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1
ORGANOMETALLIC COMPOUND AND
ORGANIC LIGHT-EMITTING DEVICE
INCLUDING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to and the benefit of
Korean Patent Application No. 10-2015-0109569, filed on
Aug. 3, 2015, in the Korean Intellectual Property Office, the
content of which is incorporated herein in its entirety by
reference.

BACKGROUND

1. Field

The present disclosure relates to an organometallic com-
pound and an organic light-emitting device including the
organometallic compound.

2. Description of the Related Art

Organic light-emitting devices (OLEDs) are self-emission
devices that have wide viewing angles, high contrast ratios,
and short response times. In addition, the OLEDs exhibit
excellent luminance, driving voltage, and response speed
characteristics, and produce full-color images.

A typical organic light-emitting device includes an anode,
a cathode, and an organic layer that is disposed between the
anode and the cathode and includes an emission layer. A hole
transport region may be disposed between the anode and the
emission layer, and an electron transport region may be
disposed between the emission layer and the cathode. Holes
provided from the anode may move toward the emission
layer through the hole transport region, and electrons pro-
vided from the cathode may move toward the emission layer
through the electron transport region. The holes and the
electrons are recombined in the emission layer to produce
excitons. These excitons change from an excited state to a
ground state to thereby generate light.

Different types of organic light emitting devices are
known. However, there still remains a need in OLEDs
having low driving voltage, high efficiency, high brightness,
and long lifespan.

SUMMARY

Provided are an organometallic compound and an organic
light-emitting device including the organometallic com-
pound.

Additional aspects will be set forth in part in the descrip-
tion which follows and, in part, will be apparent from the
description, or may be learned by practice of the presented
exemplary embodiments.

According to an aspect of the present inventive concept,
an organometallic compound represented by Formula 1
below is described:
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Formula 1
ML DuL2)m
Formula 2A
/(Rlo)al
Loy
‘/YZ— gt Nk
X7
L N 3
x7 /
I | N
2SN / \
Xy /Xl
X=X,
Formula 2B
Formula 2C

wherein M in Formula 1 may be selected from Ir, Pt, Os,
Ti, Zr, Hf, Eu, Th, Tm, and Rh,

L, in Formula 1 may be selected from a ligand represented
by Formula 2A and a ligand represented by Formula 2B,

L, in Formula 1 may be selected from ligands represented
by Formula 2C,

each of * and * in Formulae 2A to 2C may be a binding
site to M in Formula 1,

nl in Formula 1 may be 1, 2, or 3, provided that when nl
is 2 or greater, two or more groups L, may be the same or
different,

n2 in Formula 1 may be 0, 1, 2, 3, or 4, provided that when
n2 is 2 or greater, two or more groups L, may be the same
or different,

Y, and Y, in Formulae 2A and 2B may be each C,

Y, in Formula 2B may be a C or N,

Y, and Y, in Formulae 2A and 2B may be linked by a
single bond or a double bond, and Y, and Y, in Formula 2B
may be linked by a single bond or a double bond,

Y, in Formulae 2A and 2B and M in Formula 1 may be
linked by a covalent bond,

CY, and CY, in Formulae 2A and 2B may be each
independently selected from a C4-C;, carbocyclic group and
a C,-C;, heterocyclic group,

in Formulae 2A and 2B, X, may be N or C(R,), X, may
be N or C(R,), X; may be N or C(R;), X, may be N or C(R,),
X5 may be N or C(Ry), X, may be N or C(Ry), X, may be
N or C(R,),

T, in Formula 2B may be selected from a single bond, *
—O—¥, S NR ), *—C(R3 (Rap)—", ¥
—CR3,)=CR;3)—*, and *—Si(R;,)(Rs;,)—", wherein
R;, and R;, may be optionally linked to form a substituted
or unsubstituted C5-Cs, carbocyclic group or a substituted or
unsubstituted C,-C, heterocyclic group,

R, to R, Ry, Ry, and R, may be each independently
selected from a hydrogen, a deuterium, —F, —CI, —Br, —]I,
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—SF., a hydroxyl group, a cyano group, a nitro group, an
amino group, an amidino group, a hydrazine group, a
hydrazone group, a carboxylic acid group or a salt thereof,
a sulfonic acid group or a salt thereof, a phosphoric acid
group or a salt thereof, a substituted or unsubstituted C,-Cy,
alkyl group, a substituted or unsubstituted C,-C, alkenyl
group, a substituted or unsubstituted C,-C, alkynyl group,
a substituted or unsubstituted C,-Cg, alkoxy group, a sub-
stituted or unsubstituted C,-C,, cycloalkyl group, a substi-
tuted or unsubstituted C,-C,, heterocycloalkyl group, a
substituted or unsubstituted C;-C,, cycloalkenyl group, a
substituted or unsubstituted C,-C,, heterocycloalkenyl
group, a substituted or unsubstituted C4-C, aryl group, a
substituted or unsubstituted C,-Cg, aryloxy group, a substi-
tuted or unsubstituted C4-Cg,, arylthio group, a substituted or
unsubstituted C,-Cg, heteroaryl group, a substituted or
unsubstituted monovalent non-aromatic condensed polycy-
clic group, a substituted or unsubstituted monovalent non-
aromatic condensed heteropolycyclic group, —N(Q,)(Q,),
—Si(Q:)(Q)(Qs), —BQe)Q7), —PE0)Qs)(Qs), and
*Ge(Q51)(Q52)(Q53)5

al may be an integer selected from 0, 1, 2, 3, 4, and 5,

two or more of R, to R, in Formulae 2A and 2B may be
optionally linked to each other to form a substituted or
unsubstituted C5-C,,, carbocyclic group or a substituted or
unsubstituted C,-C, heterocyclic group,

two or more of R, to R, in Formula 2A may be optionally
linked to each other to form a substituted or unsubstituted
C5-Cs4, carboeyclic group or a substituted or unsubstituted
C,-C;, heterocyclic group,

two or more groups R, in the number of al in Formulae
2A and 2B may be optionally linked to each other to form
a substituted or unsubstituted C5-C,, carbocyclic group or a
substituted or unsubstituted C,-C;, heterocyclic group,

Y, and Y in Formula 2C may be each independently O,
N, P, or As,

at least one substituent of the substituted C5-C, carbo-
cyclic group, substituted C,-Cs,, heterocyclic group, substi-
tuted C,-Cg, alkyl group, substituted C,-Cy, alkenyl group,
substituted C,-Cg, alkynyl group, substituted C,-C, alkoxy
group, substituted C;-C,, cycloalkyl group, substituted
C,-C,, heterocycloalkyl group, substituted C,-C, , cycloalk-
enyl group, substituted C,-C,, heterocycloalkenyl group,
substituted C4-Cg, aryl group, substituted Cy-Cg, aryloxy
group, substituted C4-C, arylthio group, substituted C,-Cy,
heteroaryl group, substituted monovalent non-aromatic con-
densed polycyclic group, and substituted monovalent non-
aromatic condensed heteropolycyclic group may be selected
from

a deuterium, —F, —Cl, —Br, —I, —CD,;, —CD,H,
—CDH,, —CF;, —CF,H, —CFH,, a hydroxyl group, a
cyano group, a nitro group, an amino group, an amidino
group, a hydrazine group, a hydrazone group, a carboxylic
acid group or a salt thereof, a sulfonic acid group or a salt
thereof, a phosphoric acid group or a salt thereof, a C,-Cg,
alkyl group, a C,-C, alkenyl group, a C,-C, alkynyl group,
and a C,-C, alkoxy group;

a C,-Cg, alkyl group, a C,-C, alkenyl group, a C,-Cg,
alkynyl group, and a C,-C, alkoxy group, each substituted
with at least one selected from a deuterium, —F, —CI, —Br,
—I1, —CD,, —CD,H, —CDH,, —CF,, —CF,H, —CFH,,
a hydroxyl group, a cyano group, a nitro group, an amino
group, an amidino group, a hydrazine group, a hydrazone
group, a carboxylic acid group or a salt thereof, a sulfonic
acid group or a salt thereof, a phosphoric acid group or a salt
thereof, a C;-C,, cycloalkyl group, a C,-C,, heterocy-
cloalkyl group, a C;-C,, cycloalkenyl group, a C,-C,,
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heterocycloalkenyl group, a Cq-Cg, aryl group, a Cy4-Ce,
aryloxy group, a C4-C,,, arylthio group, a C,-C, heteroaryl
group, a monovalent non-aromatic condensed polycyclic
group, a monovalent non-aromatic condensed heteropoly-
cyclic — group,  —N(Q,)(Q2).  —Si(Q3)(Q,4)(Q5):
—B(Q,6)(Q,7). and —P(=0)(Q,5)(Q);

a C5-C, cycloalkyl group, a C,-C,, heterocycloalkyl
group, a C,-C,, cycloalkenyl group, a C,-C,, heterocy-
cloalkenyl group, a C4-Cq, aryl group, a C4-Ce, aryloxy
group, a C¢-Cg, arylthio group, a C,-Cg, heteroaryl group, a
monovalent non-aromatic condensed polycyclic group, and
a monovalent non-aromatic condensed heteropolycyclic
group,

a C;-C,, cycloalkyl group, a C,-C,, heterocycloalkyl
group, a C;-C,, cycloalkenyl group, a C,-C,, heterocy-
cloalkenyl group, a C4-Cy, aryl group, a C4-Cg, aryloxy
group, a C¢-Cy, arylthio group, a C,-C, heteroaryl group, a
monovalent non-aromatic condensed polycyclic group, and
a monovalent non-aromatic condensed heteropolycyclic
group, each substituted with at least one selected from a
deuterium, —F, —Cl, —Br, —I, —CD,, —CD,H, —CDH,,
—CF,, —CF,H, —CFH,, a hydroxy! group, a cyano group,
a nitro group, an amino group, an amidino group, a hydra-
zine group, a hydrazone group, a carboxylic acid group or a
salt thereof, a sulfonic acid group or a salt thereof, a
phosphoric acid group or a salt thereof, a C, -C, alkyl group,
a C,-Cg, alkenyl group, a C,-Cq, alkynyl group, a C,-Cq,
alkoxy group, a C;-C,, cycloalkyl group. a C,-C,, hetero-
cycloalkyl group, a C5-C,, cycloalkenyl group, a C,-C,
heterocycloalkenyl group, a C,-Cy, aryl group, a C,-Co,
aryloxy group, a C4-Cg,, arylthio group, a C,-C, heteroaryl
group, a monovalent non-aromatic condensed polycyclic
group, a monovalent non-aromatic condensed heteropoly-
cyclic — group,  —N(Q;)(Qz).  —Si(Q3)(Q24)(Qs55):
—B(Q6)(Q27), and *P.(:O)(st)(Qw); and

—N(Q;)(Qs2). —Si(Q33)(Q5)(Qs5), —B(Q36)(Qs5),
and —P(=0)(Q35)(Qs0);

wherein Q, to Qo, Q11 t0 Q6. Qs 10 Qso, Q35 10 Qso, and
Qs; to Q53 may be each independently selected from a
hydrogen, a deuterium, —F, —Cl, —Br, —I, a hydroxyl
group, a cyano group, a nitro group, an amino group, an
amidino group, a hydrazine group, a hydrazone group, a
carboxylic acid group or a salt thereof, a sulfonic acid group
or a salt thereof, a phosphoric acid group or a salt thereof,
a C,-Cq, alkyl group, a C,-Cg, alkenyl group, a C,-Cq,
alkynyl group, a C,-Cq, alkoxy group, a C5-C,, cycloalkyl
group, a C,-C,, heterocycloalkyl group, a C;-C,, cycloalk-
enyl group, a C,-C,, heterocycloalkenyl group, a C4-Cqg,
aryl group, a C4-C, aryl group substituted with at least one
of a C,-C, alkyl group and a C4-Cg, aryl group, a Cs-Ce,
aryloxy group, a C4-Cy, arylthio group, a C,-Cg, heteroaryl
group, a monovalent non-aromatic condensed polycyclic
group, and a monovalent non-aromatic condensed heteropo-
lycyelic group.

According to another aspect of the present inventive
concept, described is an organic light-emitting device
including;

a first electrode;

a second electrode; and

an organic layer disposed between the first electrode and
the second electrode, wherein the organic layer includes an
emission layer and at least one organometallic compound
described above.

An organometallic compound in the emission layer may
serve as a dopant.

BRIEF DESCRIPTION OF THE DRAWINGS

These and/or other aspects will become apparent and
more readily appreciated from the following description of



US 10,714,696 B2

5

the exemplary embodiments, taken in conjunction with the
accompanying drawings in which:

FIG. 1 illustrates a schematic view of an organic light-
emitting device according to an embodiment.

DETAILED DESCRIPTION

Reference will now be made in detail to exemplary
embodiments, examples of which are illustrated in the
accompanying drawings, wherein like reference numerals
refer to like elements throughout. In this regard, the present
exemplary embodiments may have different forms and
should not be construed as being limited to the descriptions
set forth herein. Accordingly, the exemplary embodiments
are merely described below, by referring to the figures, to
explain aspects. As used herein, the term “and/or” includes
any and all combinations of one or more of the associated
listed items.

It will be understood that when an element is referred to
as being “on” another element, it can be directly in contact
with the other element or intervening elements may be
present therebetween. In contrast, when an element is
referred to as being “directly on” another element, there are
no intervening elements present.

Tt will be understood that, although the terms first, second,
third etc. may be used herein to describe various elements,
components, regions, layers, and/or sections, these elements,
components, regions, layers, and/or sections should not be
limited by these terms. These terms are only used to distin-
guish one element, component, region, layer, or section from
another element, component, region, layer, or section. Thus,
a first element, component, region, layer, or section dis-
cussed below could be termed a second element, component,
region, layer, or section without departing from the teach-
ings of the present embodiments.

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting. As used herein, the singular forms “a,” “an,” and
“the” are intended to include the plural forms as well, unless
the context clearly indicates otherwise.

The term “or” means “and/or.” It will be further under-
stood that the terms “comprises” and/or “comprising,” or
“includes” and/or “including” when used in this specifica-
tion, specify the presence of stated features, regions, inte-
gers, steps, operations, elements, and/or components, but do
not preclude the presence or addition of one or more other
features, regions, integers, steps, operations, elements, com-
ponents, and/or groups thereof.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this general inventive concept belongs. It will be
further understood that terms, such as those defined in
commonly used dictionaries, should be interpreted as having
a meaning that is consistent with their meaning in the
context of the relevant art and the present disclosure, and
will not be interpreted in an idealized or overly formal sense
unless expressly so defined herein.

“About” or “approximately” as used herein is inclusive of
the stated value and means within an acceptable range of
deviation for the particular value as determined by one of
ordinary skill in the art, considering the measurement in
question and the error associated with measurement of the
particular quantity (i.e., the limitations of the measurement
system). For example, “about” can mean within one or more
standard deviations, or within +30%, 20%, 10%, 5% of the
stated value.
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Exemplary embodiments are described herein with refer-
ence to cross section illustrations that are schematic illus-
trations of idealized embodiments. As such, variations from
the shapes of the illustrations as a result, for example, of
manufacturing techniques and/or tolerances, are to be
expected. Thus, embodiments described herein should not
be construed as limited to the particular shapes of regions as
illustrated herein but are to include deviations in shapes that
result, for example, from manufacturing. For example, a
region illustrated or described as flat may, typically, have
rough and/or nonlinear features. Moreover, sharp angles that
are illustrated may be rounded. Thus, the regions illustrated
in the figures are schematic in nature and their shapes are not
intended to illustrate the precise shape of a region and are
not intended to limit the scope of the present claims.

The organometallic compound is represented by Formula
1

ML i)z Formula 1

wherein M in Formula 1 may be selected from iridium
(Ir), platinum (Pt), osmium (Os), titanium (Ti), zirconium
(Zr), hafnium (Hf), europium (Eu), terbium (Tb), thulium
(Tm), and rhodium (Rh).

For example, M in Formula 1 may be, but is not limited
thereto, selected from iridium (Ir), platinum (Pt), and
osmium (Os).

L, in Formula 1 may be selected from a ligand represented
by Formula 2A and a ligand represented by Formula 2B, and
L, in Formula 1 may be selected from ligands represented by
Formula 2C, wherein * and * in Formulae 2A to 2C may be
each independently a binding site to M in Formula 1:

Formula 2A
/(Rlo)al
ioey
‘/YZ— ; _Yl s
X7 ,
xZ /
I | N
N /A
Xy /Xl
X3 §X2
Formula 2B
Formula 2C
Y.
-
Y
~ v

nl in Formula 1 may be 1, 2, or 3, provided that when nl
is 2 or greater, two or more groups L, may be the same or
different, and n2 in Formula 1 may be 0, 1, 2, 3, or 4, and
when n2 is 2 or greater, two or more groups L, may be the
same or different.
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In some embodiments, in Formula 1,

M may be Ir or Os, and nl+n2 may be 3; or

M may be Pt, and nl+n2 may be 2, but embodiments are
not limited thereto.

Y, and Y, in Formulae 2A and 2B may be a carbon (C),
and Y; in Formula 2B may be a carbon (C) or nitrogen (N).

Y, and Y, in Formulae 2A and 2B may be linked by a
single bond or a double bond, and Y, and Y in Formula 2B
may be linked by a single bond or a double bond.

Y, in Formulae 2A and 2B and M in Formula 1 may be
linked by a covalent bond.

CY, and CY, in Formulae 2A and 2B may be each
independently selected from a C;-C;, carbocyclic group and
a C,-C;, heterocyclic group.

