive
characteristics of anode are immaterial, and therefore any
appropriate materials including metals or metal compounds
having a work function of greater than 4.1 eV are used.
Appropriate metals include gold, iridium, molybdenum,
palladium, and platinum. In some embodiments, anode is
transmissive, and suitable materials are metal oxides, includ-
ing indium-tin oxide, aluminum- or indium-doped zinc
oxide, tin oxide, magnesium-indium oxide, nickel-tungsten
oxide, and cadmium-tin oxide. The preferred metals and
metal oxides can be deposited by evaporation, sputtering,
laser ablation, and chemical vapor deposition. Suitable
materials for hole-transporting layer include polycyclic aro-
matic compounds, for example, 4.4'-bis[N-(1-naphthyl)-N-
phenylamino|biphenyl (NPB), 4,4'-bis|N-(3-methylphenyl)-
N-phenylamino]biphenyl (TPD), 4.4' 4"-tris[(3-
methylphenyl)phenylamino] triphenylamine (MTDATA),
and di-[4-(NN-ditolyl-amino)phenyl]cyclohexane (TAPC).
In addition, polymeric hole-transporting materials can be
used including poly(N-vinylcarbazole) (PVK), polythio-
phene, polypyrrole, polyaniline, and copolymers including
poly(3,4-ethylenedioxythiophene):poly(4-styrene-surl-
fonate) (PEDOT:PSS).

[0154] Light-emitting layer in FIG. 3 is formed by doping
the phosphorescent gold(I11) metal complex as a dopant into
a host compound. Suitable host materials should be selected
so that the triplet exciton can be transferred efficiently from
the host material to the phosphorescent dopant material.
Suitable host materials include certain aryl amines, triazoles
and carbazole compounds. Examples of desirable hosts are
4 4'-bis(carbazol-9-yl)biphenyl (CBP), MCP, 4,4'4"-tris
(carbazol-9-yl)-triphenylamine (TCTA), 3-(4-biphenylyl)-4-
phenyl-5-tert-butylphenyl-1,2,butylphenyl-1,2.4-triazole
(TAZ), p-bis(triphenylsilyl)benzene (UGH2), diphenyl-4-
triphenylsilylphenyl-phosphine oxide (TSPO1), PYD-2Cz
and PVK.

[0155] Electron-transporting layer consists of materials or
mixtures of materials having a high ionization potential and
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wide optical band gap. Suitable electron-transporting mate-
rials include 1,3,5-tris(phenyl-2-benzimidazolyl)-benzene
(TPBI), 1,3,5-tri[(3-pyridyl)-phen-3-yl]benzene (TMPyPB),
bathocuproine (BCP), bathophenanthroline (BPhen) and bis
(2-methyl-8-quinolinolate)-4-(phenylphenolate)-aluminum
(BAlqg), tris-[2,4,6-trimethyl-3-(pyridin-3-yl)phenyl]borane
(3TPYMB), 1,3,5-tri[(3-pyridyl)-phen-3-yl]benzene
(TmPyPB), 1,3-bis[3,5-di(pyridin-3-yl)-phenyl|benzene
(BmPyPhB) and 1,3,5-tris(6-(3-(pyridin-3-yl)phenyl)pyri-
din-2-yl)benzene (Tm3PyP26PyB). In one embodiment of
the invention, electron transporting layer is prepared as an
organic film by thermal evaporation, spin-coating, ink-jet
printing from a solution, or other known fabrication meth-
ods. Electron-injecting cathode acts as a transmissive elec-
tron injector that injects electrons into the organic EL layer
of anode when cathode is negatively biased. Cathode com-
prises a thin fluoride layer (which may be omitted) and a
metal or metal alloy, preferably having a work function of
less than 4 eV. Suitable materials include Mg: Ag, Ca, Li:Al,
Al

[0156] Insome embodiments of the invention, novel lumi-
nescent gold(I1]) complexes are either the primary lumines-
cent material or a secondary luminescent material in device.
In one embodiment the gold(IIl) complex is employed as
electrophosphorescent dopants in the multilayer solution-
processable OLEDs with EQE of 5.9%. In another embodi-
ment, the gold(IIT) complex is employed as electrophospho-
rescent dopants in the multilayer vacuum-deposited OLEDs
with EQE of 14.7%. Advantageously, the gold(IIl) com-
pounds can be deposited in the OLEDs by both spin-coating
technique or vacuum deposition. In addition, the excellent
solubility of these luminescent gold(1Il) complexes in a
variety of organic solvents permits simple and economic
manufacturing and patterning of large-area displays.
[0157] In general, emissive layer is sandwiched between
hole-transporting layer and electron-transporting layer. To
ensure an eflicient exothermic energy transfer between the
host material and the dopant material, the triplet energy of
the host material must be larger than that of the dopant
material. In addition, both the ionization potential and the
electron affinity of the host material should be larger than
those of the dopant material in order to achieve efficient
Foster energy transfer from the host to the dopant. In order
to confine triplet excitons within emissive layer, the triplet
energy of hole-transporting material and electron-transport-
ing material should be larger than that of the dopant material.