For example, CY, in Formulae 2A and 2B may be each
independently selected from a cyclopentadiene, a benzene, a
heptalene, an indene, a naphthalene, an azulene, a heptalene,
an indacene, an acenaphthylene, a fluorene, a spirobifluo-
rene, a benzofluorene, a dibenzofluorene, a phenalene, a
phenanthrene, an anthracene, a fluoranthene, a triphenylene,
a pyrene, a chrysene, naphthacene, a picene, a perylene, a
pentacene, a hexacene, a pentacene, a rubicene, a coronene,
an ovalene, a pyrrole, an isoindole, an indole, an indazole,
a pyrazole, an imidazole, a triazole, an oxazole, an isox-
azole, an oxadiazole, a thiazole, an isothiazole, a thiadiazole,
a purine, a furan, a thiophene, a pyridine, a pyrimidine, a
quinoline, an isoquinoline, a benzoquinoline, a phthalazine,
a naphthyridine, a quinoxaline, a quinazoline, a cinnoline, a
phenanthridine, an acridine, a phenanthroline, a phenazine,
a benzoimidazole, a benzofuran, a benzothiophene, an
isobenzothiazole, a benzoxazole, an isobenzoxazole, a ben-
zocarbazole, a dibenzocarbazole, an imidazopyridine, an
imidazopyrimidine, a dibenzofuran, a dibenzothiophene, a
dibenzothiophene sulfone, a carbazole, and a dibenzosilole.

According to an embodiment, CY, in Formulae 2A and
2B may be independently selected from a cyclopentadiene,
a benzene, a naphthalene, a fluorene, a phenanthrene, an
anthracene, a triphenylene, a pyrrole, an indole, a pyrazole,
an imidazole, an oxazole, an isoxazole, a thiazole, an
isothiazole, a furan, a thiophene, a pyridine, a pyrimidine, a
quinoline, an isoquinoline, a quinoxaline, a quinazoline, a
cinnoline, a benzoimidazole, a benzofuran, a benzothio-
phene, an isobenzothiazole, a benzoxazole, an isobenzox-
azole, a benzocarbazole, a dibenzocarbazole, an imida-
zopyridine, an imidazopyrimidine, a dibenzofuran, a
dibenzothiophene, a dibenzothiophene sulfone, a carbazole,
and a dibenzosilole.

According to another embodiment, CY, in Formulae 2A
and 2B may be independently selected from a cyclopenta-
diene, a benzene, a naphthalene, a fluorene, a phenanthrene,
a triphenylene, a pyrrole, an indole, a pyrazole, an imida-
zole, a furan, a thiophene, a pyridine, a pyrimidine, a
quinoline, an isoquinoline, a quinoxaline, a quinazoline, a
dibenzofuran, and a dibenzothiophene, but embodiments are
not limited thereto.

According to some embodiments, CY, in Formulae 2A
and 2B may be independently selected from a benzene, a
naphthalene, a pyridine, a furan, a thiophene, an indole, and
a pyrrole, but embodiments are not limited thereto.

In Formulae 2A and 2B, X, may be N or C(R,), X, may
be N or C(R,), X; may be Nor C(R;), X, may be Nor C(R,),
X5 may be N or C(R5), X, may be N or C(Ry), and X, may
be N or C(R,).

For example, in Formulae 2A and 2B, X, may be C(R)),
X, may be C(R,). X5 may be C(R;), X, may be C(R,), X;
may be C(R;), X, may be C(R), and X, may be C(R,), but
embodiments are not limited thereto.
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T, in Formula 2B may be selected from a single bond, *
SO, B SF E NR, ). FCRy Ry ¥, *
—CR;3)=CR3)—*, and *—Si(R;)(R5;)—*, and R;,
and R;, may be optionally linked to each other to form a
substituted or unsubstituted C5-C,, carbocyclic group or a
substituted or unsubstituted C,-C;, heterocyclic group (for
example, a substituted or unsubstituted cyclopropane, a
substituted or unsubstituted cyclobutane, a substituted or
unsubstituted cyclopentane, a substituted or unsubstituted
cyclohexane, a substituted or unsubstituted benzene, etc.).

For example, T, in Formula 2B may be selected from *
—O0—*, S *—CR;)Rs)—", *—SiRy))
(R3,)—*', and a group represented by Formulae 11-1 to
11-4, but embodiments are not limited thereto:

Formula 11-1

* £
Formula 11-2
2 &
Formula 11-3
* &'
Formula 11-4
* £

wherein, R; to R, R, R;;, and R;, may be each
independently selected from a hydrogen, a deuterium, —F,
—Cl, —Br, —I, —SFj, a hydroxyl group, a cyano group, a
nitro group, an amino group, an amidino group, a hydrazine
group, a hydrazone group, a carboxylic acid group or a salt
thereof, a sulfonic acid group or a salt thereof, a phosphoric
acid group or a salt thereof, a substituted or unsubstituted
C,-Cg, alkyl group, a substituted or unsubstituted C,-Cy,
alkenyl group, a substituted or unsubstituted C,-C, alkynyl
group, a substituted or unsubstituted C,-C,, alkoxy group, a
substituted or unsubstituted C,-C,, cycloalkyl group, a sub-
stituted or unsubstituted C,-C,, heterocycloalkyl group, a
substituted or unsubstituted C;-C,, cycloalkenyl group, a
substituted or unsubstituted C,-C,, heterocycloalkenyl
group, a substituted or unsubstituted C4-Cg, aryl group, a
substituted or unsubstituted C,-Cg, aryloxy group, a substi-
tuted or unsubstituted C4-Cg, arylthio group, a substituted or
unsubstituted C,-C,, heteroaryl group, a substituted or
unsubstituted monovalent non-aromatic condensed polycy-
clic group, a substituted or unsubstituted monovalent non-
aromatic condensed heteropolycyclic group, —N(Q,)(Q,),
—Si(Q:)(QL)Q5), —BQe)Q7), —P(=0)(Q3)(Qy), and
—Ge(Q51)(Q52)(Qs3)-

For example, R, to R,, R,o, Ry,
independently selected from

a hydrogen, a deuterium, —F, —Cl, —Br, —I, a hydroxyl
group, a cyano group, a nitro group, an amino group, an
amidino group, a hydrazine group, a hydrazone group, a
carboxylic acid group or a salt thereof, a sulfonic acid group

and R;, may be each
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or a salt thereof, a phosphoric acid group or a salt thereof,
—SF, a C,-C,, alkyl group, and a C,-C,, alkoxy group;

a C,-C,, alkyl group and a C,-C,, alkoxy group, each
substituted with at least one selected from a deuterium, —F,
—(Cl, —Br, —I, —CD,, —CD,H, —CDH,, —CF;,
—CF,H, —CFH,, a hydroxyl group, a cyano group, a nitro
group, an amino group, an amidino group, a hydrazine
group, a hydrazone group, a carboxylic acid group or a salt
thereof, a sulfonic acid group or a salt thereof, a phosphoric
acid group or a salt thereof, a C,-C, alkyl group, a cyclo-
pentyl group, a cyclohexyl group, a cycloheptyl group, a
cyclooctyl group, an adamantanyl (adamantyl) group, a
norbornanyl (norbornyl) group, a norbornenyl group, a
cyclopentenyl group, a cyclohexenyl group, a cycloheptenyl
group, a phenyl group, a naphthyl group, a pyridinyl group,
and a pyrimidinyl group:

a cyclopentyl group, a cyclohexyl group, a cycloheptyl
group, a cyclooctyl group, an adamantanyl group, a norbor-
nanyl group, a norbornenyl group, a cyclopentenyl group, a
cyclohexenyl group, a cycloheptenyl group, a phenyl group,
a naphthyl group, a fluorenyl group, a phenanthrenyl group,
an anthracenyl group, a fluoranthenyl group, a triphenylenyl
group, a pyrenyl group, a chrysenyl group, a pyrrolyl group,
a thiophenyl group, a furanyl group, an imidazolyl group, a
pyrazolyl group, a thiazolyl group, an isothiazolyl group, an
oxazolyl group, an isoxazolyl group, a pyridinyl group, a
pyrazinyl group, a pyrimidinyl group, a pyridazinyl group,
an isoindolyl group, an indolyl group, an indazolyl group, a
purinyl group, a quinolinyl group, an isoquinolinyl group, a
benzoquinolinyl group, a quinoxalinyl group, a quinazolinyl
group, a cinnolinyl group, a carbazolyl group, a phenan-
throlinyl group, a benzoimidazolyl group, a benzofuranyl
group, a benzothiophenyl group, an isobenzothiazolyl
group, a benzoxazolyl group, an isobenzoxazolyl group, a
triazolyl group, a tetrazolyl group, an oxadiazolyl group, a
triazinyl group, a dibenzofuranyl group, a dibenzothiophe-
nyl group, a benzocarbazolyl group, a dibenzocarbazolyl
group, an imidazopyridinyl group, and an imidazopyrimidi-
nyl group;

a cyclopentyl group, a cyclohexyl group, a cycloheptyl
group, a cyclooctyl group, an adamantanyl group, a norbor-
nanyl group, a norbornenyl group, a cyclopentenyl group, a
cyclohexenyl group, a cycloheptenyl group, a phenyl group,
a naphthyl group, a fluorenyl group, a phenanthrenyl group,
an anthracenyl group, a fluoranthenyl group, a triphenylenyl
group, a pyrenyl group, a chrysenyl group, a pyrrolyl group,
a thiophenyl group, a furanyl group, an imidazolyl group, a
pyrazolyl group, a thiazolyl group, an isothiazolyl group, an
oxazolyl group, an isoxazolyl group, a pyridinyl group, a
pyrazinyl group, a pyrimidinyl group, a pyridazinyl group,
an isoindolyl group, an indolyl group, an indazolyl group, a
purinyl group, a quinolinyl group, an isoquinolinyl group, a
benzoquinolinyl group, a quinoxalinyl group, a quinazolinyl
group, a cinnolinyl group, a carbazolyl group, a phenan-
throlinyl group, a benzoimidazolyl group, a benzofuranyl
group, a benzothiophenyl group, an isobenzothiazolyl
group, a benzoxarzolyl group, an isobenzoxazolyl group, a
triazolyl group, a tetrazolyl group, an oxadiazolyl group, a
triazinyl group, a dibenzofuranyl group, a dibenzothiophe-
nyl group, a benzocarbazolyl group, a dibenzocarbazolyl
group, an imidazopyridinyl group, and an imidazopyrimidi-
nyl group, each substituted with at least one selected from a
deuterium, —F, —Cl, —Br, —I, —CD,, —CD,H, —CDH,,
—CF,, —CF,H, —CFH,, a hydroxyl group, a cyano group,
a nitro group, an amino group, an amidino group, a hydra-
zine group, a hydrazone group, a carboxylic acid group or a
salt thereof, a sulfonic acid group or a salt thereof, a
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phosphoric acid group or a salt thereof, a C,-C,, alkyl group,
a C,-C,, alkoxy group, a cyclopentyl group, a cyclohexyl
group, a cycloheptyl group, a cyclooctyl group, an adaman-
tanyl group, a norbornanyl group, a norbornenyl group, a
cyclopentenyl group, a cyclohexenyl group, a cycloheptenyl
group, a phenyl group, a naphthyl group, a fluorenyl group,
a phenanthrenyl group, an anthracenyl group, a fluoranthe-
nyl group, a triphenylenyl group, a pyrenyl group, a chry-
senyl group, a pyrrolyl group, a thiophenyl group, a furanyl
group, an imidazolyl group, a pyrazolyl group, a thiazolyl
group, an isothiazolyl group, an oxazolyl group, an isox-
azolyl group, a pyridinyl group, a pyrazinyl group, a pyrim-
idinyl group, a pyridazinyl group, an isoindolyl group, an
indolyl group, an indazolyl group, a purinyl group, a qui-
nolinyl group, an isoquinolinyl group, a benzoquinolinyl
group, a quinoxalinyl group, a quinazolinyl group, a cinno-
linyl group, a carbazolyl group, a phenanthrolinyl group, a
benzoimidazolyl group, a benzofuranyl group, a benzothio-
phenyl group, an isobenzothiazolyl group, a benzoxazolyl
group, an isobenzoxazolyl group, a triazolyl group, a tetra-
zolyl group, an oxadiazolyl group, a triazinyl group, a
dibenzofuranyl group, a dibenzothiophenyl group, a benzo-
carbazolyl group, a dibenzocarbazolyl group, an imida-
zopyridinyl group, and an imidazopyrimidiny] group; and

—N(Q)(Q5), —81(Q3)(Q(Qs), —B(Qs)(Q,), —P(=0)
(Qa)(Qs), and —Ge(Qs,)(Q52)(Qs3):

Q, to Q, and Qs to Qs may be each independently
selected from

—CH,, —CD,;, —CD,H, —CDH, —CH,CH,,
—CH,(CD,, —CH,CD,H, CH,CDH,, —CHDCH,,
—CHDCD,H, —CHDCDH,, —CHDCD,, —CD,CD;,
—CD,CD,H, and —CD,CDH,;

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group, an
n-pentyl group, an isopentyl group, a sec-pentyl group, a
tert-pentyl group, a phenyl group, and a naphthyl group; and

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group, an
n-pentyl group, an isopentyl group, a sec-pentyl group, a
tert-pentyl group, a phenyl group, and a naphthyl group,
each substituted with at least one selected from a deuterium,
a C,-C,, alkyl group, and a phenyl group. According to an
embodiment, R, to R,, Ry, R;;, and R;, may be each
independently selected from

a hydrogen, a deuterium, —F, a cyano group, a nitro
group, —SF, a methyl group, an ethyl group, an n-propyl
group, an iso-propyl group, an n-butyl group, an isobutyl
group, a sec-butyl group, a tert-butyl group, an n-pentyl
group, an isopentyl group, a sec-pentyl group, a tert-pentyl
group, an n-hexyl group, an iso-hexyl group, a sec-hexyl
group, a tert-hexyl group, an n-heptyl group, an iso-heptyl
group, a sec-heptyl group, a tert-heptyl group, an n-octyl
group, an iso-octyl group, a sec-octyl group, a tert-octyl
group, an n-nonyl group, an iso-nonyl group, a sec-nonyl
group, a tert-nonyl group, an n-decyl group, an iso-decyl
group, a sec-decyl group, a tert-decyl group, a methoxy
group, an ethoxy group, a propoxy group, a butoxy group, a
pentoxy group, a cyclopentyl group, a cyclohexyl group, a
cycloheptyl group, a cyclooctyl group, an adamantanyl
group, a norbornanyl group, a norbornenyl group, a cyclo-
pentenyl group, a cyclohexenyl group, a cycloheptenyl
group, a phenyl group, a naphthyl group, a pyridinyl group,
a pyrimidinyl group, a dibenzofuranyl group, and a diben-
zothiophenyl group;

a methyl group, an ethyl group, an n-propyl group, an
iso-propyl group, an n-butyl group, an isobutyl group, a
sec-butyl group, a tert-butyl group, an n-pentyl group, an
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isopentyl group, a sec-pentyl group, a tert-pentyl group, an
n-hexyl group, an iso-hexyl group, a sec-hexyl group, a
tert-hexyl group, an n-heptyl group, an iso-heptyl group, a
sec-heptyl group, a tert-heptyl group, an n-octyl group, an
iso-octyl group, a sec-octyl group, a tert-octyl group, an
n-nonyl group, an iso-nonyl group, a sec-nonyl group, a
tert-nonyl group, an n-decyl group, an iso-decyl group, a
sec-decyl group, a tert-decyl group, a methoxy group, an
ethoxy group, a propoxy group, a butoxy group, a pentoxy
group, a cyclopentyl group, a cyclohexyl group, a cyclo-
heptyl group, a cyclooctyl group, an adamantanyl group, a
norbornanyl group, a norbornenyl group, a cyclopentenyl
group, a cyclohexenyl group, a cycloheptenyl group, a
phenyl group, a naphthyl group, a pyridinyl group, a pyrim-
idinyl group, a dibenzofurany1 group, and a dibenzothiophe-
nyl group, each substituted with at least one selected from a
deuterium, —F, —CD;, —CD,H, —CDH,, —CF;,
—CF,H, —CFH,, a cyano group, a nitro group, a C,-C,,
alkyl group, a C,-C,, alkoxy group, a cyclopentyl group, a
cyclohexyl group, a cycloheptyl group, a cyclooctyl group,
an adamantany] group, a norbornanyl group, a norbornenyl
group, a cyclopentenyl group, a cyclohexenyl group, a
cycloheptenyl group, a phenyl group, a naphthyl group, a
pyridinyl group, a pyrimidinyl group, a dibenzofuranyl
group, and a dibenzothiophenyl group; and

—N(Q, Qo) —SHQXQa)Qs). —B(QeHQy). —PE0)

(Q)(Qs), and —Ge(Qs,)(Q52)(Qs3),
Q, to Qg and Qs to Qs; may be each independently

selected from

—CH,, —CD,, —CD,H, —CDH, —CH,CH,,
—CH,CD,, —CH,CD,H, —CH,CDH,, —CHDCH;,
—CHDCD,H, —CHDCDH,, —CHDCD,, —CD,CD;,
—CD,CD,H, and —CD,CDH,;

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group, an
n-pentyl group, an isopentyl group, a sec-pentyl group, a
tert-pentyl group, a phenyl group, and a naphthyl group; and

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group, an
n-pentyl group, an isopentyl group, a sec-pentyl group, a
tert-pentyl group, a phenyl group, and a naphthyl group,
each substituted with at least one selected from a deuterium,
a C,-C,, alkyl group, and a phenyl group,

but embodiments are not limited thereto.

According to another embodiment, R, to R;, R, R, and
R, may be each independently selected from a hydrogen, a
deuterium, —F, a cyano group, a nitro group, —SFs, —CH,,
—CD,, —CD,H, —CDH,, —CF;, —CF,H, —CFH,, a
group represented by one of Formulae 9-1 to 9-19 below, a
group represented by one of Formula 10-1 to 10-36 below,
—S1(Q3)(QL(Qs), and —Ge(Qs;)(Qs2)(Qs3),

Q; to Q5 and Qs; to Q3 may be each independently
selected from

—CH,, —CD,, —CD,H, —CDH, —CH,CH,,
—CH,CD,, —CH,CD,H, —CH,CDH,, —CHDCH;,
—CHDCD,H, —CHDCDH,, —CHDCD,;, —CD,CD,,
—CD,CD,H, and —CD,CDH,;

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group, an
n-pentyl group, an isopentyl group, a sec-pentyl group, a
tert-pentyl group, a phenyl group, and a naphthyl group; and

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group, an
n-pentyl group, an isopentyl group, a sec-pentyl group, a
tert-pentyl group, a phenyl group, and a naphthyl group,
each substituted with at least one selected from a deuterium,
a C,-C,, alkyl group, and a phenyl group,
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but embodiments are not limited thereto:
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Formula 9-1

Formula 9-2

Formula 9-3

Formula 9-4

Formula 9-5

Formula 9-6

Formula 9-7

Formula 9-8

Formula 9-9

Formula 9-10

Formula 9-11

Formula 9-12

Formula 9-13

Formula 9-14

Formula 9-15

Formula 9-16
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Formula 9-17

Formula 9-18

Formula 9-19

Formula 10-1

Formula 10-2

Formula 10-3

Formula 10-4

Formula 10-5

Formula 10-6

Formula 10-7

Formula 10-8

Formula 10-9
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Formula 10-10

Formula 10-11

Formula 10-12

Formula 10-13

Formula 10-14

Formula 10-15

Formula 10-16

Formula 10-17

Formula 10-18

Formula 10-19

Formula 10-20
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Formula 10-21

Formula 10-22

Formula 10-23

Formula 10-24

Formula 10-25

Formulal0-26

Formula 10-27

Formula 10-28

Formula 10-29
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Formula 10-30
. |
*
Formula 10-31
D D
D. D
D
* D
D D
Formula 10-32
D D
D
D
D
D
D
*
D
D D
Formula 10-33
‘*)
Formula 10-34
*
Formula 10-35
| /‘/‘
Formula 10-36
D

%, ]
U%:%
o o

* in Formulae 9-1 to 9-19 and 10-1 to 10-36 may be a
binding site to a neighboring atom.

al in Formulae 2A and 2B may refer to the number of
groups R, and be an integer selected from 0, 1, 2, 3, 4, and
5. When al is 2 or greater, two or more groups R,, may be
the same or different. al may be 0, 1, 2, or 3, but embodi-
ments are not limited thereto.

Two or more of R, to R; in Formulae 2A and 2B may be
optionally linked to each other to form a substituted or
unsubstituted Cs-C;, carbocyclic group or a substituted or
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unsubstituted C,-C;, heterocyclic group (for example, a
substituted or unsubstituted cyclopentane, a substituted or
unsubstituted cyclohexane, a substituted or unsubstituted
adamantane, a substituted or unsubstituted benzene, a sub-
stituted or unsubstituted naphthalene, a substituted or unsub-
stituted pyridine, a substituted or unsubstituted pyrimidine,
etc.).

In some embodiments, in Formula 1, X, may be C(R,), X,
may be C(R,), and R, and R, may be optionally linked to
each other to form a substituted or unsubstituted cyclopen-
tane, a substituted or unsubstituted cyclohexane, a substi-
tuted or unsubstituted adamantane, a substituted or unsub-
stituted benzene, a substituted or unsubstituted naphthalene,
a substituted or unsubstituted pyridine, or a substituted or
unsubstituted pyrimidine.

In some embodiments, in Formula 1, X, may be C(R,), X,
may be C(R;), and R, and R, may be optionally linked to
each other to form a substituted or unsubstituted cyclopen-
tane, a substituted or unsubstituted cyclohexane, a substi-
tuted or unsubstituted adamantane, a substituted or unsub-
stituted benzene, a substituted or unsubstituted naphthalene,
a substituted or unsubstituted pyridine, or a substituted or
unsubstituted pyrimidine.

Two or more of R, to R, in Formula 2A may be optionally
linked to each other to form a substituted or unsubstituted
C;-C,, carbocyclic group or a substituted or unsubstituted
C,-C;, heterocyclic group (for example, a substituted or
unsubstituted cyclopentane, a substituted or unsubstituted
cyclohexane, a substituted or unsubstituted adamantane, a
substituted or unsubstituted benzene, a substituted or unsub-
stituted naphthalene, a substituted or unsubstituted pyridine,
a substituted or unsubstituted pyrimidine, etc.).

In some embodiments, in Formula 1, X, may be C(R,,), X,
may be C(Rs), and R, and R may be optionally linked to
each other to form a substituted or unsubstituted cyclopen-
tane, a substituted or unsubstituted cyclohexane, a substi-
tuted or unsubstituted adamantane, a substituted or unsub-
stituted benzene, a substituted or unsubstituted naphthalene,
a substituted or unsubstituted pyridine, or a substituted or
unsubstituted pyrimidine.

In some embodiments, in Formula 1, X, may be C(R5), X
may be C(Ry), and R and R; may be optionally linked to
each other to form a substituted or unsubstituted cyclopen-
tane, a substituted or unsubstituted cyclohexane, a substi-
tuted or unsubstituted adamantane, a substituted or unsub-
stituted benzene, a substituted or unsubstituted naphthalene,
a substituted or unsubstituted pyridine, or a substituted or
unsubstituted pyrimidine.

In some embodiments, in Formula 1, X, may be C(R), X,
may be C(R,), and R and R, may be optionally linked to
each other to form a substituted or unsubstituted cyclopen-
tane, a substituted or unsubstituted cyclohexane, a substi-
tuted or unsubstituted adamantane, a substituted or unsub-
stituted benzene, a substituted or unsubstituted naphthalene,
a substituted or unsubstituted pyridine, or a substituted or
unsubstituted pyrimidine.

Two of more groups R, in the number of al in Formulae
2A and 2B may be optionally linked to each other to form
a substituted or unsubstituted C,-C;,, carbocyclic group or a
substituted or unsubstituted C,-C,, heterocyclic group (for
example, a substituted or unsubstituted cyclopentane, a
substituted or unsubstituted cyclohexane, a substituted or
unsubstituted adamantane, a substituted or unsubstituted
benzene, a substituted or unsubstituted naphthalene, a sub-
stituted or unsubstituted pyridine, a substituted or unsubsti-
tuted pyrimidine, etc.).

10

15

20

25

30

35

40

45

50

55

60

65

18

Descriptions of a substituent of the “substituted cyclo-
pentane, substituted cyclohexane, substituted adamantane,
substituted benzene, substituted naphthalene, substituted
pyridine, and substituted pyrimidine” are the same as the
description of R, provided herein.

According to an embodiment, ligand [, in Formula 1 may
be selected from ligands represented by Formulae 2A-1 to
2A-5, 2A-11 to 2A-14, 2A-21 to 2A-25, 2A-31 to 2A-34,
2A-41to 2A-45, 2A-51 to 2A-54, 2A-61 to 2A-65, 2A-71 to
2A-74, 2A-81 to 2A-85, 2A-91 to 2A-94, 2A-101 to
2A-105, 2A-111 to 2A-114, 2B-1 to 2B-3, 2B-11 to 2B-13,
2B-21to 2B-23, 2B-31 to 2B-33, 2B-41 to 2B-43, 2B-51 to
2B-53, 2B-61 to 2B-63, 2B-71 to 2B-73, 2B-81 to 2B-83,
and 2B-91 to 2B-93:

Fomula 2A-1

Xi1e x
V4 21
X
/
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X5
N
Xs/ /*’
| | N
AN 7/ \
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Formula 2A-5
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Formula 2A-31

Formula 2A-32
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Formula 2B-93

In Formulae 2A-1 to 2A-5, 2A-11 to 2A-14, 2A-21 to
2A-25, 2A-31 to 2A-34, 2A-41 to 2A-45, 2A-51 to 2A-54,
2A-61to 2A-65,2A-71 to 2A-74, 2A-81 to 2A-85, 2A-91 to
2A-94,2A-101 to 2A-105, 2A-111 to 2A-114, 2B-1 to 2B-3,
2B-11 to 2B-13, 2B-21 to 2B-23, 2B-31 to 2B-33, 2B-41 to
2B-43, 2B-51 to 2B-53, 2B-61 to 2B-63, 2B-71 to 2B-73,
2B-81 to 2B-83, and 2B-91 to 2B-93,

descriptions of X, to X, and T, are the same as provided
herein,

X,, may be N or C(R,,), X,, may be N or C(R,,), X5
may be N or C(R,;), X,, may be N or C(R,,), X, may be
N or C(Ry5), X, may be N or C(R,¢),
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X, may be O, S, N(R,,), or C(R,;)(Rs,),

descriptions of Rg and R, are the same as provided herein,

descriptions of R}, to R;s, R,; and R,, are each indepen-
dently the same as the description of R, provided herein,
and

each of * and *' is a binding site to M in Formula 1.

In some embodiments, in Formulae 2A-1 to 2A-5, 2A-11
to 2A-14,2A-21t0 2A-25,2A-31 to 2A-34, 2A-41 to 2A-45,
2A-5110 2A-54, 2A-61 to 2A-65, 2A-71 to 2A-74, 2A-81 to
2A-85, 2A-91 to 2A-94, 2A-101 to 2A-105, 2A-111 to
2A-114, 2B-1 to 2B-3, 2B-11 to 2B-13, 2B-21 to 2B-23,
2B-31 to 2B-33, 2B-41 to 2B-43, 2B-51 to 2B-53, 2B-61 to
2B-63, 2B-71 to 2B-73, 2B-81 to 2B-83, and 2B-91 to
2B-93,

X, may be C(R)), X, may be C(R,), X, may be C(R;), X,
may be C(R,), X5 may be C(R;), X, may be C(Ry), X, may
be C(R,).

T, may be selected from *—0O—* *—S—*' * _C(R;))
(R;,)—*, *—Si(R4; (R4, )—*, and groups represented by
Formulae 11-1 to 11-4,

R, toR,, R, t0R,(, R,}, R,,, Ry), and R, may be each
independently selected from

a hydrogen, a deuterium, —F, a cyano group, a nitro
group, —SF5, a methyl group, an ethyl group, an n-propyl
group, an iso-propyl group, an n-butyl group, an isobutyl
group, a sec-butyl group, a tert-butyl group, an n-pentyl
group, an isopentyl group, a sec-pentyl group, a tert-pentyl
group, an n-hexyl group, an iso-hexyl group, a sec-hexyl
group, a tert-hexyl group, an n-heptyl group, an iso-heptyl
group, a sec-heptyl group, a tert-heptyl group, an n-octyl
group, an iso-octyl group, a sec-octyl group, a tert-octyl
group, an n-nonyl group, an iso-nonyl group, a sec-nonyl
group, a tert-nonyl group, an n-decyl group, an iso-decyl
group, a sec-decyl group, a tert-decyl group, a methoxy
group, an ethoxy group, a propoxy group, a butoxy group, a
pentoxy group, a cyclopentyl group, a cyclohexyl group, a
cycloheptyl group, a cyclooctyl group, an adamantanyl
group, a norbornanyl group, a norbornenyl group, a cyclo-
pentenyl group, a cyclohexenyl group, a cycloheptenyl
group, a phenyl group, a naphthyl group, a pyridinyl group,
a pyrimidinyl group, a dibenzofuranyl group, and a diben-
zothiophenyl group;

a methyl group, an ethyl group, an n-propyl group, an
iso-propyl group, an n-butyl group, an isobutyl group, a
sec-butyl group, a tert-butyl group, an n-pentyl group, an
isopentyl group, a sec-pentyl group, a tert-pentyl group, an
n-hexyl group, an iso-hexyl group, a sec-hexyl group, a
tert-hexyl group, an n-heptyl group, an iso-heptyl group, a
sec-heptyl group, a tert-heptyl group, an n-octyl group, an
iso-octyl group, a sec-octyl group, a tert-octyl group, an
n-nonyl group, an iso-nonyl group, a sec-nonyl group, a
tert-nonyl group, an n-decyl group, an iso-decyl group, a
sec-decyl group, a tert-decyl group, a methoxy group, an
ethoxy group, a propoxy group, a butoxy group, a pentoxy
group, a cyclopentyl group, a cyclohexyl group, a cyclo-
heptyl group, a cyclooctyl group, an adamantanyl group, a
norbornanyl group, a norbornenyl group, a cyclopentenyl
group, a cyclohexenyl group, a cycloheptenyl group, a
phenyl group, a naphthyl group, a pyridinyl group, a pyrim-
idinyl group, a dibenzofuranyl group, and a dibenzothiophe-
nyl group, each substituted with at least one selected from a
deuterium, —F, —CD,;, —CD,H, —CDH,, —CF;,
—CF,H, —CFH,, a cyano group, a nitro group, a C,-C,,
alkyl group, a C,-C,, alkoxy group, a cyclopentyl group, a
cyclohexyl group, a cycloheptyl group, a cyclooctyl group,
an adamantanyl group, a norbornanyl group, a norbornenyl
group, a cyclopentenyl group, a cyclohexenyl group, a



US 10,714,696 B2

37

cycloheptenyl group, a phenyl group, a naphthyl group, a
pyridinyl group, a pyrimidinyl group, a dibenzofuranyl
group, and a dibenzothiophenyl group; and

—N(Q)(Q): —S1(Q5)(QL)(Qs), —B(Qs)(Q5). —P(=0)
(Qe)(Qy), and —Ge(Qs5,)(Q5,)(Qs3),

Q, to Q, and Qs; to Q,; may be each independently
selected from

—CH,, —CD,, —CD,H, —CDH, —CH,CH,,
—CH,CD,, —CH,CD,H, —CH,CDH,, —CHDCH;,
—CHDCD,H, —CHDCDH,, —CHDCD;, —CD,CD;,
—CD,CD,H, and —CD,CDH,;

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group, an
n-pentyl group, an isopentyl group, a sec-pentyl group, a
tert-pentyl group, a phenyl group, and a naphthyl group; and

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group, an
n-pentyl group, an isopentyl group, a sec-pentyl group, a
tert-pentyl group, a phenyl group, and a naphthyl group,
each substituted with at least one selected from a deuterium,
a C,-C,, alkyl group, and a phenyl group,

neighboring two substituents of R, to R, may be option-
ally linked to each other to form a substituted or unsubsti-
tuted C5-C,, carbocyclic ring (for example, a substituted or
unsubstituted cyclopentane, a substituted or unsubstituted
cyclohexane, a substituted or unsubstituted adamantane, a
substituted or unsubstituted benzene, a substituted or unsub-
stituted pyridine, a substituted or unsubstituted pyrimidine,
etc.),

two neighboring substituents of R, to R, may be option-
ally linked to each other to form a substituted or unsubsti-
tuted C5-C, , carbocyclic ring (for example, a substituted or
unsubstituted cyclopentane, a substituted or unsubstituted
cyclohexane, a substituted or unsubstituted adamantane, a
substituted or unsubstituted benzene, a substituted or unsub-
stituted pyridine, a substituted or unsubstituted pyrimidine,
etc.), and

two neighboring substituents of R, to R,  may be option-
ally linked to each other to form a substituted or unsubsti-
tuted C,-C,, carbocyclic ring (for example, a substituted or
unsubstituted cyclopentane, a substituted or unsubstituted
cyclohexane, a substituted or unsubstituted adamantane, a
substituted or unsubstituted benzene, a substituted or unsub-
stituted pyridine, a substituted or unsubstituted pyrimidine,
etc.).

In some embodiments, in Formulae 2A-1 to 2A-5, 2A-11
to 2A-14,2A-211t0 2A-25,2A-31 to 2A-34, 2A-41 t0 2A-45,
2A-5110 2A-54, 2A-61 to 2A-65, 2A-71 to 2A-74, 2A-81 to
2A-85, 2A-91 to 2A-94, 2A-101 to 2A-105, 2A-111 to
2A-114, 2B-1 to 2B-3, 2B-11 to 2B-13, 2B-21 to 2B-23,
2B-31 to 2B-33, 2B-41 to 2B-43, 2B-51 to 2B-53, 2B-61 to
2B-63, 2B-71 to 2B-73, 2B-81 to 2B-83, and 2B-91 to
2B-93,

X, may be C(R,), X, may be C(R,), X5 may be C(R;), X,
may be C(R,), X5 may be C(R,), X, may be C(Ry), X, may
be C(R,).

T, may be selected from *—O—*', *—8—*' *_C(R;,)
(R3)—* *—Si(R5)(R5,)—*', and groups represented by
Formulae 11-1 to 11-4, and

R, to Ry, Ry, to Ry, Ry, Ry, Ry, and Ry, may be each
independently selected from a hydrogen, a deuterium, —F,
a cyano group, a nitro group, —SF;, —CH,, —CD;,
—CD,H, —CDH,, —CF;, —CF,H, —CFH,, groups rep-
resented by Formulae 9-1 to 9-19, groups represented by
Formulae 10-1 to 10-36, —Si(Q;)(Q,)(Q;), and —Ge(Qs,)
(Q55)(Qs3), but embodiments are not limited thereto.
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In some embodiments, ligand L, in Formula 1 may be
selected from ligands represented by Formulae 2A-1(1) to
2A-1(3), 2A-3(1) to 2A-3(3), 2A-11(1) to 2A-11(9), and
2B-11(1) to 2B-11(6):

Formula 2A-1(1)

Ry
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Formula 2B-11(6)

Ry
Rug 5 Ryg

In Formulae 2A-1(1) to 2A-1(3), 2A-3(1) to 2A-3(3),
2A-11(1) to 2A-11(9), and 2B-11(1) to 2B-11(6),

descriptions of X, to X, and T, are the same as provided
herein,

X,,; may be N or C(R, ), X,, may be N or C(R,,), X;;
may be N or C(R,;), X, may be N or C(R,,),

X, may be O, S, N(R,,), or C(R,1)(Ros),

descriptions of R}, to R 4, R, Rys, Ry, and Ry, are the
same as provided herein, and

descriptions of R,; to R,; are the same as the description
of R, provided herein.