Example 1

General Synthetic Methodology

[0158]

Ryo [Pd], Base,
(HO),B—R;
_— =
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-continued

[Ag], Toluene,
Ri—NH,
Ri—OH or
Ri—SH,

Base
——

wherein:

[0159]

[0160] (a) R, is selected from, but not limited to, aryl,
substituted aryl, heteroaryl, substituted heteroaryl, hetero-
cyclic aryl and substituted heterocyclic aryl, alkoxy, ary-
loxy, amide, thiolate, sulfonate, phosphide, fluoride, chlo-
ride, bromide, iodide, cyanate, thiocyanate or cyanide.

[0161] (b) R,-R,, groups are each independently selected
from, but not limited to, hydrogen, alkyl, alkenyl, alkynyl,
alkylaryl, aryl and cycloalkyl with one or more alkyl,
alkenyl, alkynyl, alkylaryl, cycloalkyl, OR, NR,, SR,
C(O)R, C(O)OR, C(O)NR,, CN, CF,, NO,, SO,, SOR,
SO,R, halo, aryl, substituted aryl, heteroaryl, substituted
heteroaryl or a heterocyclic group, wherein R is indepen-
dently alkyl, alkynyl, alkylaryl, aryl or cycloalkyl.

Synthesis and Characterization

[0162] The tridentate ligands, 3,5-F,-C"NPh"CtBu, 3,5-
F,-C"N'C'Bu, dpiq, 4-CN—C"N(4-BuC,H,) CiBu-4, 3,5-
F,-C'N(4-BuC.H,) CtBu-4, 3,5-F,-C'N(4-BuC,H,)"C—
F-4, 3,5-F,-C'N@4-BuC,H,)C—F,-3,5 35F,-C'N(-
BuCgH,)’"C—CF;-4, 4-CF,-C'N(4-BuCH,)"C—CF;-4,
4-OCF,-C'N(4-BuC I, C—OCF,-4, BuC C(4-BuC,H,)
Npyridine): tBucAC(4-tBuc6H4)AN(2—isoquinoZine) and the gold
(IIT) precursor complexes, [Au(3,5-F,-C"NPh"CtBu)Cl],
[Au(3,5-F,-C"N"C'Bu)CI|[Au{4-CN—C"N{4-BuC,H,)

"CtBu-41CI],  [Auf3,5-F,-C'N(4-BuC,H,) CtBu-4}Cl],
[Au{3,5-F,—CN(4-BuCH,)C—F-4}Cl], [Au{3,5-F,-C'N
(4-BuCgH,) ' C—F,-3.51Cl|, [Au{3,5-F,-C'N(4-BuC,H,)
"C—CF,-4}C1], [Au{4-CF;—CN(4-BuC,H,)C—CF,-
41C1]. [Au{4-OCF,-C'N(4-BuC4H,)'C—OCF,-4}Cl], [Au
(dpiq)Cl], [Au(BuC C(4-BuCgH,) N, 4imey)C1] and [Au
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(‘BuC"C(4-"BuC,H,)'N(2- isoquinoline))Cl] respectively,
were prepared according to modification of a procedure
reported in the literature [Krohnke, F. Synthesis 1 (1976);
Wong, K. H.; Cheung, K. K.; Chan, M. C. W.; Che, C. M.
Organometallics 17, 5305 (1998)]. The target compounds
were synthesized by the reaction of the respective gold(III)
precursor complexes with the corresponding arylboronic
acids in the presence of a catalytic amount of palladium(II)
catalyst in base and organic solvent. For example, com-
pound 1 was synthesized by stirring a mixture of [Au(3,5-
F,-C"N"C'Bu)C1](0.35 g, 0.63 mmol), K,CO, (0.134 mg,
0.97 mmol), triphenylphosphine (16 mg, 0.06 mmol),
Pd(OAc), (0.72 g, 0.06 mmol) and 4-tert-phenylboronic acid
(0.34 g, 1.89 mmol) in 30 mL degassed toluene and H,O
(4:1, v/v) at 60° C. for 12 hours under a nitrogen atmo-
sphere. After removing the solvent, the crude product was
purified by column chromatography on silica gel using
chloroform as the eluent. Column fractions containing the
product were combined and evaporated to dryness under
reduced pressure. The residue was dissolved in dichlo-
romethane. Subsequent recrystallization by diffusion of
diethyl ether vapor into the dichloromethane solution of the
product (35 mL.) gave compound 1 (60 mg) as a pale white
solid. Compounds 2 through 14 were synthesized from their
respective precursors using the general synthetic method-
ologies as shown in example 1. 'H NMR spectra were
recorded on a Bruker AVANCE 400 (400 MHz) Fourier-
transform NMR spectrometer with chemical shifts reported
relative to tetramethylsilane. Positive FAB mass spectra
were recorded on a Thermo Scientific DFS High resolution
Magnetic Sector Mass Spectrometer. Flectrospray ioniza-
tion (ESI) mass spectra were recorded on a Finnigan LCQ
mass spectrometer. The results of the analyses confirm the
high purity of all compounds 1-14.

[0163] The characterization data of compounds 1-14 are as
follows:

[0164] Compound 1: [Au(3,5-F,-C"'N"CBu)(C,H,—C
(CH,);-p)]. Yield: 60 mg, 29%. ‘H NMR (400 MHz, CD,Cl,
298 K, relative to Me,Si, d/ppm):  1.16 (s, 9H), 1.36 (s,
9H), 6.65-6.69 (m, 1H), 7.02 (d, I=2.0 Hz, 1H), 7.06 (dd,
J=9.0 Hz and 2.0 Hz, 1H), 7.19 (dd, J=9.0 Hz and 2.0 Hz,
1H), 7.28 (d, J=8.4 Hz, 2H), 7.36 (d, J=8.0 Hz, 1H), 7.43 (,
J=8.4 Hz, 2H), 7.52 (d, J=8.0 Hz, 2H), 7.78 (t, J=8.0 Hz,
1H). Positive FAB-MS: m/z 651.8 [M]".

[0165] Compound 2: [Au(3,5-F,-C"NPh"C'Bu)(C,H,—C
(CH,),-p)]. Yield: 380 mg, 34%. 'H NMR (400 MHz,
CD,Cl,, 298 K, relative to Me,Si, &/ppm): § 1.17 (s, 9H),
1.39 (s, 9H), 6.74-6.79 (m, 1H), 7.02 (d, J=2.0 Hz, 1H),
7.27-7.34 (m, 3H), 7.35 (dd, J=9.0 Hz and 2.0 Hz, 1H), 7.53
(d, J=8.4 Hz, 2H), 7.59-7.66 (m, 4H), 7.73 (d, J=2.0 Hz, 1H),
7.78-7.80 (m, 3H). Positive FAB-MS: m/z 727.9 [M]*.
[0166] Compound 3: [Au(3,5-F,-C"NPh"C'Bu)(CH,-
cbz-p)]. Yield: 20 mg, 17%. 'H NMR (400 MHz, CDCl,,
298 K, relative to Me,Si, &/ppm): d 1.25 (s, 9H), 6.78-6.82
(m, 1H), 7.24-7.32 (m, 5H), 7.42-7.47 (m, 6H), 7.57-7.65
(m, 5H), 7.67-7.76 (m, 3H), 7.88 (d, J=8.0 Hz, 2H), 8.15 (d,
J=8.0 Hz, 2H). Positive FAB-MS: m/z 836.7 [M]*.

[0167] Compound 4: [Au(dpiq)(CH,—C(CH,),-p)].
Yield: 60 mg, 32%. "H NMR (400 MHz, CD,Cl,, 298 K,
relative to Me,Si, &/ppm): § 1.40 (s, 9H), 7.15-7.25 (m, 3H),
7.32-7.37 (m, 4H), 7.45 (dd, J=8.0 Hz and 1.4 Hz, 1H),
7.55-7.57 (m, 3H), 7.64-7.66 (m, 2H), 7.74 (s, 1H), 7.79 (d,
J=8.0 Hz, 1H), 8.15 (d, J=8.0 Hz, 1H), 8.70 (d, J=8.0 Hz,
1H). Positive ESI-MS: m/z 690.5 [M]".
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[0168] Compound 5 [Au{4-CN—C'N(4-BuC,)
"CBu-4} (CH,—C(CH,)s-p)]. Yield: 53.6 mg, 34.2%. 'H
NMR (500 MHz, THF-ds, 298 K, &/ppm): 6 8.09 (d, J=1.5
Hz, 1H). 8.05-8.03 (m, 2H), 7.87 (d, J=8.5 Hz, 2H), 7.79 (d,
J=8.0 Hz, 1H), 7.65 (d, 1H, J=2.0 Hz), 7.62 (d, J=8.5 Hz,
2H), 7.56 (dd, 1=8.0 and 2.0 Hz, 1H), 7.52 (d, J-8.5 Hz),
741 (d, I=2.0 Hz, 1H), 7.36 (d, J=8.5 Hz, 2H), 7.27 (dd,
J=8.5 and 2.0 Hz, 1H), 1.40 (s, 9H, -Bu), 139 (s, 9H, ~Bu),
1.23 (s, 9H, -'Bu).

[0169] Compound 6: [Au{3,5-F,-C"N(4-BuCH,)'C'Bu-
4} (C,H,—C(CH,)s-p)]. Yield: 50 mg, 43.7%. 'H NMR
(500 MHz, CDCl,, 298 K, relative to Me,Si, &/ppm): 3
7.67-7.65 (m, 3H), 7.62 (s, 1H), 7.59-7.56 (m, 3H), 7.55-7.
53 (d, J=8.0 Hz, 2H), 7.29-7.23 (m, 4H), 7.07-7.06 (m, 1H),
6.73-6.70 (m, 1H), 1.40 (s, 9H, Bu), 1.38 (s, 9H, “Bu), 1.17
(s, 9H, -'Bu).