In some embodiments, in Formulae 2A-1(1) to 2A-1(3),
2A-3(1) to 2A-3(3), 2A-11(1) to 2A-11(9), and 2B-11(1) to
2B-11(6),

X, may be C(R)), X, may be C(R,), X; may be C(R,), X,
may be C(R,), X5 may be C(R5), X, may be C(R;), X, may
be C(R,),

T, may be selected from *—O—*', *—S—* *__C(R;,)
Ra)—*, *—Si(R4; (R4, )—*, and groups represented by
Formulae 11-1 to 11-4,

X,; may be N or C(R,;), X;, may be N or C(R,,), X5
may be N or C(R,;), X,, may be N or C(R,,),

X, may be O, S, N(R,,), or C(R,1)(Ro»),

R, to Ry, Ry 10 Ryy Ry Ryoy Ry, Ry, and Ry o Ryg
may be each independently selected from

a hydrogen, a deuterium, —F, a cyano group, a nitro
group, —SF., a methyl group, an ethyl group, an n-propyl
group, an iso-propyl group, an n-butyl group, an isobutyl
group, a sec-butyl group, a tert-butyl group, an n-pentyl
group, an isopentyl group, a sec-pentyl group, a tert-pentyl
group, an n-hexyl group, an iso-hexyl group, a sec-hexyl
group, a tert-hexyl group, an n-heptyl group, an iso-heptyl
group, a sec-heptyl group, a tert-heptyl group, an n-octyl
group, an iso-octyl group, a sec-octyl group, a tert-octyl
group, an n-nonyl group, an iso-nonyl group, a sec-nonyl
group, a tert-nonyl group, an n-decyl group, an iso-decyl
group, a sec-decyl group, a tert-decyl group, a methoxy
group, an ethoxXy group, a propoxy group, a butoxy group, a
pentoxy group, a cyclopentyl group, a cyclohexyl group, a
cycloheptyl group, a cyclooctyl group, an adamantanyl
group, a norbornanyl group, a norbornenyl group, a cyclo-
pentenyl group, a cyclohexenyl group, a cycloheptenyl
group, a phenyl group, a naphthyl group, a pyridinyl group,
a pyrimidinyl group, a dibenzofuranyl group, and a diben-
zothiophenyl group;

a methyl group, an ethyl group, an n-propyl group, an
iso-propyl group, an n-butyl group, an isobutyl group, a
sec-butyl group, a tert-butyl group, an n-pentyl group, an
isopentyl group, a sec-pentyl group, a tert-pentyl group, an
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n-hexyl group, an iso-hexyl group, a sec-hexyl group, a
tert-hexyl group, an n-heptyl group, an iso-heptyl group, a
sec-heptyl group, a tert-heptyl group, an n-octyl group, an
iso-octyl group, a sec-octyl group, a tert-octyl group, an
n-nonyl group, an iso-nonyl group, a sec-nonyl group, a
tert-nonyl group, an n-decyl group, an iso-decyl group, a
sec-decyl group, a tert-decyl group, a methoxy group, an
ethoxy group, a propoxy group, a butoxy group, a pentoxy
group, a cyclopentyl group, a cyclohexyl group, a cyclo-
heptyl group, a cyclooctyl group, an adamantanyl group, a
norbornanyl group, a norborneny! group, a cyclopentenyl
group, a cyclohexenyl group, a cycloheptenyl group, a
phenyl group, a naphthyl group, a pyridinyl group, a pyrim-
idinyl group, a dibenzofuranyl group, and a dibenzothiophe-
nyl group, each substituted with at least one selected from a
deuterium, —F, —CD,, —CD,H, —CDH,, —CF;,
—CF,H, —CFH,, a cyano group, a nitro group, a C,-C,,
alkyl group, a C,-C,, alkoxy group, a cyclopentyl group, a
cyclohexyl group, a cycloheptyl group, a cyclooctyl group,
an adamantanyl group, a norbornanyl group, a norbornenyl
group, a cyclopentenyl group, a cyclohexenyl group, a
cycloheptenyl group, a phenyl group, a naphthyl group, a
pyridinyl group, a pyrimidinyl group, a dibenzofuranyl
group, and a dibenzothiophenyl group; and

—N(Q)(Q5), —81(Q3)(Q)(Qs), —B(Qs)Q,), —P(=0)
(Qa)(Qs), and —Ge(Qs;)(Qs,)(Qs), and

Q, to Q, and Qs to Qs may be each independently
selected from

—CH,, —CD,;, —CD,H, —CDH, —CH,CH,,
—CH,(CD,, —CH,CD,H, CH,CDH,, —CHDCH,,
—CHDCD,H, —CHDCDH,, —CHDCD,, —CD,CD;,
—CD,CD,H, and —CD,CDH,;

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group, an
n-pentyl group, an isopentyl group, a sec-pentyl group, a
tert-pentyl group, a phenyl group, and a naphthyl group; and

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group, an
n-pentyl group, an isopentyl group, a sec-pentyl group, a
tert-pentyl group, a phenyl group, and a naphthyl group,
each substituted with at least one selected from a deuterium,
a C,-C,, alkyl group, and a phenyl group.

Y, and Y, in Formula 2C may be each independently O,
N, P, or As.

In some embodiments, ligand L, in Formula 1 may be
selected from ligands represented by Formulae 3A to 3C:

Formula 3A
(T11)ans
RN
Y- ‘Y
\, ./
Formula 3B
(T11)ans
7N
Yy Y2
\, ./
Formula 3C
O. (0]
v f
' (ZDa1
*\ o ¢
L CYyp g

In Formulae 3A to 3C,
Y,, may be selected from O, N, N(Z,), P(Z,)(Z,), and
As(Z)(Z,),
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Y,, may be selected from O, N, N(Z,), P(Z;)(Z,), and
As(Z3)(Zy),

CY,,; may be a C,-C,, heterocyclic group,

T,, may be each independently selected from a single
bond, a double bond, *—C(Z,)(Z,,)—*, *—C(Z,))—C
(L))", *=C(Z,;)—*, *—C(Z,)=", *=C(Z,))—C
(le):C(Zm)**'s *—C(le):C(le)—C(ZI3):*', *N
(Z,,)—*', and a substituted or unsubstituted C¢-C;, arylene
group,

all may be an integer selected from 1 to 10,

Z, to 7, and 7Z,, to Z,; may be each independently
selected from a hydrogen, a deuterium, —F, —CI, —Br, —I,
a hydroxyl group, a cyano group, a nitro group, an amino
group, an amidino group, a hydrazine group, a hydrazone
group, a carboxylic acid group or a salt thereof, a sulfonic
acid group or a salt thereof, a phosphoric acid group or a salt
thereof, a substituted or unsubstituted C,-Cg, alkyl group, a
substituted or unsubstituted C,-Cg, alkenyl group, a substi-
tuted or unsubstituted C,-C, alkynyl group, a substituted or
unsubstituted C,-Cy, alkoxy group, a substituted or unsub-
stituted C,-C,, cycloalkyl group, a substituted or unsubsti-
tuted C,-C, , heterocycloalkyl group, a substituted or unsub-
stituted C;-C,, cycloalkenyl group, a substituted or
unsubstituted C,-C,, heterocycloalkenyl group, a substi-
tuted or unsubstituted C4-Cq,, aryl group, a substituted or
unsubstituted C4-Cy, aryloxy group, a substituted or unsub-
stituted C4-Cg, arylthio group, a substituted or unsubstituted
C,-Cy, heteroaryl group, a substituted or unsubstituted mon-
ovalent non-aromatic condensed polycyclic group, a substi-
tuted or unsubstituted monovalent non-aromatic condensed

heteropolycyclic group, —N(Q,)(Q,). —Si(Q:)(Qu)(Qs),
—B(Qu)(Q,), and —P(=0)(Qs)(Qs);

dl may be an integer selected from 0 to 10, and

each of * and *' may be a binding site to M in Formula 1.

In some embodiments, in Formulae 3A to 3C,

CY,, may be selected from a pyridine, a pyrimidine, a
triazine, a pyrrole, a pyrazole, an imidazole, and a triazole,

Z, to 7, and 7Z,, to Z,; may be each independently
selected from

a hydrogen, a deuterium, —F, a cyano group, a nitro
group, —SF., a methyl group, an ethyl group, an n-propyl
group, an iso-propyl group, an n-butyl group, an isobutyl
group, a sec-butyl group, a tert-butyl group, an n-pentyl
group, an isopentyl group, a sec-pentyl group, a tert-pentyl
group, an n-hexyl group, an iso-hexyl group, a sec-hexyl
group, a tert-hexyl group, an n-heptyl group, an iso-heptyl
group, a sec-heptyl group, a tert-heptyl group, an n-octyl
group, an iso-octyl group, a sec-octyl group, a tert-octyl
group, an n-nonyl group, an iso-nonyl group, a sec-nonyl
group, a tert-nonyl group, an n-decyl group, an iso-decyl
group, a sec-decyl group, a tert-decyl group, a methoxy
group, an ethoxXy group, a propoxy group, a butoxy group, a
pentoxy group, a cyclopentyl group, a cyclohexyl group, a
cycloheptyl group, a cyclooctyl group, an adamantanyl
group, a norbornanyl group, a norbornenyl group, a cyclo-
pentenyl group, a cyclohexenyl group, a cycloheptenyl
group, a phenyl group, a naphthyl group, a pyridinyl group,
a pyrimidinyl group, a dibenzofuranyl group, and a diben-
zothiophenyl group;

a methyl group, an ethyl group, an n-propyl group, an
iso-propyl group, an n-butyl group, an isobutyl group, a
sec-butyl group, a tert-butyl group, an n-pentyl group, an
isopentyl group, a sec-pentyl group, a tert-pentyl group, an
n-hexyl group, an iso-hexyl group, a sec-hexyl group, a
tert-hexyl group, an n-heptyl group, an iso-heptyl group, a
sec-heptyl group, a tert-heptyl group, an n-octyl group, an
iso-octyl group, a sec-octyl group, a tert-octyl group, an
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n-nonyl group, an iso-nonyl group, a sec-nonyl group, a
tert-nonyl group, an n-decyl group, an iso-decyl group, a
sec-decyl group, a tert-decyl group, a methoxy group, an
ethoxy group, a propoxy group, a butoxy group, a pentoxy
group, a cyclopentyl group, a cyclohexyl group, a cyclo-
heptyl group, a cyclooctyl group, an adamantanyl group, a
norbornanyl group, a norbornenyl group, a cyclopentenyl
group, a cyclohexenyl group, a cycloheptenyl group, a
phenyl group, a naphthyl group, a pyridinyl group, a pyrim-
idinyl group, a dibenzofuranyl group, and a dibenzothiophe-
nyl group, each substituted with at least one selected from a
deuterium, —F, —CD,;, —CD,H, —CDH,, —CF;,
—CF,H, —CFH,, a cyano group, a nitro group, a C,-Cj,
alkyl group, a C,-C,, alkoxy group, a cyclopentyl group, a
cyclohexyl group, a cycloheptyl group, a cyclooctyl group,
an adamantanyl group, a norbornanyl group, a norbornenyl
group, a cyclopentenyl group, a cyclohexenyl group, a
cycloheptenyl group, a phenyl group, a naphthyl group, a
pyridinyl group, a pyrimidinyl group, a dibenzofuranyl
group, and a dibenzothiophenyl group; and

—N(Q)(Q2), —81(Q3)(Q)(Qs), —B(Qe)Q,), —P(=0)

(Qs)(Qs), and —Ge(Qs5,)(Qs,)(Qs3); and
Q, to Q, and Qs to Qs; may be each independently

selected from

—CH,, —CD,;, —CD,H, —CDH, —CH,CH,,
—CH,CD,;, —CH,CD,H, —CH,CDH,, —CHDCH;,
—CHDCD,H, —CHDCDH,, —CHDCD,, —CD,CD;,
—CD,CD,H, and —CD,CDH,;

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group, an
n-pentyl group, an isopentyl group, a sec-pentyl group, a
tert-pentyl group, a phenyl group, and a naphthyl group; and

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group, an
n-pentyl group, an isopentyl group, a sec-pentyl group, a
tert-pentyl group, a phenyl group, and a naphthyl group,
each substituted with at least one selected from a deuterium,
a C,-C,, alkyl group, and a phenyl group,

but embodiments are not limited thereto.

According to another embodiment, ligand L, in Formula
1 may be selected from ligands represented by Formulae 3-1
to 3-14:

Formula 3-1

Formula 3-2

Formula 3-3
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Formula 3-4

Formula 3-5

Formula 3-6

Formula 3-7

Formula 3-8

Formula 3-9

Formula 3-10

Formula 3-11
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-continued
Formula 3-12

Formula 3-13

Formula 3-14

In Formulae 3-1 to 3-14,

X;, may be N or C(Z, ), X5, may be N or C(Z,,),

X4y may be O, S, N(Z,,,), or C(Z,,)(Z,,).

Z,t0”74,7,,7,, and Z,, to 7Z,, may be each indepen-
dently selected from

a hydrogen, a deuterium, —F, a cyano group, a nitro
group, —SF, a methyl group, an ethyl group, an n-propyl
group, an iso-propyl group, an n-butyl group, an isobutyl
group, a sec-butyl group, a tert-butyl group, an n-pentyl
group, an isopentyl group, a sec-pentyl group, a tert-pentyl
group, an n-hexyl group, an iso-hexyl group, a sec-hexyl
group, a tert-hexyl group, an n-heptyl group, an iso-heptyl
group, a sec-heptyl group, a tert-heptyl group, an n-octyl
group, an iso-octyl group, a sec-octyl group, a tert-octyl
group, an n-nonyl group, an iso-nonyl group, a sec-nonyl
group, a tert-nonyl group, an n-decyl group, an iso-decyl
group, a sec-decyl group, a tert-decyl group, a methoxy
group, an ethoxy group, a propoxy group, a butoxy group, a
pentoxy group, a cyclopentyl group, a cyclohexyl group, a
cycloheptyl group, a cyclooctyl group, an adamantanyl
group, a norbornanyl group, a norbornenyl group, a cyclo-
pentenyl group, a cyclohexenyl group, a cycloheptenyl
group, a phenyl group, a naphthyl group, a pyridinyl group,
a pyrimidinyl group, a dibenzofuranyl group, and a diben-
zothiophenyl group;

a methyl group, an ethyl group, an n-propyl group, an
iso-propyl group, an n-butyl group, an isobutyl group, a
sec-butyl group, a tert-butyl group, an n-pentyl group, an
isopentyl group, a sec-pentyl group, a tert-pentyl group, an
n-hexyl group, an iso-hexyl group, a sec-hexyl group, a
tert-hexyl group, an n-heptyl group, an iso-heptyl group, a
sec-heptyl group, a tert-heptyl group, an n-octyl group, an
iso-octyl group, a sec-octyl group, a tert-octyl group, an
n-nonyl group, an iso-nonyl group, a sec-nonyl group, a
tert-nonyl group, an n-decyl group, an iso-decyl group, a
sec-decyl group, a tert-decyl group, a methoxy group, an
ethoxy group, a propoxy group, a butoxy group, a pentoxy
group, a cyclopentyl group, a cyclohexyl group, a cyclo-
heptyl group, a cyclooctyl group, an adamantanyl group, a
norbornanyl group, a norbornenyl group, a cyclopentenyl
group, a cyclohexenyl group, a cycloheptenyl group, a
phenyl group, a naphthyl group, a pyridinyl group, a pyrim-
idinyl group, a dibenzofuranyl group, and a dibenzothiophe-
nyl group, each substituted with at least one selected from a
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deuterium, —F, —CD,, —CD,H, —CDH,, —CF;,
—CF,H, —CFH,, a cyano group, a nitro group, a C,-C,
alkyl group, a C,-C,,, alkoxy group, a cyclopentyl group, a
cyclohexyl group, a cycloheptyl group, a cyclooctyl group,
an adamantany] group. a norbornanyl group, a norbornenyl
group, a cyclopentenyl group, a cyclohexenyl group, a
cycloheptenyl group, a phenyl group, a naphthyl group, a
pyridinyl group, a pyrimidinyl group, a dibenzofuranyl
group, and a dibenzothiophenyl group; and

—N(Q)(Q2), —Si(Q5)(QL)Qs), —B(Q6)(Q7). —P(=0)
(Q)(Qy), and —Ge(Qs5,)(Q5,)(Qs3),

Q, to Q, and Qs; to Qs; may be each independently
selected from

- CH,, - CD, —CDH -~ CDH, - CHCH,
—CH,CD,, —CH,CD,H, —CH,CDH,, —CHDCH,,
— CHDCD,H, —CHDCDH,, —CHDCD,, —CD,CD,,
—CD,CD,H, and —CD,CDH,;

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group, an
n-pentyl group, an isopentyl group, a sec-pentyl group, a
tert-pentyl group, a phenyl group, and a naphthyl group; and

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group, an
n-pentyl group, an isopentyl group, a sec-pentyl group, a
tert-pentyl group, a phenyl group, and a naphthyl group,
each substituted with at least one selected from a deuterium,
a C;-C,, alkyl group, and a phenyl group,

e2 may be 1 or 2,

€3 may be an integer selected from 1 to 3, and

e4 may be an integer selected from 1 to 4.

According to an embodiment, ligand L, in Formula 1 may
be selected from ligands represented by Formulae 2A-1 to
2A-5, 2A-11 to 2A-14, 2A-21 to 2A-25, 2A-31 to 2A-34,
2A-41 to 2A-45, 2A-51 to 2A-54, 2A-61 to 2A-65, 2A-71 to
2A-74, 2A-81 to 2A-85, 2A-91 to 2A-94, 2A-101 to
2A-105, 2A-111 to 2A-114, 2B-1 to 2B-3, 2B-11 to 2B-13,
2B-21 to 2B-23, 2B-31 to 2B-33, 2B-41 to 2B-43, 2B-51 to
2B-53, 2B-61 to 2B-63, 2B-71 to 2B-73, 2B-81 to 2B-83,
and 2B-91 to 2B-93, and ligand L, may be selected from
ligands represented by Formulae 3A to 3C (for example,
ligands represented by Formulae 3-1 to 3-14).

In some embodiments, ligand L, in Formula 1 may be
selected from ligands represented by Formulae 2A-1(1) to
2A-1(3), 2A-3(1) to 2A-3(3), 2A-11(1) to 2A-11(9), and
2B-11(1) to 2B-11(6), and ligand L, may be selected from
ligands represented by Formulae 3A to 3C (for example,
ligands represented by Formulae 3-1 to 3-14).

In some embodiments, in Formula 1, M may be Ir, nl may
be 2, n2 may be 1, and [, may be selected from ligands
represented by Formulae 3-1 and 3-8 to 3-14.

In some embodiments, in Formula 1, M may be Pt, nl
may be 2, and n2 may be 0.

In some embodiments, in Formula 1, M may be Os, nl
may be 2, n2 may be 1, and L, may be selected from ligands
represented by Formulae 3-2 to 3-7.

In some embodiments, an organometallic compound rep-
resented by Formula 1 may not be a cation and an anion pair
further including a counter-ion and may rather be neutral.