[0170] Compound 7: [Au{3,5-F,-C'N(4-BuC/H,)'C—
F,-3,5} (CoH,C(CH,)y-p)]. Yield: 200 mg, 58%. 'H
NMR (500 MHz, CD,Cl,, 298 K, &/ppm): & 7.76-7.68 (m,
5H), 7.61 (d, J=8.5 Hz, 2H), 7.45 (d, J=8.0 Hz, 2H), 7.30 (d,
J=9.0 Hz, 1H), 7.26 (d, ]=8.0 Hz, 2H), 6.92-6.89 (m, 1H),
6.79-6.77 (m, 1H), 6.73-6.68 (m, 1H), 1.40 (s, OH), 138 (s,
9H, -'Bu).

[0171] Compound 8: [Au{3,5-F,-C"N(4-"BuC4H,)"C—F-
4}(C H,—C(CH,),-p)]. Yield: 80 mg, 42%. ‘H NMR (500
MHz, Acetone-dg, 298 K, 8/ppm): 8 8.38 (s, 2H), 8.03 (d,
J=8.5 Hz, 2H), 7.81-7.79 (m, 2H), 7.67 (d, I-8.5 Hz, 2H),
7.44 (d, I=8.0 Hz, 2H), 7.16 (d, J=8.0 Hz, 2H), 6.82-6.65 (1,
2H), 1.41 (s, 9H, -Bu), 1.35 (s, 9H, -‘Bu).

[0172] Compound 9: [Au{3,5-F,-C'N(4-BuCgH,)'C—
CF;-4}(C4H,—C(CH,)5-p)]. Yield: 400 mg, 47%. ‘H NMR
(500 MHz, CDCl,, 298 K, relative to Me,Si, d/ppm): d 7.76
(d, I=1.0Hz, 1H), 7.73-7.70 (m, 2H), 7.64 (d, ]=6.5 Hz, 2H),
7.59 (d, J=6.5 Hz, 2H), 7.46-7.44 (m, 3H), 735 (s, 1H), 7.27
(d, 2H, J=8.0 Hz), 7.23-7.21 (m, 1H), 6.71-6.68 (m, 1H),
1.41 (s, 9H, -'Bu), 1.38 (s, 9H, ~Bu).

[0173] Compound 10: [Au{4-CF,—C'N(4-BuC4H,)
"C—CF,-4}(C,H,—C(CH,),-p)]. 110 mg, 44%. 'H NMR
(500 MHz, CDC(l,, 298 K, relative to Me,Si, d/ppm): d 7.76
(s, 2Hof C'N"C), 7.72 (d, J=8.0 Hz, 2H), 7.67-7.66 (m, 2H),
7.62-7.57 (m, 4H), 7.47-7.45 (m, 4H), 735 (d, J-8.5 Hz,
2H), 1.42 (s, 18H, -Bu).

[0174] Compound 11: [Au{4-OCF,—C"N(4-BuC4H,)
"C—OCF,-4} (C.H, C(CH,);-p)]. Yield: 320 mg, 438%.
'H NMR (500 MHz, CDCl,, 298 K, relative to Me,Si,
&/ppm): 8 7.58 (d, 8.5 Hz, 21), 7.55-7.50 (m, 611), 7.38 (d,
J=8.5 Hy, 2H), 7.31 (d, J=8.5 Hz, 2H), 7.18-7.17 (m, 2H),
6.98-6.96 (m, 2H), 1.40 (s, 911, -Bu), 1.37 (s, 9IL, -Bu).
[0175] Compound 12: [Au(BuCC(4-BuCH,) N,
ane))(cbz)]. Yield: 125 mg, 56%. 'H NMR (500 MHz,
CDCl;, 298 K, relative to Me,Si, &/ppm) d 8.25 (d, J=8.0
Hz, 2H), 8.12 (d, J=5.0 Hz, 1H), 7.98 (dd, J]=6.0 and 1.0 Hz,
2H), 7.67-7.57 (m, 6H), 7.55 (dd, J-6.5 and 2.0 Hz, 2H),
7.35 (d, J=8.0 Hz, 2H), 7.30 (td, J=7.0 and 1.0 Hz, 1H), 7.20
(td, 1=6.0 and 2.0 Hz, 1H), 7.16 (dd, 1-8.0 and 2.0 Hz, 111),
7.12 (td, I=7.0 and 1.0 Hz, 2H), 6.81 (d, ]=2.0 Hz, 1H), 1.55
(s, 9H, Bu), 1.41 (s, 9H, -Bu).

[0176] Compound 13: [Au(BuC'C(4-BuCsH,)'N,,
dine))(SCH,-Me-p)]. Yield: 135 mg, 85%. *H NMR (400
MHz, CDCl,, 298 K, relative to Me,Si, &/ppm) d 8.96 (dd,
J=4.7 and 0.6 Hz, 1H), 7.96 (td, J=7.6 and 1.6 Hz, 1H), 7.87
(d, 8.1 Hz, 11), 7.81 (d, J-1.8 Hz, 1H), 7.57 (d, ]-8.2 Hz,
2H), 7.53-7.46 (m, 6H), 7.36-7.27 (m, 2H). 7.16 (dd, I=7.9
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and 1.8 Hz, 1H), 6.90 (d, 1-8.3 Hz, 2H), 2.23 (s, 3H1), 1.39
(s, 9H, -“Bu), 1.17 (s, 9H, -Bu).

[0177]  Compound 14: [Au(‘BuC"C(4-BuCeH,) N5 s00-
notine)) (cbz)]. Yield: 81 mg, 57%. '"H NMR (600 MHz,
CDCl;, 298 K, relative to Me,Si, &ppm) O 8.60-8.58 (d,
J=8.8 Hz, 1H), 8.51-8.49 (d, J=8.6 Hz, 1H), 8.28-8.27 (d,
J=7.8 Hz, 2H), 8.17-8.15 (d, J=8.7 Hz, 1), 7.80-7.77 (m,
2H), 7.66-7.62 (m, 4H), 7.59-7.55 (m, 3H), 7.38-7.35 (m,
1H), 7.27-7.24 (m, 3H), 7.13-7.10 (m, 3H), 7.04-7.02 (dd,
J=7.9 and 1.9 Hz, 1H). 5.67 (d, J=1.8 Hz, 1H), 1.41 (s, 9H,
-Bu), 0.70 (s, 9H, -Bu).

Example 2
[0178] UV-Vis Absorption Properties
[0179] The UV-vis absorption spectra of compounds 1-14

have been measured in dichloromethane at 298 K. As shown
in FIG. 4, the UV-vis absorption spectra of compounds 1-4
feature a moderately intense vibronic-structured absorption
band at ca. 380-440 nm with extinction coefficients (c) on
the order of 10* dm® mol™ em™. This absorption band
shows vibrational progressional spacings of ca. 1300 cm,
corresponding to the skeletal vibrational frequency of the
cyclometalated tridentate ligands. Similar to our previously
reported structurally related gold(IIl) complexes, this
absorption band is tentatively assigned to a metal-perturbed
1L z—m* transition of the cyclometalated tridentate ligands
with charge transfer character from the aryl ring to the
pyridine or quinolinyl unit. It is found that this intense
vibronic-structured band has been red-shifted upon chang-
ing from pyridine moiety (compound 1) to quinolinyl moiety
(compound 4) of the cyclometalated ligand. The fusion of an
aryl moiety of compound 4 on the pyridine ring could
stabilize the m* orbital by better delocalization over the
tridentate ligand, giving rise to a narrowing of the m-m*
energy gap and therefore a red shift in the absorption band.
In addition, the assignment of a metal-to-ligand charge
transfer transition would not be likely due to the non-
reducing nature of the gold(Ill) center to achieve Au(IV)
higher oxidation state. The UV-visible absorption data of
compounds 1-14 in dichloromethane or toluene at 298 K
have been summarized in Table 1. The UV-vis absorption
and emissive spectra of compounds 1-14 provide the fun-
damental photophysical data that provide useful guidelines
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for the design of the chemical structures to tune the emission
color of the emitters in both solution and solid state.

Example 3
[0180] Photoluminescence Properties
[0181] Unlike most other gold(I1l) compounds which are

non-emissive or only show luminescence at low tempera-
tures, compounds 1-14 display intense luminescence at
466-600 nm with respectable photoluminescence quantum
vields in both solution and solid state thin-films at room
temperature (Table 1). The emission spectra of compounds
2 and 4 are shown in FIG. 5. Upon excitation at A=380 nm
in dichloromethane solution at 298 K, vibronic-structured
emission bands with peak maximum at ca. 470 nm for
compounds 1-3 and 590 nm for compound 4 are observed.
The vibrational progressional spacing of ca. 1300 cm™
matches well with the v(C= C) and v(C=:N) stretching
modes of the tridentate ligand, suggesting an assignment of
a metal-perturbed *IL [m—>n*] state for the emission. These
emission bands are assigned as originating from a metal-
perturbed IL, ’[m—>m*] state of the tridentate ligand, probably
mixed with a charge transfer character from the aryl ring to
the pyridyl or quinolinyl moiety. The additional aryl moiety
on the pyridine ring on the tridentate ligand of compound 2,
or an additional carbazole unit on the auxiliary ligand on
compound 3, does not alter the emission energy when
compared to that of compound 1. In addition, in good
agreement with the UV-vis absorption studies, a red-shifted
emission band has been observed for compound 4 when
compared to that of compound 1. The emission maximum is
red-shifted from 470 nm to 590 nm, possibly due to the
narrowing of the m-7* energy gap upon stabilization of the
7* orbital by better delocalization over the tridentate ligand.
FIG. 6 shows the normalized photoluminescence spectra of
thin films of 5 wt % of compounds 1-4 doped into MCP at
298 K. The emission energies are similar to their emission
energies in solution and show emission maxima at ca. 470
nm for compounds 1-3 and 590 nm for compound 4. These
results imply that there is no significant spectral shift in the
emission spectra, unlike most other platinum(Il) and gold
(III) systems. This allows one to precisely control the
emission energies of this class of complexes via the modi-
fication of cyclometalated tridentate ligands in a predictable
and controllable manner.