An organometallic compound represented by Formula 1
may be one of Compounds 1 to 109, but embodiments are
not limited thereto:
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107
108
109

35 Aligand L, of an organometallic compound represented

by Formula 1 may be selected from a ligand represented by

105 Formula 2A and a ligand represented by Formula 2B. Thus,

an organometallic compound represented by Formula 1 may

have am improved charge mobility within a ligand to thus

have an excellent luminous efficiency, which is confirmed

by, for example, data of luminous efficiency that will be

described later in Examples 1 to 4 and Comparative
Example 1.

In some embodiments, a ligand L, in an organometallic
compound represented by Formula 1 may be selected from
a ligand represented by Formula 2C. Thus, strain energy in
a molecule of an organometallic compound represented by
Formula 1 is reduced, and the organometallic compound
represented by Formula 1 may be structurally stable, and
thus, an electric device adopting the organometallic com-
pound represented by Formula 1, for example, an organic
light-emitting device, may have excellent durability.

For example, energy levels of HOMO, LUMO, singlet S,
and triplet T, with respect to some compounds among the
organometallic compounds are evaluated by using a design
106 for testability (DFT) method of a Gaussian program (a

40

45

50

55

B ] structure is optimized at a level of B3LYP and 6-31G(d,p))
and the results thereof are provided in Table 1 below.
¥ . o TABLE 1
Pt

// Compound HOMO LUMO T, energy level

/ N No. (eV) (eV) (eV)

\ 1 -4.748 -1.475 2471

= 65 24 -4813 -1552 2.539

— -2 25 -4.719 -1.511 2428
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TABLE 1-continued

Compeund HOMO LUMO T, energy level
No. (eV) (eV) (eV)
34 -4.983 -1.597 2.597
61 -4.726 -1.405 2472
69 -5.137 -1.815 2.105
75 -4.848 -1.517 2.353
83 -4.815 -1.907 2.016
106 -5.032 -1.639 2.637
Comparisen -4.691 -1.298 2.528
Material 1
Comparison Material 1
/
N\ N
AN 0]
N \Ir \
0=

Table 1 shows that the organometallic compound repre-
sented by Formula 1 may have electric characteristics suit-
able for use as a dopant of an electric device, for example,
an organic light-emitting device.

A method of synthesizing an organometallic compound
represented by Formula 1 may be recognized by those of
ordinary skill in the art with reference to Synthesis
Examples below.

In this regard, the organometallic compound represented
by Formula 1 may be suitable for use as a dopant of an
organic layer of an organic light-emitting device, for
example, an emission layer in the organic layer, and accord-
ing to another aspect, the organic light-emitting device may
include:

a first electrode;

a second electrode; and

an organic layer disposed between the first electrode and
the second electrode,

wherein the organic layer includes the emission layer and
at least one organometallic compound represented by For-
mula 1.

The organic light-emitting device includes the organic
layer including the organometallic compound represented
by Formula 1, thereby having low driving voltage, high
efficiency, high power, high quantum efficiency, long lifes-
pan, and excellent color purity.

The organometallic compound represented by Formula 1
may be used in a pair of electrodes in an organic light-
emitting device. For example, the organometallic compound
represented by Formula 1 may be included in the emission
layer. Here, the organometallic compound may serve as a
dopant, and the emission layer may further include a host.
(In other words, the amount of an organometallic compound
represented by Formula 1 is less than the amount of the
host).

The expression as used herein “(an organic layer) includes
at least one organometallic compound” may be understood
as “(organic layer) may include one organometallic com-
pound represented by Formula 1 or two or more different
organometallic compounds represented by Formula 17.
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For example, the organic layer may include only Com-
pound 1 as the organometallic compound. In this regard,
Compound 1 may be included in the emission layer of the
organic light-emitting device. Alternatively, the organic
layer may include Compound 1 and Compound 2 as the
organometallic compounds. In this regard, Compound 1 and
Compound 2 may be included in the same layer (for
example, both Compound 1 and Compound 2 may be
included in the emission layer).

The first electrode may be an anode, which is a hole
injection electrode, and the second electrode may be a
cathode, which is an electron injection electrode. Alterna-
tively, the first electrode may be a cathode, which is an
electron injection electrode, and the second electrode may be
an anode, which is a hole injection electrode.

For example, the first electrode may be an anode, the
second electrode may be a cathode, and the organic layer
may include:

i) a hole transport region disposed between the first
electrode and the emission layer, wherein the hole-transport
region may include at least one selected from a hole injec-
tion layer, a hole-transport layer, and an electron blocking
layer; and

ii) an electron transport region disposed between the
emission layer and the second electrode, wherein the elec-
tron transport region may include at least one selected from
a hole blocking layer, an electron transport layer, and an
electron injection layer.

As used herein, the term the “organic layer” refers to a
single and/or a plurality of layers disposed between the first
electrode and the second electrode in an organic light-
emitting device. The “organic layer” may include not only
organic compounds but also organometallic complexes
including metals.

FIG. 1 is a schematic view of an organic light-emitting
device 10 according to an embodiment of the present
inventive concept. Hereinafter, a structure and a method of
manufacturing an organic light-emitting device, according
to an embodiment of the present inventive concept, will be
described with reference to FIG. 1. The organic light-
emitting device 10 includes a first electrode 11, an organic
layer 15, and a second electrode 19, which are sequentially
layered in the stated order.

A substrate may be additionally disposed under the first
electrode 11 or on the second electrode 19. The substrate
may be a conventional substrate that is used in an organic
light-emitting device, such as glass substrate or a transparent
plastic substrate, each having excellent mechanical strength,
thermal stability, transparency, surface smoothness, ease of
handling, and water repellency.

The first electrode 11 may be formed by vacuum-depos-
iting or sputtering a material for forming a first electrode on
the substrate. The first electrode 11 may be an anode. The
material for the first electrode 11 may be selected from
materials with a high work function for easy hole injection.
The first electrode 11 may be a reflective electrode, a
semi-transmissive electrode, or a transmissive electrode.
The material for the first electrode 11 may be selected from
indium tin oxide (ITO), indium zinc oxide (IZO), tin oxide
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(Sn0,), and zinc oxide (ZnO). Alternatively, a metal such as
magnesium (Mg), aluminum (Al), aluminum-lithium (Al—
Li), calcium (Ca), magnesium-indium (Mg—In), and mag-
nesium-silver (Mg—Ag) may be used.

The first electrode 11 may have a single layer structure or
a multi-layer structure including a plurality of layers. For
example, the first electrode 11 may have a triple-layer
structure of ITO/Ag/ITO, but embodiments are not limited
thereto.

The organic layer 15 is disposed on the first electrode 11.

The organic layer 15 may include a hole transport region,
an emission layer, and an electron transport region.

The hole transport region may be disposed between the
first electrode 11 and the emission layer.

The hole transport region may include at least one
selected from a hole injection layer, hole transport layer,
electron blocking layer, and buffer layer.

The hole transport region may only include a hole injec-
tion layer or a hole transport layer. Alternatively, the hole
transport region may include a structure in which a hole
injection layer/a hole transport layer or a hole injection
layer/a hole transport layer/an electron blocking layer are
sequentially layered on the first electrode 11.

When the hole transport region includes a hole injection
layer, the hole injection layer may be formed on the first
electrode 11 by using various methods such as vacuum-
deposition, spin coating, casting, and a Langmuir-Blodgett
(LB) method.

When a hole injection layer is formed by vacuum-depo-
sition, for example, the vacuum-deposition may be per-
formed at a deposition temperature in a range of about 100°
C. to about 500° C., at a vacuum degree in a range of about
107% to about 1073 torr, and at a deposition rate in a range of
about 0.01 Angstroms per second (A/sec) to about 100
Asec, though the conditions may vary depending on a
compound that is used as a hole injection material and a
structure and thermal properties of a desired hole injection
layer, but it is not limited thereto.

When a hole injection layer is formed by spin coating, the
spin coating may be performed at a coating rate in a range
of about 2,000 revolutions per minute (rpm) to about 5,000
rpm, and at a temperature in a range of about 80° C. to 200°
C. for removing a solvent after the spin coating, though the
conditions may vary depending on a compound that is used
as a hole injection material and a structure and thermal
properties of a desired hole injection layer, but is not limited
thereto.

The conditions for forming a hole transport layer and an
electron blocking layer may be inferred based on the con-
ditions for forming the hole injection layer.

The hole transport region may include at least one
selected from m-MTDATA, TDATA, 2-TNATA, NPB,
B-NPB, TPD, Spiro-TPD, Spiro-NPB, methylated-NPB,
TAPC, HMTPD, 4,4'4"-tris(N-carbazolyl)triphenylamine
(TCTA), polyaniline/dodecylbenzenesulfonic acid (Pani/
DBSA), poly(3,4-ethylenedioxythiophene)/poly(4-styrene-
sulfonate) (PEDOT/PSS), polyaniline/camphor sulfonic
acid (Pani/CSA), (polyaniline)/poly(4-styrenesulfonate)
(PANI/PSS), a compound represented by Formula 201
below a compound represented by Formula 202 below:
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Formula 202
}{121 R\122
N N

/ . . \
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R

In Formula 201, Ar,,, and Ar,,, may be each indepen-
dently selected from

a phenylene group, a pentalenylene group, an indenylene
group, a naphthylene group, an azulenylene group, a hep-
talenylene group, an acenaphthylene group, a fluorenylene
group, a phenalenylene group, a phenanthrenylene group, an
anthracenylene group, a fluoranthenylene group, a triph-
enylenylene group, a pyrenylene group, a chrysenylenylene
group, a naphthacenylene group, a picenylene group, a
perylenylene group, and a pentacenylene group; and

a phenylene group, a pentalenylene group, an indenylene
group, a naphthylene group, an azulenylene group, a hep-
talenylene group, an acenaphthylene group, a fluorenylene
group, a phenalenylene group, a phenanthrenylene group, an
anthracenylene group, a fluoranthenylene group, a triph-
enylenylene group, a pyrenylene group, a chrysenylenylene
group, a naphthacenylene group, a picenylene group, a
perylenylene group, and a pentacenylene group, each sub-
stituted with at least one selected from a deuterium, —F,
—Cl, —Br, —I, a hydroxyl group, a cyano group, a nitro
group, an amino group, an amidino group, a hydrazine
group, a hydrazone group, a carboxylic acid group or a salt
thereof, a sulfonic acid group or a salt thereof, a phosphoric
acid group or a salt thereof, a C,-C, alkyl group, a C,-Cq,
alkenyl group, a C,-C,, alkynyl group, a C,-C, alkoxy
group, a C;-C,, cycloalkyl group, a C5-C,, cycloalkenyl
group, a C,-C |, heterocycloalkyl group, a C,-C, , heterocy-
cloalkenyl group, a C4-Cq, aryl group, a Cy4-Ce, aryloxy
group, a C¢-Cg, arylthio group, a C,-Cg, heteroaryl group, a
monovalent non-aromatic condensed polycyclic group, and
a monovalent non-aromatic condensed heteropolycyclic
group.

In Formula 201, xa and xb may each independently be an
integer of 0 to 5, or may be 0, 1. or 2. For example, xa may
be 1 and xb may be 0, but embodiments are not limited
thereto.

In Formulae 201 and 202, R 4, to R pe, Ry ;5 to Ry, and
R,,; to R,,, may be each independently selected from

ahydrogen, a deuterium, —F, —CI, —Br, —I, a hydroxyl
group, a cyano group, a hitro group, an amino group, an
amidino group, a hydrazine group, a hydrazone group, a
carboxylic acid group or a salt thereof, a sulfonic acid group
or a salt thereof, a phosphoric acid group or a salt thereof,
aC,-C,, alkyl group (for example, a methyl group, an ethyl
group, a propyl group, a butyl group, a pentyl group, a hexyl
group, etc.), and a C,-C,, alkoxy group (for example, a
methoxy group, an ethoxy group, a propoxy group, a butoxy
group, a pentoxy group, etc.);

a C,-C,, alkyl group and a C,-C,, alkoxy group, each
substituted with at least one selected from a deuterium, —F,
—Cl, —Br, —I, a hydroxyl group, a cyano group, a nitro
group, an amino group, an amidino group, a hydrazine
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group, a hydrazone group, a carboxylic acid group or a salt
thereof, a sulfonic acid group or a salt thereof, and a
phosphoric acid group or a salt thereof;

a phenyl group, a naphthyl group, an anthracenyl group,
a fluorenyl group, and a pyrenyl group; and

a phenyl group, a naphthyl group, an anthracenyl group,
a fluorenyl group and a pyrenyl group, each substituted with
at least one selected from a deuterium, —F, —Cl, —Br, —I,
a hydroxyl group, a cyano group, a nitro group, an amino
group, an amidino group, a hydrazine group, a hydrazone
group, a carboxylic acid group or a salt thereof, a sulfonic
acid group or a salt thereof, a phosphoric acid group or a salt
thereof, a C,-C,, alkyl group, and a C,-C,, alkoxy group,
but embodiments are not limited thereto.

R, in Formula 201 may be selected from

a phenyl group, a naphthyl group, an anthracenyl group,
and a pyridinyl group; and

a phenyl group, a naphthyl group. an anthracenyl group
and a pyridinyl group, each substituted with at least one
selected from a deuterium, —F, —Cl1, —Br, —I, a hydroxyl
group, a cyano group, a nitro group, an amino group, an
amidino group, a hydrazine group, a hydrazone group, a
carboxylic acid group or a salt thereof, a sulfonic acid group
or a salt thereof, a phosphoric acid group or a salt thereof,
a C;-C,, alkyl group, a C,-C,, alkoxy group, a phenyl
group, a naphthyl group, an anthracenyl group, and a pyridi-
nyl group.

According to an embodiment, a compound represented by

Formula 201 may be represented by Formula 201A below,
but embodiments are not limited thereto:

Formula 201A
Ry
\
N

&

Rype
N~

Rin

W]
Detailed descriptions of R;q;, Ry;;, R;js, and R in
Formula 201A are the same as described above.
For example, a compound represented by Formula 201
and a compound represented by Formula 202 may include

Compounds HT1 to HT20, but embodiments are not limited
thereto:
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A thickness of the hole transport region may be in a range
of about 100 A to about 10,000 A, for example, about 100
A to about 1,000 A. When the hole transport region includes
at least one of a hole injection layer and a hole transport
layer, the thickness of the hole injection layer may be in a
range of about 100 A to about 10,000 A, and for example,
about 100 A to about 1,000 A, and the thickness of the hole
transport layer may be in a range of about 50 A to about
2,000 A, and for example, about 100 A to about 1,500 A.
While not wishing to be bound by theory, it is understood
that when the thicknesses of the hole transport region, the
hole injection layer, and the hole transport layer are within
these ranges, excellent hole transport characteristics may be
obtained without a substantial increase in driving voltage.

The hole transport region may further include, in addition
to the mentioned materials above, a charge-generating mate-
rial to improve conductive properties. The charge-generat-
ing material may be homogeneously or non-homogeneously
dispersed throughout the hole transport region.

The charge-generating material may be, for example, a
p-dopant. The p-dopant may be one selected from a quinone
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derivative, a metal oxide, and a cyano group-containing
compound, but embodiments are not limited thereto. For
example, non-limiting examples of the p-dopant are a qui-
none derivative, such as tetracyanoquinonedimethane
(TCNQ) or 2,3,5,6-tetrafluoro-tetracyano-1,4-benzoqui-
nonedimethane (F4-TCNQ); a metal oxide, such as a tung-
sten oxide or a molybdenum oxide; and a compound con-
taining a cyano group, such as Compound HT-D1 illustrated
below, but embodiments are not limited thereto.

Compound HT-D1

CN
NC
)
N N CN
S
I\i N CN
N
NC Z
CN
F4-TCNQ
F F
CN CN
CN CN
F F

The hole transport region may further include a buffer
layer.

The buffer layer may compensate for an optical resonance
distance according to a wavelength of light emitted from the
emission layer to improve the efficiency of an organic
light-emitting device.

An emission layer may be formed on the hole transport
region by using various methods, such as vacuum-deposi-
tion, spin coating, casting, or an LB method. When the
emission layer is formed by vacuum-deposition or spin
coating, vacuum-deposition and coating conditions for the
emission layer may be generally similar to the conditions for
forming a hole injection layer, though the conditions may
vary depending on the compound used.

When the hole transport region includes an electron
blocking layer, a material of the electron blocking layer may
be selected from the materials stated above that are included
in the hole transport region and a host material described
below, but embodiments are not limited thereto. For
example, when a hole transport region includes an electron
blocking layer, the electron blocking layer may include mCP
described below.

The emission layer may include a host and a dopant, and
the dopant may include an organometallic compound rep-
resented by Formula 1.

The host may include at least one selected from TPBi,
TBADN, AND (also referred to as “DNA”), CBP, CDBP,
TCP, Mcp, Compound H50 and Compound H51:
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Ar,,, and Ar,,, in Formula 301 may be each indepen-
dently selected from

a phenylene group, a naphthylene group, a phenanthre-
nylene group, and a pyrenylene group; and

a phenylene group, a naphthylene group, a phenanthre-
nylene group, and a pyrenylene group, each substituted with
at least one selected from a phenyl group, a naphthyl group,
and an anthracenyl group.

Ar,,; and Ar, ;¢ in Formula 301 may be each indepen-
dently selected from

a C,-C,, alkyl group, a phenyl group, a naphthyl group,
a phenanthrenyl group, and a pyrenyl group; and

a phenyl group, a naphthyl group, a phenanthrenyl group,
and a pyrenyl group, each substituted with at least one
selected from a phenyl group, a naphthyl group, and an
anthracenyl group.

¢ h,1and in Formula 301 may each independently be an
integer of 0 to 4, for example, 0, 1, or 2.

Ar,,;to Ar, . in Formula 301 may be each independently
selected from

aC,-C,, alkyl group substituted with at least one selected
from a phenyl group, a naphthyl group, and an anthracenyl
group;

a phenyl group, a naphthyl group, an anthracenyl group,
a pyrenyl group, a phenanthrenyl group, and a fluorenyl
group;

a phenyl group, a naphthyl group, an anthracenyl group,
a pyrenyl group, a phenanthrenyl group, and a fluorenyl
group, each substituted with at least one selected from a
deuterium, —F, —Cl, —Br, —I, a hydroxyl group, a cyano
group, a nitro group, an amino group, an amidino group, a
hydrazine group, a hydrazone group, a carboxylic acid group
or a salt thereof, a sulfonic acid group or a salt thereof, a
phosphoric acid group or a salt thereof, a C,-Cy,, alkyl group,
a C,-Cy, alkenyl group, a C,-C, alkynyl group, a C,-C,
alkoxy group, a phenyl group, a naphthyl group, an anthra-
cenyl group, a pyrenyl group, a phenanthrenyl group, and a
fluorenyl group; and

| O’QQ

but embodiments are not limited thereto.
In some embodiments, the host may include a compound
represented by Formula 302 below:

<Formula 302

\\/ (Arps)e

Descriptions of Ar,,, to Ar,,s in Formula 302 are the
same as the description of Ar, , in Formula 301.

Ar,,¢ and Ar, 5, in Formula 302 may each independently
be a C,-C,, alkyl group (for example, a methyl group, an
ethyl group or a propyl group).
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k and 1 in Formula 302 may each independently be an
integer of 0 to 4. For example, k and 1 may each indepen-
dently be 0, 1, or 2.

The compound represented by Formula 301 and the
compound represented by Formula 302 may include Com-
pounds H1 to H42, but embodiments are not limited thereto.
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When the organic light-emitting device is a full color
organic light-emitting device, the emission layer may be
patterned into a red emission layer, a green emission layer,
and a blue emission layer. Alternatively, the emission layer
may have a structure in which the red emission layer, the
green emission layer, and/or the blue emission layer are
layered to emit white light or other various embodiments are
possible.
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When the emission layer includes the host and the dopant,
the amount of the dopant may be selected from a range of
about 0.01 part by weight to about 15 parts by weight based
on about 100 parts by weight of the host, but the amount is
not limited thereto.

A thickness of the emission layer may be in a range of
about 100 A to about 1,000 A, for example, about 200 A to
about 600 A. While not wishing to be bound by theory, it is
understood that when the thickness of the emission layer is
within this range, excellent light-emission characteristics
may be obtained without a substantial increase in driving
voltage.

Then, an electron transport region may be disposed on the
emission layer.

The electron transport region may include at least one
selected from a hole blocking layer, an electron transport
layer, and an electron injection layer.

For example, the electron transport region may have a
structure of a hole blocking layer/an electron transport
layer/an electron injection layer or an electron transport
layer/an electron injection layer, but it is not limited thereto.
The electron transport layer may have a single layer struc-
ture or a multi-layer structure including two or more differ-
ent materials.

The conditions for forming a hole blocking layer, an
electron transport layer, and an electron injection layer may
be inferred based on the conditions for forming the hole
injection layer.

When the electron transport region includes a hole block-
ing layer, the hole blocking layer may, for example, include
at least one of BCP, Bphen and Balq, but is not limited
thereto.

BCP

A thickness of the hole blocking layer may be in a range
of about 20 A to about 1,000 A, for example, about 30 A to
about 300 A. When the thickness of the hole blocking layer
is within this range, excellent hole blocking characteristics
may be obtained without a substantial increase in driving
voltage.

The electron transport layer may further include at least
one selected from BCP, BPhen, Alq3, BAlg, TAZ, and
NTAZ.
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In some embodiments, the electron transport layer may
include at least one selected from Compounds ET1 and ET2,
but it is not limited thereto.
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ET1
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ET2

A thickness of the electron transport layer may be in a
range of about 100 A to about 1,000 A, for example, about
150 A to about 500 A. When the thickness of the electron
transport layer is within this range, excellent electron trans-
port characteristics may be obtained without a substantial
increase in driving voltage.

The electron transport layer may further include a metal-

containing material in addition to the materials described
above.

The metal-containing material may include a i complex.
The Li complex may include, for example, Compound
ET-D1 (lithium quinolate, LiQ) or ET-D2.

ET-D1
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-continued
ET-D2

The electron transport region may include an electron
injection layer that facilitates electron injection from the
second electrode 19.

The electron injection layer may include at least one
selected from, LiF, NaCl, CsF, Li,0, and BaO.

A thickness of the electron injection layer may be in a
range of about 1 A to about 100 A, for example, about 3 A
to about 90 A. While not wishing to be bound by theory, it
is understood that when the thickness of the electron injec-
tion layer is within this range, excellent electron injection
characteristics may be obtained without a substantial
increase in driving voltage.

The second electrode 19 is disposed on the organic layer
15. The second electrode 19 may be a cathode. A material for
the second electrode 19 may be a material having a relatively
low work function, such as a metal, an alloy, an electrically
conductive compound, and a mixture thereof. Detailed
examples of the material for forming the second electrode 19
are lithium (Li), magnesium (Mg), aluminum (Al), alumi-
num-lithium (Al—Li), calcium (Ca), magnesium-indium
(Mg—In), and magnesium-silver (Mg—Ag). Alternatively,
ITO or IZO may be used to form a transmissive second
electrode 19 to manufacture a top emission light-emitting
device, and such a variation may be possible.

Hereinbefore, the organic light-emitting device has been
described with reference to FIG. 1, but embodiments are not
limited thereto.

A C,-C, alkyl group as used herein refers to a linear or
branched aliphatic hydrocarbon monovalent group having 1
to 60 carbon atoms. Detailed examples thereof are a methyl
group, an ethyl group, a propyl group, an iso-butyl group, a
sec-butyl group, a tert-butyl group, a pentyl group, an
iso-amyl group, and a hexyl group. A C,-C, alkylene group
as used herein refers to a divalent group having the same
structure as a C,-Cg, alkyl group.

A C,-C,, alkoxy group as used herein refers to a mon-
ovalent group represented by —OA |, (wherein A, is the
C,-Cq alkyl group). Detailed examples thereof are a
methoxy group, an ethoxy group, and an isopropyloxy
group.

A C,-C, alkenyl group as used herein refers to a group
formed by placing at least one carbon double bond in the
middle or at the terminal of the C,-Cg, alkyl group. Detailed
examples thereof are an ethenyl group, a propenyl group,
and a butenyl group. A C,-C, alkenylene group as used
herein refers to a divalent group having the same structure
as a C,-Cy, alkenyl group.

A C,-Cq, alkynyl group as used herein refers to a group
formed by placing at least one carbon triple bond in the
middle or at the terminal of the C,-Cg, alkyl group. Detailed
examples thereof are an ethenyl group and a propenyl group.
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A C,-C4, alkynylene group as used herein refers to a
divalent group having the same structure as a C,-C, alkynyl
group.

A C;-Cy, cycloalkyl group as used herein refers to a
monovalent monocyclic saturated hydrocarbon group
including 3 to 10 carbon atoms. Detailed examples thereof
are a cyclopropyl group, a cyclobutyl group, a cyclopentyl
group, a cyclohexyl group, and a cycloheptyl group. A
C,-C,, cycloalkylene group as used herein refers to a
divalent group having the same structure as a C;-C,
cycloalkyl group.

A C,-C,, heterocycloalkyl group as used herein refers to
a monovalent monocyclic group including at least one
heteroatom selected from N, O, P, Si, and S as a ring-
forming atom and 1 to 10 carbon atoms. Detailed examples
thereof are a tetrahydrofuranyl group and a tetrahydrothio-
phenyl group. A C,-C,, heterocycloalkylene group as used
herein refers to a divalent group having the same structure
as a C,-C,,, heterocycloalkyl group.

A C5-C,q cycloalkenyl group as used herein refers to a
monovalent monocyclic group that has 3 to 10 carbon atoms
and at least one double bond in its ring, and which is not
aromatic. Detailed examples thereof are a cyclopentenyl
group, a cyclohexenyl group, and a cycloheptenyl group. A
C;-C,, cycloalkenylene group as used herein refers to a
divalent group having the same structure as a C;-C,
cycloalkenyl group.

A C,-C,, heterocycloalkenyl group as used herein refers
to a monovalent monocyclic group including at least one
heteroatom selected from N, O, P, Si, and S as a ring-
forming atom, 1 to 10 carbon atoms, and at least one double
bond in its ring. Detailed examples of the C,-C,, heterocy-
cloalkenyl group are a 2,3-dihydrofuranyl group and a
2,3-dihydrothiophenyl group. A C,-C,, heterocycloalk-
enylene group as used herein refers to a divalent group
having the same structure as a C,-C,, heterocycloalkenyl
group.

A C4-Cg, aryl group as used herein refers to a monovalent
group having a carbocyclic aromatic system having 6 to 60
carbon atoms, and a C,-C, arylene group as used herein
refers to a divalent group having a carbocyclic aromatic
system having 6 to 60 carbon atoms. Detailed examples of
the C4-Cy, aryl group are a phenyl group, a naphthyl group,
an anthracenyl group, a phenanthrenyl group, a pyrenyl
group, and a chrysenyl group. When the C¢-Cq, aryl group
and the C,-Cq, arylene group each include two or more
rings, the rings may be fused to each other.

A C,-Cy, heteroaryl group as used herein refers to a
monovalent group having a carbocyclic aromatic system
including at least one heteroatom selected from N, O, P, Sj,
and S as a ring-forming atom and 1 to 60 carbon atoms. A
C,-Cg, heteroarylene group as used herein refers to a diva-
lent group having a carbocyclic aromatic system including at
least one heteroatom selected from N, O, P, and S as a
ring-forming atom and 1 to 60 carbon atoms. Detailed
examples of the C,-C, heteroaryl group include a pyridinyl
group, a pyrimidinyl group, a pyrazinyl group, a pyridazinyl
group, a triazinyl group, a quinoliny] group, and an isoqui-
nolinyl group. When the C,-Cg, heteroaryl group and the
C,-Cg, heteroarylene group each include a plurality of rings,
the rings may be fused to each other.

A C4-Cyg aryloxy group as used herein indicates —OA ,
(wherein Ay, is the C,-Cy, aryl group), and a C,-Cgy
arylthio group as used herein indicates —SA,,; (wherein
Aoz 18 the Co-Cg, aryl group).

A monovalent non-aromatic condensed polycyclic group
as used herein refers to a monovalent group that has two or
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more rings condensed to each other, only carbon atoms (for
example, the number of carbon atoms may be in a range of
8 to 60) as ring-forming atoms, wherein the molecular
structure as a whole is non-aromatic in the entire molecular
structure. Detailed examples of the non-aromatic condensed
polycyclic group include a fluorenyl group. A divalent
non-aromatic condensed polycyclic group as used herein
refers to a divalent group having the same structure as the
monovalent non-aromatic condensed polycyclic group.

A monovalent non-aromatic condensed hetero-polycyclic
group as used herein refers to a monovalent group that has
a plurality of rings condensed with each other, has a het-
eroatom selected from N, O P, Si, and S, other than carbon
atoms (for example, the number of carbon atoms may be in
a range of 1 to 60), as ring-forming atoms, wherein the
molecular structure as a whole is non-aromatic in the entire
molecular structure. The monovalent non-aromatic con-
densed heteropolycyclic group includes a carbazolyl group.
A divalent non-aromatic condensed hetero-polycyclic group
as used herein refers to a divalent group having the same
structure as the monovalent non-aromatic condensed hetero-
polycyclic group.

Throughout the specification, at least one substituent of
the substituted Cs-C;, carbocyclic group, substituted C,-C,
heterocyclic group, substituted C,-Cg, alkyl group, substi-
tuted C,-C, alkenyl group, substituted C,-Cy, alkynyl
group, substituted C,-Cy, alkoxy group, substituted C;-C,,
cycloalkyl group, substituted C,-C,, heterocycloalkyl
group, substituted C;-C,, cycloalkenyl group, substituted
C,-C,o heterocycloalkenyl group, substituted C4-Cgy, aryl
group, substituted C,-Cg, aryloxy group, substituted C4-Cy,
arylthio group, substituted C,-Cg,, heteroaryl group, substi-
tuted monovalent non-aromatic condensed polycyclic
group, and substituted monovalent non-aromatic condensed
heteropolycyclic group may be selected from

a deuterium, —F, —Cl, —Br, —I, —CD;, —CD,H,
—CDH,, —CF;, —CF,H, —CFH,, a hydroxyl group, a
cyano group, a nitro group, an amino group, an amidino
group, a hydrazine group, a hydrazone group, a carboxylic
acid group or a salt thereof, a sulfonic acid group or a salt
thereof, a phosphoric acid group or a salt thereof, a C,-Cy,
alkyl group, a C,-Cg, alkenyl group, a C,-Cg, alkynyl group,
and a C,-C, alkoxy group;

a C,-Cy, alkyl group, a C,-Cg, alkenyl group, a C,-Cgq
alkynyl group and a C,-Cg, alkoxy group, each substituted
with at least one selected from a deuterium, —F, —Cl, —Br,
—I, —CD,, —CD,H, —CDH,, —CF,, —CF,H, —CFH,,
a hydroxyl group, a cyano group, a nitro group, an amino
group, an amidino group, a hydrazine group, a hydrazone
group, a carboxylic acid group or a salt thereof, a sulfonic
acid group or a salt thereof, a phosphoric acid group or a salt
thereof, a C5-C,, cycloalkyl group, a C,-C,, heterocy-
cloalkyl group, a C;-C,, cycloalkenyl group, a C,-C,,
heterocycloalkenyl group, a Cy-Cg, aryl group, a Cy4-Cep
aryloxy group, a C4-C,,, arylthio group, a C,-C, heteroaryl
group, a monovalent non-aromatic condensed polycyclic
group, a monovalent non-aromatic condensed heteropoly-
cyclic  group, —N(Q;)Q12).  —Si(Q3)(Q1a)(Qy5),
—B(Q,6)(Q;7), and —P(=0)(Q,5)(Qy5);

a C;-C,, cycloalkyl group, a C,-C,, heterocycloalkyl
group, a C;-C,, cycloalkenyl group, a C,-C,, heterocy-
cloalkenyl group, a C,-Cy, aryl group, a C,-Cg, aryloxy
group, a C¢-Cg, arylthio group, a C,-C, heteroaryl group, a
monovalent non-aromatic condensed polycyclic group, and
a monovalent non-aromatic condensed heteropolycyclic

group;
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a C;-C,, cycloalkyl group, a C,-C,, heterocycloalkyl
group, a C,4-C,, cycloalkenyl group, a C,-C,, heterocy-
cloalkenyl group, a C,-Cy, aryl group, a C4-Cg, aryloxy
group, a C-Cq, arylthio group, a C,-Cq, heteroaryl group, a
monovalent non-aromatic condensed polycyclic group, and
a monovalent non-aromatic condensed heteropolycyclic
group, each substituted with at least one selected from a
deuterium, —F, —Cl, —Br,—I,—CD,, —CD,H, —CDH,,
—CF,, —CF,H, —CFH,, a hydroxy! group, a cyano group,
a nitro group, an amino group, an amidino group, a hydra-
zine group, a hydrazone group, a carboxylic acid group or a
salt thereof, a sulfonic acid group or a salt thereof, a
phosphoric acid group or a salt thereof, a C,-C, alkyl group,
a C,-Cy, alkenyl group, a C,-C, alkynyl group, a C,-C,
alkoxy group, a C5-C,, cycloalkyl group, a C,-C, , hetero-
cycloalkyl group, a C;-C,, cycloalkenyl group, a C,-C,
heterocycloalkenyl group, a Cy-Cg, aryl group, a C4-Ce,
aryloxy group, a C4-Cy, arylthio group, a C,-C, heteroaryl
group, a monovalent non-aromatic condensed polycyclic
group, a monovalent non-aromatic condensed heteropoly-

cyclic  group, —N(Q,)(Qr),  —Si(Q23)(Q24)(Qs25),
—B(Q26)(Q7), and —P(=0)(Q,5)(Q,); and

—N(Q31)(Qs2), —Si(Q13)(Q34)(Qs5). —B(Q36)(Qs7),
and —P(=0)(Q32)(Qs), and

Q1 10 Qo, Qyy 10 Q. Qs 10 Qup and Qs to Q3 may be
each independently selected from a C4-Cgy aryl group, a

Cs-Ceo aryloxy group, a C4-Cg, arylthio group, a C,-Cq,
heteroaryl group, a monovalent non-aromatic condensed
polycycelic group, and a monovalent non-aromatic con-
densed heteropolycyclic group, each substituted with at least
one selected from a hydrogen, a deuterium, —F, —Cl, —Br,
—I, a hydroxyl group, a cyano group, a nitro group, an
amino group, an amidino group, a hydrazine group, a
hydrazone group, a carboxylic acid group or a salt thereof,
a sulfonic acid group or a salt thereof, a phosphoric acid
group or a salt thereof, a C,-Cg, alkyl group, a C,-Cq,
alkenyl group, a C,-Cg, alkynyl group, a C,-Cg4, alkoxy
group, a C;-C,, cycloalkyl group, a C, -C, ; heterocycloalkyl
group, a C,-C,, cycloalkenyl group, a C,-C,, heterocy-
cloalkenyl group, a C-Cg, aryl group, a C,-Cg, alkyl group,
and a C¢-Cyg aryl group.

When a group containing a specified number of carbon
atoms is substituted with any of the substituents listed above,
the number of carbon atoms in the resulting “substituted”
group may be the number of atoms contained in the original
(base) group plus the number of carbon atoms (if any)
contained in the substituent. For example, the “substituted
C,-C4, alkyl” may refer to a C,-C,, alkyl group substituted
with Cg_g, aryl group, in which the total number of carbon
atoms may be C,-Cg,.

Hereinafter, a compound and an organic light-emitting
device according to an embodiment of the present disclosure
will be described in detail with reference to Synthesis
Examples and Examples, but the present inventive concept
is not limited thereto. The expression “B was used instead of
A” used in describing Synthesis Examples means that an
amount of B used was identical to an amount of A used based
on molar equivalence.
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EXAMPLE

Synthesis Example 1

Synthesis of Compound 1

Synthesis of Compound M1A

Ethoxyethancl/H,O
N +  ICL(HLOn
/ N\ reflux, 24 h
—
Compound A
Cl
N \Ir/ \Ir/ N
L~ N_7T Y
/ i\I/ ol \I\II N
™ =
L , L
Compound M1A

6.00 grams (g) (24.57 millimoles (mmol)) of Compound
A and 3.85 g (10.92 mmol) of iridium chloride were mixed
with 60 milliliters (mL) of ethoxyethanol and 20 ml of
distilled water, and the resulting mixture was stirred under
reflux for 24 hours to carry out a reaction. The reaction
mixture was then cooled to a room temperature. A solid
material obtained from the above step was filtered and
thoroughly washed with water/methanol/hexane in the
stated order to obtain a solid. The solid was dried in a
vacuum oven to obtain 6.00 g (77%) of Compound M1A.