TABLE 1

Photophysical data for compounds 1-14

Absorption A,,,,/nm Emission A,,,,,/nm

Compound Medium {T/K) (& mar/dm’mol lem™) (T, /us) @, oM CDﬁ,m[‘]’[d]

1 CH,Cl, (298) 314 (16000), 330 (9320), 470, 506, 544 (18.0)  0.04] 0.28
374 (5580), 394 (4055)

2 CH,Cl, (298) 291 (43780), 330 (8140), 476, 512, 550 (45.8)  0.07L! 0.410
380 (3633), 400 (2535)

3 CH,CL, (298) 330 (12315), 380 (4620), 476, 512, 558 (9.0) 0.138 0.371

400 (3470)

4 CH,Cl, (298) 326 (19390}, 340 (22480), 590, 640, 700 (9.8) 4 x 10301 0,04
414 (4370), 438 (3520)

5 CH,Cl, (298) 300 (42355), 365 (4115), 492, 530, 570 (40.4)  0.13 0.30(¢1
384 (5935), 404 (4640)

6 CH,CL, (298) 298 (32990), 358 (1980), 474, 508, 546 (12.3)  0.06 0.371
378 (3155), 398 (2290)

7 CH,Cl, (298) 290 (31225), 304 (34390), 470, 504, 540 (14.0)  0.10 0.30(¢1

354 (2070), 374 (3530),
304 (2300)
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TABLE 1-continued
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Photophysical data for compounds 1-14

Absorption A, /nm

Compound Medium (T/K) (& pan/dm®mol~tem™) (t,/us)

Emission A,,,,/am

@, A0 @ (€

8 CIL,ClL, (298)
330 (15790), 366 (3735),

386 (2430)
9 CH,CL, (298)
366 (4280), 386 (2845)
10 CH,CL (208)
366 (1425), 386 (960)
1 CH,CI, (298)
360 (1915), 372 (2450),

392 (1795)

12 Tolueme (298) 304 (28900), 344 (15720), 564 (0.2)
366 (8810), 390 (3080)
13 Toluene (298) 324 (18005), 340 (15905), 586 (<0.1)
394 (4040)
14 Tolueme (298) 417 (2570), 495 (2020) 700 (0.2)

290 (33580), 308 (38120), 466, 500, 538 (15.2) 0.07

286 (32210), 308 (39285), 466, 500, 538 (20.1) (.11
284 (8745), 306 (13040), 466, 500, 338 (17.5) (.10

290 (28285), 314 (21350), 466, 500, 538 (15.7) 0.11

0.2611

0.34L
0.30

0.2011

0.04 0.7514
3x 107 0.3414

7x 1073 0.61191

[IThe luminescence quantum yield, measured at room temperature using quinine sulfate in 0.5M HySOj as the reference (excitation

wavelength = 365 nm, &, = 0.56)

'The luminescence quantum yield, measured at room temperature using [Ru(bpy);]Cl, in aqueous state as the reference (excitation

wavelength = 436 nm, &, = 0.042)

Tum

[C]q)ﬁlm of gold(1IT) compound dloped into 5% MCP excited at wavelength of 320 nm
[d]CI)ﬁL,,, of gold(1IT) compound doped into 10% MCP excited at wavelength of 320 nm

Example 4

[0182] A solution-processable OLED according to an
embodiment of the invention was constructed in the follow-
ing manner:

[0183] a) A transparent anode ITO-coated borosilicate
glass substrate (38 mmx38 mm) with sheet resistance of
30Q per square was ultrasonicated in the commercial
detergent Decon 90, rinsed in deionized water having a
resistivity of 18.2 mega-ohm for 15 minutes, and then
dried in an oven at 120 degree C. for an hour. The
substrate was next subjected to an UV-0zone treatment in
a Jelight 42-220 UVO-Cleaner equipped with a mercury
grid lamp for 15 minutes in order to increase the work
function of the ITO-coated glass substrate for better hole
injection into the organic layer.

[0184] b) A 70-nm thick PEDOT:PSS hole-transporting
layer was spin-coated by using a Laurell WS-400Ez-
6NPP-Lit2 single wafer spin processor at 7000 rpm for 30
seconds onto the ITO-coated glass substrate of step a and
baked at 110 degree C. for 10 minutes in air.

[0185] c¢) A 60-nm thick light-emitting layer was spin-
coated by using a Laurell WS-400Ez-6NPP-Lit2 single
wafer spin processor at 6000 rpm for 25 seconds onto
PEDOT:PSS layer of step b, and baked at 80 degree C. for
10 minutes in air, in which compound 2 was doped into
light-emitting MCP layer at different concentrations in the
range from 5 to 20%;

[0186] d) The substrate was put into a vacuum chamber,
and the chamber was pumped down from 1 bar to 5x107°
mbar;

[0187] e) A 5 nm thick 3TPYMB hole blocking layer was
deposited by thermal evaporation on doped MCP light-
emitting layer of step c.

[0188] ) A 30 nm TmPyPB electron transporting layer
was deposited by thermal evaporation on the 3TPYMB
layer of step e.