Synthesis of Compound 1

N IN Ir/ Cl\ Ir/ N .
L~ 7N
A
7 {1 17 N
e L
L -2 - -2
Compound M1A
0]
K,COs
/ ethoxyethanol
OH
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0]
N >Ir/ \
N/ \O_
/7 \
L =/ _,
Compound 1

3.31 g (2.31 mmol) of Compound M1A, 2.32 g (23.14
mmol) of acetylacetone and 3.20 g (23.14 mmol) of K,CO,
were mixed with 40 mL of ethoxyethanol and the resulting
mixture was stirred under reflux for 12 hours to complete the
reaction. The cooled mixture obtained from the above step
was filtered to obtain a solid. The solid was thoroughly
washed with ethanol and hexane and purified by column
chromatography with methylene chloride (MC): hexane,
thereby obtaining 0.60 g (17%) of Compound 1. The identity
of the obtained compound was confirmed by Mass and
HPLC analysis.

HRMS (MALDI) caled for C;0H,IrN,O,: m/z 778.1920.
Found: 778.1925

Synthesis Example 2
Synthesis of Compound 34

Svnthesis of Compound 34

Cl
N \Ir/ \Ir/ N +
L~ /N
A N
7 I\v I\II N
. P
L -2 - -2
Compound M1A
B
N A K,CO;
—_—
ethoxyethanol
HO 0]
D
N A

N \Ir/
R
N
%/ N
~

-2

Compound 34

3.21 g (2.25 mmol) of Compound M1A, 2.77 g (22.48
mmol) of 2-picolinic acid, and 3.11 g (22.48 mmol) of
K,CO; were mixed with 40 mL of ethoxyethanol, and the
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resulting mixture was stirred under reflux for 12 hours to
complete a reaction. The cooled mixture obtained from the
above step was filtered to obtain a solid. The solid was
thoroughly washed with ethanol and hexane and purified by
column chromatography with MC: hexane, thereby obtain-
ing 0.64 g (18%) of Compound 34. The identity of the
obtained compound was confirmed by Mass and HPLC
analysis.

HRMS (MALDI) caled for C,oH,[rN;O,: m/z 801.1716.
Found: 801.1711

Synthesis Example 3
Synthesis of Compound 61

Synthesis of Compound M1B

Fthoxyethanol/H,O
_——

+ ICl3 (H,On
reflux, 24 h

Compound B

Compound M1B

9.67 g (33.99 mmol) of Compound B and 5.33 g (15.11
mmol) of iridium chloride were mixed with 90 mL of
ethoxyethanol and 30 mL of distilled water, and the resulting
mixture was stirred under reflux for 24 hours to carry out a
reaction. The reaction mixture was then cooled to a room
temperature. A solid material obtained from the above step
was filtered and thoroughly washed with water/methanol/
hexane in the stated order to obtain a solid. The solid was
dried in a vacuum oven to obtain 11.73 g (98%) of Com-
pound M1B.

Synthesis of Compound 61

Compound M1B
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0]
K>CO;3;
/ ethoxyethanol
OH

Compound 61

5.09 g (3.21 mmol) of Compound MIB, 3.21 g (32.05
mmol) of acetylacetone, and 4.43 g (32.05 mmol) of K,CO,
were mixed with 50 mL of ethoxyethanol, and the resulting
mixture was stirred under reflux for 12 hours to carry out a
reaction. The cooled mixture obtained from the above step
was filtered to obtain a solid. The solid was thoroughly
washed with ethanol and hexane, and purified by column
chromatography with MC: hexane, thereby obtaining 0.77 g
(14%) of Compound 61. The identity of the obtained com-
pound was confirmed by Mass and HPLC analysis.

HRMS (MALDI) caled for C,5H;IrN,0O,: m/z 858.2546.
Found: 858.2538

Synthesis Example 4
Synthesis of Compound 69

Synthesis of Compound M1C

Ethoxyethanol/H,O
R

+ IrClz (H0)n
reflux, 24 h

Compound M1C
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10.09 g (30.19 mmol) of Compound C and 4.73 g (13.42
mmol) of iridium chloride were mixed with 90 mL of
ethoxyethanol and 30 mL of distilled water, and the resulting
mixture was stirred under reflux for 24 hours to carry out a
reaction. The solid material obtained from the above step
and cooled to a room temperature was filtered, and thor-
oughly washed with water/methanol/hexane in the stated
order to obtain a solid. The solid was dried in a vacuum oven
to obtain 10.95 g (91%) of Compound M1C.

Synthesis of Compound 69

Compound M1C
0]
K,CO;
/ ethoxyethanol
OH

Compound 69

5.60 g (3.13 mmol) of Compound M1C, 3.14 g (31.31
mmol) of acetylacetone, and 4.33 g (31.31 mmol) of K,CO;
were mixed with 50 mL of ethoxyethanol, and the resulting
mixture was stirred under reflux for 24 hours to carry out a
reaction. The cooled mixture obtained from the above step
was filtered to obtain a solid. The solid was thoroughly
washed with ethanol and hexane, and purified by column
chromatography with MC: hexane, thereby obtaining 0.57 g
(10%) of Compound 69. The identity of the obtained com-
pound was confirmed by Mass and HPL.C analysis.
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HRMS (MALDI) calcd for Co3H,,IrN,O,: m/z 958.2859.
Found: 958.2864

Comparison Synthesis Example

Synthesis of Comparison Material 1

Synthesis of Compound M1D

S
/N
Ethoxyethanol/H,O
N + LCh(H,0n ——————
/ N\ reflux, 24 h
g
Compound D

Compound M1D

7.70 g (31.50 mmol) of Compound D and 4.94 g (14.00
mmol) of iridium chloride were mixed with 90 mL of
ethoxyethanol and 30 mL of distilled water, and the resulting
mixture was stirred under reflux for 24 hours to carry out a
reaction. The solid material obtained from the above step
and cooled to room temperature was filtered, and thoroughly
washed with water/methanol/hexane in the stated order to
obtain a solid. The solid was dried in a vacuum oven to
obtain 8.6 g (86%) of Compound MI1D.

Synthesis of Comparison Material 1

/N o

—N. N

N \\ /Cl\ // N
/Ir\ /Ir\ +
! Cl O

2 —

Compound M1D

K,CO;

/

ethoxyethanol
OH
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-continued

—2

Comparison material 1

4.13 g (2.89 mmol) of Compound M1D, 2.90 g (28.92
mmol) of acetylacetone, and 4.00 g (28.92 mmol) of K,CO,
were mixed with 50 mL of ethoxyethanol, and the resulting
mixture was stirred under reflux for 12 hours to carry out a
reaction. The cooled mixture obtained from the above step
was filtered to obtain a solid. The solid was thoroughly
washed with ethanol and hexane and purified by column
chromatography with MC: hexane, thereby obtaining 0.95 g
(21%) of Comparison Material 1. The identity of the
obtained compound was confirmed by Mass and HPLC
analysis.

HRMS (MALDI) caled for C;oH, IrN,O,: m/z 778.1920.
Found: 778.1914

Example 1

A glass substrate with an ITO electrode thereon was cut
to a size of 50 millimeters (mm)x50 mmx0.5 mm, and then,
sonicated by using acetone, isopropyl alcohol and pure
water, for 15 minutes in each solvent, and cleaned by
exposing to ultraviolet rays for 30 minutes.

Then, m-MTDATA was deposited on the ITO electrode
(anode) on the glass substrate at a deposition rate of 1
Angstrom per second (A/sec) to form a hole injection layer
having a thickness of 600 Angstrom (A), and a-NPD was
deposited on the hole infection layer at a deposition rate of
1 A/sec to form a hole transport layer having a thickness of
250 A.

Compound 1 (dopant) and CBP (host) were co-deposited
on the hole transport layer at a deposition rate of 0.1 A/sec
and 1 A/sec, respectively, to form an emission layer having
a thickness of 400 A.

BAlq was deposited on the emission layer at a deposition
rate of 1 A/sec to form a hole blocking layer having a
thickness of 50 A, and then Alg, was deposited on the hole
blocking layer to form an electron transport layer having a
thickness of 300 A. Next, LiF was deposited on the electron
transport layer to form an electron injection layer having a
thickness of 10 A, and Al was vacuum-deposited on the
electron injection layer to form a second electrode (cathode)
having a thickness of 1,200 A, thereby manufacturing an
organic light-emitting device having a structure of ITO/m-
MTDATA (600 A)/e-NPD (250 A)/CBP+10% (Compound
1) (400 A)/Balq (50 A)/Alq, (300 AYLiF (10 AYAl (1,200
).

Example 2 to 4 and Comparative Example 1

An organic light-emitting device was manufactured in the
same manner as in Example 1, except that when forming an
emission layer, each of the compounds listed in Table 2 was
used instead of Compound 1 as a dopant.
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Evaluation Example 1
Characteristics Evaluation of an Organic
Light-Emitting Device
5
Driving voltage, current efficiency, power efficiency, EL
wavelength, and color coordinates of each of the organic
light-emitting devices manufactured in Examples 1 to 4 and
Comparative Example 1 were evaluated under a required
luminance of 6,000 candelas per square meter (cd/m*), and 10
the obtained data is shown in Table 2. A current-voltage
meter (Keithley 2400) and a luminance meter (Minolta
Cs-1000A) were used as evaluation apparatuses.
TABLE 2
driving efficiency power
dopant voltage (V) (ed/A) (VW) A,,, CIEx CIEy
Example 1  Compound 1 6.2 20.5 10.4 533 0.394 0.564
Example 2 Compound 34 6.4 185 9.1 531 0.390 0.570
Example 3~ Compound 61 5.8 40.0 21.7 529 0356 0.594
Example 4  Compound 69 6.4 24.0 11.8 601 0.620 0.450
Comparative Comparison 8.5 5.0 1.8 535 0.400 0.580
Example 1 ~ Material 1
25
-continued
. _ 1 _ _ 69
Q 30
O
N7\
N Ir
A
‘(s
\ 35
— =/
40 Comparison material 1
34 - =
p— — /
AN /
| N\~ 5
e ¢ 45 \\ /7 \
™~ N, PR
N // r\ \O_
/ I\{ O 0]
— 50 L —2
—_ -2
Table 2 shows that organic light-emitting device of
Examples 1 to 4 have low driving voltage, high current
55 efficiency, high power efficiency, and excellent color purity,
o compared to an organic light-emitting device of Compara-

60

65

tive Example 1.

It should be understood that exemplary embodiments
described herein should be considered in a descriptive sense
only and not for purposes of limitation. Descriptions of
features or aspects within each exemplary embodiment
should typically be considered as available for other similar
features or aspects in other exemplary embodiments.

While one or more exemplary embodiments have been
described with reference to the figures, it will be understood
by those of ordinary skill in the art that various changes in
form and details may be made therein without departing
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from the spirit and scope of the present inventive concept as

defined by the following claims.

What is claimed is:

1. An organometallic compound represented by Formula

1:
ML i)z
X
Vi %)
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Formula 1

Formula 2A-1

Formula 2A-2
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-continued

SR
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pd— >4
7 N\
¥
by
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>
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Xy
X
X0
X
X5 / X
B
Xig o

Formula 2A-11

Formula 2A-12

Formula 2A-13

Formula 2A-14

Formula 2A-21



US 10,714,696 B2

119 120
-continued -continued
Formula 2A-22 < Formula 2A-32
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Xis
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X
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Formula 2A-23
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Formula 2A-33
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Formula 2A-24
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Formula 2A-43

Formula 2A-44
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Formula 2A-105

Formula 2A-111
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Formula 2B-12

Formula 2B-13

Formula 2B-21

Formula 2B-22

Formula 2B-23

10

15

20

25

30

35

40

45

50

60

65

130

-continued
Formula 2B-31

—X12
X53 S

/ X1

formula 2B-32

Formula 2B-33

Formula 2B-41

/X“‘le
T, _

Rg *
AN
G | AR\

\R9 X4 X

Formula 2B-42




US 10,714,696 B2

131 132
-continued -continued
Formula 2B-43 Formula 2B-62
X1 X
/Xy Xy,
5
10
15
Formula 2B-51
X2
Xz 2
/ X1
Ty Formula 2B-63
20
25
Forula 2B-52
—X13
X7 30
0"
X3
\ X
Ty o
Rs ) 35 Formula 2B-71
/ / / N /*'
| N
N 7\
R Xy X
9 /
=%, 40
Formula 2B-53
Xm’XI\i
] X2
Xis
N 45
/ X
Ty e
RS *
N N /*' ©
| 7\
x \
\\R Xy X Formula 2B-72
9
X3=%,
Formula 2B-61
X1 55
X1
60

65




US 10,714,696 B2

133

-continued

i Formula 2B-73
X 14/)‘13

// \\XIZ

Xis
/ N

Xu

10

15

Formula 2B-81

20

25

30
Formula 2B-82

35

40

Formula 2B-83

45

50

Formula 2B-91 55

60

65

-continued
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Formula 2B-93
Formula 2C

M in Formula 1 is selected from Ir, Pt, Os, Ti, Zr, Hf, Eu,
Tb, Tm, and Rh,

L, in Formula 1 is selected from a ligand represented by
2A-1102A-5,2A-11 to 2A-14, 2A-21 to 2A-25, 2A-31
to 2A-34, 2A-41 to 2A-45, 2A-51 to 2A-54, 2A-61 to
2A-65, 2A-71 to 2A-74, 2A-81 to 2A-85, 2A-91 to
2A-94, 2A-101 to 2A-105, 2A-111 to 2A-114, 2B-1 to
2B-3, 2B-11 to 2B-13, 2B-21 to 2B-23, 2B-31 to
2B-33, 2B-41 to 2B-43, 2B-51 to 2B-53, 2B-61 to
2B-63, 2B-71 to 2B-73, 2B-81 to 2B-83, and 2B-91 to
2B-93,

L, in Formula 1 is selected from ligands represented by
Formula 2C,

each of * and *' in Formulae 2A-1 to 2A-5, 2A-11 to
2A-14, 2A-21 to 2A-25, 2A-31 10 2A-34, 2A-41 to
2A-45, 2A-51 to 2A-54, 2A-61 to 2A-65, 2A-71 to
2A-74, 2A-81 to 2A-85, 2A-91 to 2A-94, 2A-101 to
2A-105, 2A-111 to 2A-114, 2B-1 to 2B-3, 2B-11 to
2B-13, 2B-21 to 2B-23, 2B-31 to 2B-33, 2B-41 to
2B-43, 2B-51 to 2B-53, 2B-61 to 2B-63, 2B-71 to
2B-73, 2B-81 to 2B-83, 2B-91 to 2B-93, and 2C is a
binding site to M in Formula 1,

nl in Formula 1 is 1, 2, or 3, provided that when nl is 2
or greater, two or more groups L, are the same or
different,

n2 in Formula 1 is 0, 1, 2, 3, or 4, provided that when n2
is 2 or greater, two or more groups L, are the same or
different,

in Formulae 2A-1 to 2A-5, 2A-11 to 2A-14, 2A-21 to
2A-25, 2A-31 to 2A-34, 2A-41 to 2A-45, 2A-51 to
2A-54, 2A-61 to 2A-65, 2A-71 to 2A-74, 2A-81 to
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2A-85, 2A-91 to 2A-94, 2A-101 to 2A-105, 2A-111 to
2A-114, 2B-1 to 2B-3, 2B-11 to 2B-13, 2B-21 to
2B-23; 2B-31 to 2B-33, 2B-41 to 2B-43, 2B-51 to
2B-53, 2B-61 to 2B-63, 2B-71 to 2B-73, 2B-81 to
2B-83, and 2B-91 to 2B-93, X, is Nor C(R,), X, is N
or C(R,), X5is Nor C(R;), X, is Nor C(R,), X5 is N
or C(Ry), X418 N or C(Rg), and X, is N or C(R,),

in Formula 2B-1 to 2B-3, 2B-11 to 2B-13, 2B-21 to
2B-23, 2B-31 to 2B-33, 2B-41 to 2B-43, 2B-51 to
2B-53, 2B-61 to 2B-63, 2B-71 to 2B-73, 2B-81 to
2B-83, and 2B-91 to 2B-93, Ti is selected from a single
bond, *—O—*, *—S—* *_N(R; )—*, *—CR;,)
(Ryp)—*, *—C(R;,)=C(R;,)—*, and *—Si(Ry))
(Ry,)—*", wherein R, and R, are optionally linked to
each other to form a substituted or unsubstituted
Cs—C,;, carbocyclic group or a substituted or unsub-
stituted C,—C,,, heterocyclic group,

in Formulae 2A-1 to 2A-5, 2A-11 to 2A-14, 2A-21 to
2A-25, 2A-31 to 2A-34, 2A-41 to 2A-45, 2A-51 to
2A-54, 2A-61 to 2A-65, 2A-71 to 2A-74, 2A-81 to
2A-85,2A-91 to 2A-94, 2A-101 to 2A-105, 2A-111 to
2A-114, 2B-1 to 2B-3, 2B-11 to 2B-13, 2B-21 to
2B-23, 2B-31 to 2B-33, 2B-41 to 2B-43, 2B-51 to
2B-53, 2B-61 to 2B-63, 2B-71 to 2B-73, 2B-81 to
2B-83, and 2B-91 to 2B-93, X, is Nor CR,), X, is
N or CR,,), X,51s N or C(Ry3), X, is N or C(R, ),
X518 Nor CR5), X, is N or CR,;), X5, 18 O, S,
NR,,), or C(Ry;)(Ry),

in Formulae 2A-11, 2A-31, 2A-51, 2A-71, 2A-91 and
2A-111, at least one of X,, to X, is N, in Formulae
2A-12 to 2A-14, 2A-32 to 2A-34, 2A-52 to 2A-54,
2A-72 to 2A-74, 2A-92 to 2A-94 and 2A-112 to
2A-114, at least one of X;; to X, is N,

in Formulae 2B-11, 2B-31, 2B-51, 2B-71 and 2B-91, at
least one of X,; to X,; is N,

in Formulae 2B-12, 2B-13, 2B-32, 2B-33, 2B-52, 2B-53,
2B-72,2B-73,2B-92 and 2B-, at least one of X, t0 X5
is N,