[0189] g) A 0.8-nm thick LiF layer and a 80 nm thick Al
layer were deposited by thermal evaporation on the
TmPyPB layer of step f to form an electron-injecting

cathode. 3TPYMB, TmPyPB, LiF and Al were prepared
by thermal evaporation from tantalum boats by applying
current through the tantalum boats. Deposition rates were
monitored with a quartz oscillation crystal and a Sigma
SQM-242 quartz crystal card and controlled at 0.1-0.2 nm
s~ for both organic and metal layers. Current density-
voltage-luminance characteristics of organic EL devices
were measured with a programmable Keithley model
2420 power source and a Spectrascan PR 655 colorimeter
under ambient air conditions.

[0190] As depicted in FIG. 7, all devices exhibit vibronic-
structured emission, and the EL spectra for all the devices
are almost identical to their emission spectra in solution and
MCP doped thin films without any undesirable emission
coming from the adjacent carrier-transporting layers or the
host materials. Notably, no bathochromic shift is observed
with increasing dopant concentrations. It is not the case for
other square-planar metal complexes, including platinum(II)
and gold(1IT) systems, in which the EL spectra are found to
show significant spectral shifts upon dopant aggregation to
give a broad red-shifted excimer emission. In addition, the
optimized device doped with 10% compound 2 demon-
strates a high EQE of 5.9%, as shown in FIG. 8.

Example 5

[0191] A vacuum-deposited OLED according to an
embodiment of the invention was constructed in the follow-
ing manner:

[0192] a) A transparent anode ITO-coated borosilicate
glass substrate (38 mmx38 mm) with sheet resistance of
30Q per square was ultrasonicated in the commercial
detergent Decon 90, rinsed in deionized water having a
resistivity of 18.2 mega-ohm for 15 minutes, and then
dried in an oven at 120 degree C. for an hour. The
substrate was next subjected to an UV-0zone treatment in
a Jelight 42-220 UVO-Cleaner equipped with a mercury
grid lamp for 15 minutes in order to increase the work
function of the ITO-coated glass substrate for better hole
injection into the organic layer.
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[0193] b) The substrate was put into a vacuum chamber,
and the chamber was pumped down from 1 bar to 5x107°
mbar;

[0194] c) A 2-nm thick molybdenum oxide (MoO;) hole
injecting layer was deposited by thermal evaporation onto
the ITO-coated glass substrate of step a;

[0195] d)A 40-nm thick TAPC hole transporting layer was
deposited by thermal evaporation onto the MoOj layer of
step ¢;

[0196] e)A25-nm thick light-emitting layer was deposited
by thermal evaporation onto the TAPC layer of step d, in
which 2, 5, 8, 11% of compound 2 was doped into
light-emitting MCP layer;

[0197] ) A 5-nm thick TSPO1 hole-blocking layer was
deposited by thermal evaporation onto the light-emitting
layer of step e;

[0198] g) A 35-nm thick Tm3PyP26PyB electron-trans-
porting layer was deposited by thermal evaporation on the
TSPOLI layer of step f;

[0199] h) A 1-nm thick LiF layer and a 100-nm thick Al
layer were deposited by thermal evaporation on
Tm3PyP26PyB of step g to form an electron-injecting
cathode.

[0200] All materials were prepared by thermal evapora-

tion from tantalum boats by applying current through the

tantalum boats. Deposition rates were monitored with a

quartz oscillation crystal and a Sigma SQM-242 quartz

crystal card and controlled at 0.1-0.2 nm s~* for both organic
and metal layers. Current density-voltage-luminance char-

acteristics of organic EL devices were measured with a

programmable Keithley model 2420 power source and a

Spectrascan PR 655 colorimeter under ambient air condi-

tions.

Example 6

[0201] The same materials and processing procedures
were employed as described in Example 5, except the MCP
host was replaced by another host material with higher
triplet energy, PYD-2Cz.
[0202] Similar to the case of the solution-processable
OLEDs, the vacuum-deposited devices made with 2 exhibit
vibronic-structured emission with peak maxima at ca. 484
and 512 nm, with a shoulder at ca. 550 nm (FIG. 9). More
importantly, high EQEs of up to 12.8% can be achieved for
the optimized device doped with 11 wt % compound 2 (FIG.
10). The performance can be further boosted up to 41.5 c¢d
A™! 437 Im W' and 14.7% by using PYD-2Cz as host
material (FIG. 11). These results definitely confirm the
capability of the gold(Ill) compounds in the present inven-
tion as phosphorescent dopant in both vacuum-deposited
and solution-processable OLEDs.

1.-8. (canceled)

9. A luminescent gold(1II) compound having the chemical
structure shown in formula (I),

M
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(a) wherein

(1) X is nitrogen, and Y and 7 are carbon; A is cyclic
structure (derivative) of pyridine, quinoline, or iso-
quinoline, which is substituted by aryl, substituted
aryl, heteroaryl, substituted heteroaryl, heterocyclic
aryl or substituted heterocyclic aryl; and B and C are
independently cyclic structures (derivatives) of phe-
nyl groups; or

(ii) X and Y are carbon, and Z is nitrogen; A and C are
cyclic structures (derivatives) of phenyl groups; and
C is cyclic structure (derivative) of pyridine, quino-
line, isoquinoline;

(b) B and C are identical or non-identical, with the proviso
that both B and C are not 4-tert-butylbenzene;

(c) R' is a substituted carbon, nitrogen, oxygen or sulfur
donor ligand attached to the gold atom;

(d) n is zero, a positive integer or a negative integer;

wherein R' is selected from, but not limited to, aryl,
substituted aryl, heteroaryl, substituted heteroaryl, het-
erocyclic aryl and substituted heterocyclic aryl, alkyl,
alkoxy, aryloxy, amide, thiolate, sulfonate, phosphide,
fluoride, chloride, bromide, iodide, cyanate, thiocya-
nate or cyanide; Rings A, B and C are independently
benzene or pyridine, or aryl (derivatives) or pyridyl,
quinolyl, isoquinolyl (derivatives) with, but not limited
to, one or more alkyl, alkenyl, alkynyl, alkylaryl,
cycloalkyl, OR, NR,, SR, C(O)R, C(O)OR, C(O)NR,,
CN, CF;, NO,, SO,, SOR, SO,R, halo, aryl, substituted
aryl, heteroaryl, substituted heteroaryl or heterocyclic
group, wherein R is independently alkyl, alkenyl, alky-
nyl, alkyaryl, aryl, or cycloalkyl, preferably when ring
A is pyridine, ring A is substituted with, but not limited
to, aryl, substituted aryl, heteroaryl, substituted het-
eroaryl, heterocyclic aryl or substituted heterocyclic
aryl.

10. The gold(I1T) compound according to claim 9, wherein
the compound is deposited as a thin layer on a substrate
layer; and/or

wherein the compound is deposited as a thin layer on a
substrate layer and the thin layer is deposited by
vacuum deposition, spin-coating, or inkjet printing;
and/or

wherein the compound has photoluminescence properties
within a range of about 380 to 1050 nm; and/or

wherein the compound emits light in response to the
passage of an electric current or to a strong electric
field; and/or

wherein the compound is used to fabricate an OLED;
and/or

wherein the compound is used to fabricate an OLED and
the gold (III) compound serves as the light-emitting
layer of the OLED; and/or

wherein the compound is used to fabricate an OLED and
the gold (IIT) compound serves as a dopant in the
light-emitting layer of the OLED; and/or

wherein the emission energy of the compound is inde-
pendent on the concentration of the gold(IIl) compound
dopant; and/or
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wherein the compounds is selected from the following
compounds (1) to (14):

R,=H; R,=4-tert butylphenyl (1)
R,=Phenyl; R,=4-tert-butylphenyl (2)
R,=Phenyl; R,=9-phenylcarbazole (3)

~N
| x
A
x
R, | P Ry
N
Ry Rs
"Au
R; Rs

=H; Ry=C; Ry=H; R,=H; Rs=t-butyl; R¢=H (5)

@

14
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R,=H; R,=CF,; R,=H; R,=H; R,=OCF,; R,=H (10)
R,=H; R,=0CF,; R,=H; R,=H; R=0CF; R =H (11)

(12)
(I T
AN
-
!

>
®

13)

N

A

|
S

(14)
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11. The gold(I1T) compound according to claim 9, wherein
the compound has photoluminescence properties within a
range of about 380 to 1050 nm.

12. A method for preparing a luminescent compound with
a cyclometalated tridentate ligand and at least one monoaryl
group coordinated to a gold(I1) metal group, comprising the
following reaction:

« R'—DB(OH),, Base, [Pd]

OR
[Ag], Toluene,

R'—NH, R'—O0H or
R'—SH, Base

wherein:

R, X,Y, Z, Rings A, B and C are as defined in claim 1.

13. The method according to claim 12, wherein a lumi-

nescent compound is prepared; and/or

wherein the gold(Ill) metal center comprises a light-
emitting layer of a light-emitting device; and/or

wherein the gold(Il) metal group comprises a layer of a
light-emitting device; and/or

wherein the gold(Ill) metal compound is a dopant
included in the light-emitting layer of the light-emitting
device; and/or

wherein the gold(1lT) metal compound is a dopant
included in a light-emitting device.
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14. The method for preparing a luminescent compound
according to claim 12, further comprising:

purifying the luminescent compound by any combination

of chromatography, extraction, crystallization, and sub-
limation.

15. A light-emitting device having an ordered structure
comprising an anode, a hole-transporting layer, a light-
emitting layer, an electron-transporting layer and a cathode,
wherein the light-emitting layer comprises a luminescent
compound prepared according to the method of claim 12.

16. The light-emitting device of claim 15 wherein the
light-emitting layer is prepared using vacuum deposition or
solution processing technique.

17. A light-emitting device with an ordered structure
comprising an anode, a hole-transporting layer, a light-
emitting layer, an electron-transporting layer and a cathode,
wherein the light-emitting layer comprises a gold(I1l) com-
pound having a chemical structure represented by the fol-
lowing formula (1),

U]

wherein:

R, X,Y, Z, Rings A, B and C are as defined in claim 9.

18. The light-emitting device of claim 17 wherein the
light-emitting layer is prepared using vacuum deposition or
solution processing technique.

19. The light-emitting device of claim 17, wherein the
gold(1l) compound has photoluminescence properties
within a range of about 380 to 1050 nm.

L S S T
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