R, to Ry, Ryp to Ry, Ryy, Rysy Ry, and Ry, are each
independently selected from a hydrogen, a deuterium,
—F, —Cl, —Br, —1, —SF4, a hydroxyl group, a cyano
group, a nitro group, an amino group, an amidino
group, a hydrazine group, a hydrazone group, a car-
boxylic acid group or a salt thereof, a sulfonic acid
group or a salt thereof, a phosphoric acid group or a salt
thereof, a substituted or unsubstituted C,—Cy, alkyl
group, a substituted or unsubstituted C,—C,, alkenyl
group, a substituted or unsubstituted C,—C,, alkynyl
group, a substituted or unsubstituted C,—Cy, alkoxy
group, a substituted or unsubstituted C,—C,,
cycloalkyl group, a substituted or unsubstituted
C,—C,, heterocycloalkyl group, a substituted or
unsubstituted C;—C,,, cycloalkenyl group, a substi-
tuted or unsubstituted C,—C,, heterocycloalkenyl
group, a substituted or unsubstituted C,—Cg, aryl
group, a substituted or unsubstituted C,—Cg, aryloxy
group, a substituted or unsubstituted C,—Cg, arylthio
group, a substituted or unsubstituted C,—Cgo het-
eroaryl group, a substituted or unsubstituted monova-
lent non-aromatic condensed polycyclic group, a sub-
stituted or unsubstituted monovalent non-aromatic
condensed heteropolycyclic group, —N(Q,)(0,), —Si

(Q:)0)(Q5), —BQeQ;), —P(0)(Q3)(Qs), and
—Ge(Qs51)(Qs2)(Qs3),
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two or more of R, to R, are optionally linked to each other
to form a substituted or unsubstituted C;—C;,, carbo-
cyclic group or a substituted or unsubstituted C,—C,,
heterocyclic group,

two or more of R, to R,, are optionally linked to each other
to form a substituted or unsubstituted Cs—C,,, carbo-
cyclic group or a substituted or unsubstituted C,—C,,
heterocyclic group,

Y, and Y, in Formula 2C are each independently O, N, P,
or As, and

at least one substituent of the substituted Cs—C,,, carbo-
cyclic group, substituted C,—C;, heterocyclic group,
substituted C,—C, alkyl group, substituted C,—C,
alkenyl group, substituted C,—C, alkynyl group, sub-
stituted C,—C, alkoxy group, substituted C;—C,,
cycloalkyl group, substituted C,—C |, heterocycloalkyl
group, substituted C;—C,, cycloalkenyl group, substi-
tuted C,—C,, heterocycloalkenyl group, substituted
Cse—Cy, aryl group, substituted C,—C, aryloxy
group, substituted C,—C,, arylthio group, substituted
C,—C, heteroaryl group, substituted monovalent non-
aromatic condensed polycyclic group, and substituted
monovalent non-aromatic condensed heteropolycyclic
group is selected from

a deuterium, —F, —Cl, —Br, —I, —CD,;, —CD,H,
—CDH,, —CF;, —CF,H, —CFH,, a hydroxyl group,
a cyano group, a nitro group, an amino group, an
amidino group, a hydrazine group, a hydrazone group,
a carboxylic acid group or a salt thereof, a sulfonic acid
group or a salt thereof, a phosphoric acid group or a salt
thereof, a C,—Cq, alkyl group, a C,—Cg, alkenyl
group, a C,—C, alkynyl group, and a C,—C, alkoxy
group;

a C,—Cq, alkyl group, a C,—C,, alkenyl group, a
C,—Cy, alkynyl group, and a Cg, alkoxy group, each
substituted with at least one selected from a deuterium,
—F, —Cl, —Br, —I, —CD,, —CD,H, —CDH,,
—CF,, —CF,H, —CFH,, a hydroxyl group, a cyano
group, a nitro group, an amino group, an amidino
group, a hydrazine group, a hydrazone group, a car-
boxylic acid group or a salt thereof, a sulfonic acid
group or a salt thereof, a phosphoric acid group or a salt
thereof, a C;—C,, cycloalkyl group, a C,—C,, het-
erocycloalkyl group, a C;—C,, cycloalkenyl group, a
C,—C,, heterocycloalkenyl group, a C4—Cg, aryl
group, a C—Cq, aryloxy group, a C.—C, arylthio
group, a C,—Cg, heteroaryl group, a monovalent non-
aromatic condensed polycyclic group, a monovalent
non-aromatic condensed heteropolycyclic  group,

—N(Q1)Q12): —Si(Q13)(Qua)Qus), —BQi)Qu7);

and —P(—0)(Q,5)(Q.0);

a C;—C,, cycloalkyl group, a C,—C, , heterocycloalkyl
group, a C;—C,, cycloalkenyl group, a C,—C,, het-
erocycloalkenyl group, a C,—Cg, aryl group, a
Co—Cqo aryloxy group, a C.—Cq, arylthio group, a
C,—Cy, heteroaryl group, a monovalent non-aromatic
condensed polycyclic group, and a monovalent non-
aromatic condensed heteropolycyclic group;

a C;—C,, cycloalkyl group, a C,—C, , heterocycloalkyl
group, a C;—C,, cycloalkenyl group, a C,—C,, het-
erocycloalkenyl group, a C,—Cg, aryl group, a
Ce—Cq, aryloxy group, a C.—Cy, arylthio group, a
C,—Cy, heteroaryl group, a monovalent non-aromatic
condensed polycyclic group, and a monovalent non-
aromatic condensed heteropolycyclic group, each sub-
stituted with at least one selected from a deuterium,
—F, —Br, —1, —CD,;, —CD,H, —CDH,, —CF,,
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—CF,H, —CFH,, a hydroxy! group, a cyano group, a
nitro group, an amino group, an amidino group, a
hydrazine group, a hydrazone group, a carboxylic acid
group or a salt thereof, a sulfonic acid group or a salt
thereof, a phosphoric acid group or a salt thereof, a
C,—Cq, alkyl group, a C,—C,, alkenyl group, a
C,—Cg, alkynyl group, a C,—Cg, alkoxy group, a
C,—C,, cycloalkyl group, a C,—C, , heterocycloalkyl
group, a C;—C,, cycloalkenyl group, a C,—C,, het-
erocycloalkenyl group, a Cq—Cg, aryl group, a
Ce—Cy, aryloxy group, a C,—C, arylthio group, a
C,—Cg, heteroaryl group, a monovalent non-aromatic
condensed polycyclic group, a monovalent non-aro-
matic condensed heteropolycyclic group, —N(Q,,)

Q) —Si(Qa)(Q4)(Qz5),  —B(Qy6)(Qz7),  and
~P(=0)(Qu)(Que): and

—NQ5,)Qs2), —8i(Qa3)(Q34)(Qas), —B(Q16)(Qs7);
and —P(—0)(Q35)(Qs0),

wherein Q, to Qg, Qy; 10 Q;0, Q5 10 Qz0, Q5 10 Qs and
Qs; to Qs, are each independently selected from a
hydrogen, a deuterium, —F, —Br, —I, a hydroxyl
group, a cyano group, a nitro group, an amino group, an
amidino group, a hydrazine group, a hydrazone group,
a carboxylic acid group or a salt thereof, a sulfonic acid
group or a salt thereof, a phosphoric acid group or a salt
thereof, a C,—Cg, alkyl group, a C,—Cgo alkenyl
group, a C,—C,, alkynyl group, a C,—C, alkoxy
group, a C,—C, , cycloalkyl group, a C,—C,, hetero-
cycloalkyl group, a C;—C,, cycloalkenyl group, a
C,—C,, heterocycloalkenyl group, a C—C,, aryl
group, a Cc—Cg, aryl group substituted with one of a
C,—Cq, alkyl group and a C4—Cg, aryl group, a
Co—Cq, aryloxy group, a C.—Cy, arylthio group, a
C,—Cg, heteroaryl group, a monovalent non-aromatic
condensed polycyclic group, and a monovalent non-
aromatic condensed heteropolycyclic group.

2. The organometallic compound of claim 1, wherein in

Formula 1,

M is Ir or Os, nl+n2 is 3; or

M is Pt, nl+n2 is 2.

3. The organometallic compound of claim 1, wherein Ti

is selected from *—O—*', *—C(R;,)(Ry,)—*, *—Si(R,,)

(R5,)—', and groups represented by Formulae 11-1 to 11-4,

wherein R;, and R, are each independently selected from

—CH,, —CD,, —CD,H, —CDH, —CH,CH,,
—CH,(CD,, —CH,CD,H, —CH,CDH,, —CHDCH,,
—CHDCD,H, —CHDCDH,, —CHDCD,,
—CD,(CD,, —CD,CD,H, and —CD,CDH,;

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group,
an n-pentyl group, an isopentyl group, a sec-pentyl
group, a tert-pentyl group, a phenyl group, and a
naphthyl group; and

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group,
an n-pentyl group, an isopentyl group, a sec-pentyl
group, a tert-pentyl group, a phenyl group, and a
naphthyl group, each substituted with at least one
selected from a deuterium, a C,—C,, alkyl group, and
a phenyl group:
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-continued
Formula 11-2

Formula 11-3

Formula 11-4

4. The organometallic compound of claim 1, wherein

R, to Ry, R to Ry, Ry, Ry, Ry, and Ry, are each
independently selected from a hydrogen, a deuterium,
—F, —Cl, —Br, —I, a hydroxyl group, a cyano group,
a nitro group, an amino group, an amidino group, a
hydrazine group, a hydrazone group, a carboxylic acid
group or a salt thereof, a sulfonic acid group or a salt
thereof, a phosphoric acid group or a salt thereof,
—SF,, a C,—C,, alkyl group, and a C,—C,, alkoxy
group;

a C,—C,, alkyl group and a C,—C,, alkoxy group, each
substituted with at least one selected from a deuterium,
—F, —Cl, —Br, —I, —CD,, —CD,H, —CDH,,
—CF,, —CF,H, —CFH,, a hydroxyl group, a cyano
group, a nitro group, an amino group, an amidino
group, a hydrazine group, a hydrazone group, a car-
boxylic acid group or a salt thereof, a sulfonic acid
group or a salt thereof, a phosphoric acid group or a salt
thereof, a C,—C,, alkyl group, a cyclopentyl group, a
cyclohexyl group, a cycloheptyl group, a cyclooctyl
group, an adamantanyl group, a norbomanyl group, a
norbomenyl group, a cyclopentenyl group, a cyclohex-
enyl group, a cycloheptenyl group, a phenyl group, a
naphthyl group, a pyridinyl group, and a pyrimidinyl
group;

a cyclopentyl group, a cyclohexyl group, a cycloheptyl
group, a cyclooctyl group, an adamantanyl group, a
norbomanyl group, a norbomenyl group, a cyclopen-
tenyl group, a cyclohexenyl group, a cycloheptenyl
group, a phenyl group, a naphthyl group, a fluorenyl
group, a phenanthrenyl group, an anthracenyl group, a
fluoranthenyl group, a triphenylenyl group, a pyrenyl
group, a chrysenyl group, a pyrrolyl group, a thiophe-
nyl group, a furanyl group, an imidazolyl group, a
pyrazolyl group, a thiazolyl group, an isothiazolyl
group, an oxazolyl group, an isoxazolyl group, a pyridi-
nyl group, a pyrazinyl group, a pyrimidinyl group, a
pyridazinyl group, an isoindolyl group, an indolyl
group, an indazolyl group, a purinyl group, a quinolinyl
group, an isoquinolinyl group, a benzoquinolinyl
group, a quinoxalinyl group, a quinazolinyl group, a
cinnolinyl group, a carbazolyl group, a phenanthrolinyl
group, a benzoimidazolyl group, a benzofuranyl group,
a benzothiophenyl group, an isobenzothiazolyl group, a
benzoxazolyl group, an isobenzoxazolyl group, a tri-
azolyl group, a tetrazolyl group, an oxadiazolyl group,
a triazinyl group, a dibenzofuranyl group, a dibenzo-
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thiophenyl group, a benzocarbazolyl group, a dibenzo-
carbazolyl group, an imidazopyridinyl group, and an
imidazopyrimidinyl group;

a cyclopentyl group, a cyclohexyl group, a cycloheptyl
group, a cyclooctyl group, an adamantanyl group, a
norbomanyl group, a norbomenyl group, a cyclopen-
tenyl group, a cyclohexenyl group, a cycloheptenyl
group, a phenyl group, a naphthyl group, a fluorenyl
group, a phenanthrenyl group, an anthracenyl group, a
fluoranthenyl group, a triphenylenyl group, a pyrenyl
group, a chrysenyl group, a pyrrolyl group, a thiophe-
nyl group, a furanyl group, an imidazolyl group, a
pyrazolyl group, a thiazolyl group, an isothiazolyl
group, an oxazolyl group, an isoxazolyl group, a pyridi-
nyl group, a pyrazinyl group, a pyrimidinyl group, a
pyridazinyl group, an isoindolyl group, an indolyl
group, an indazolyl group, a purinyl group, a quinolinyl
group, an isoquinolinyl group, a benzoquinolinyl
group, a quinoxalinyl group, a quinazolinyl group, a
cinnolinyl group, a carbazolyl group, a phenanthrolinyl
group, a benzoimidazoly! group, a benzofuranyl group,
a benzothiophenyl group, an isobenzothiazolyl group, a
benzoxazolyl group, an isobenzoxazolyl group, a tri-
azolyl group, a tetrazolyl group, an oxadiazolyl group,
a triazinyl group, a dibenzofuranyl group, a dibenzo-
thiophenyl group, a benzocarbazolyl group, a dibenzo-
carbazolyl group, an imidazopyridinyl group, and an
imidazopyrimidinyl group. each substituted with at
least one selected from a deuterium, —F, —CI, —Br,
—I, —CD,, —CD,H, —CDH,, —CF;, —CF,H,
—CFH,, a hydroxyl group, a cyano group, a nitro
group, an amino group, an amidino group, a hydrazine
group, a hydrazone group, a carboxylic acid group or a
salt thereof, a sulfonic acid group or a salt thereof, a
phosphoric acid group or a salt thereof, a C,—C, alkyl
group, a C,—C,, alkoxy group, a cyclopentyl group, a
cyclohexyl group, a cycloheptyl group, a cyclooctyl
group, an adamantanyl group, a norbomrnanyl group, a
norbomenyl group, a cyclopentenyl group, a cyclohex-
enyl group, a cycloheptenyl group, a phenyl group, a
naphthyl group, a fluorenyl group, a phenanthrenyl
group, an anthracenyl group, a fluoranthenyl group, a
triphenylenyl group, a pyrenyl group, a chrysenyl
group, a pyrrolyl group, a thiophenyl group, a furanyl
group, an imidazolyl group, a pyrazolyl group, a thi-
azolyl group, an isothiazolyl group, an oxazolyl group,
an isoxazolyl group, a pyridinyl group, a pyrazinyl
group, a pyrimidinyl group, a pyridazinyl group, an
isoindolyl group, an indolyl group, an indazolyl group,
a purinyl group, a quinolinyl group, an isoquinolinyl
group, a benzoquinolinyl group, a quinoxalinyl group,
a quinazolinyl group, a cinnolinyl group, a carbazolyl
group, a phenanthrolinyl group, a benzoimidazolyl
group, a benzofuranyl group, a benzothiophenyl group,
an isobenzothiazolyl group, a benzoxazolyl group, an
isobenzoxazolyl group, a triazolyl group, a tetrazolyl
group, an oxadiazolyl group, a triazinyl group, a diben-
zofuranyl group, a dibenzothiophenyl group, a benzo-
carbazolyl group, a dibenzocarbazolyl group, an imi-
dazopyridinyl group, and an imidazopyrimidinyl
group; and

—N(QQy): —SiQ:HQQs) —BQRHQ,). —P(—0)

(Qs)(Qy), and -Ge(Q5,)(Qs52)(Qs3);
wherein Q, to Qg and Qs to Qs; are each independently

selected from —CH,;, —CD,;, —CD,H, —CDH,,
—CH,CH,, —CH,(CD,, —CH,CD,H, —CH,CDH,,

10

15

20

25

30

35

40

45

50

55

60

65

140

—CHDCH,, —CHDCD,H, —CHDCDH,, —CH-
DCD,, —CD,CD,, —CD,CD,H, and —CD,CDH,;

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group,
an n-pentyl group, an isopentyl group, a sec-pentyl
group, a tert-pentyl group, a phenyl group, and a
naphthyl group; and

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group,
an n-pentyl group, an isopentyl group, a sec-pentyl
group, a tert-pentyl group, a phenyl group, and a
naphthyl group, each substituted with at least one
selected from a deuterium, a C,—C,, alkyl group, and
a phenyl group.

5. The organometallic compound of claim 1, wherein

R, toRyto Ry, Ryp, Rysy Ron, Ry, Ry, and Ry, are each
independently selected from

a hydrogen, a deuterium, —F, a cyano group, a nitro
group, —SFs, a methyl group, an ethyl group, an
n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group,
an n-pentyl group, an isopentyl group, a sec-pentyl
group, a tert-pentyl group, an n-hexyl group, an iso-
hexyl group, a sec-hexyl group, a tert-hexyl group, an
n-heptyl group, an iso-heptyl group, a sec-heptyl group,
a tert-heptyl group, an n-octyl group, an iso-octyl
group, a sec-octyl group, a tert-octyl group, an n-nonyl
group, an iso-nonyl group, a sec-nonyl group, a tert-
nonyl group, an n-decyl group, an iso-decyl group, a
sec-decyl group, a tert-decyl group, a methoxy group,
an ethoxy group, a propoxy group, a butoxy group, a
pentoxy group, a cyclopentyl group, a cyclohexyl
group, a cycloheptyl group, a cyclooctyl group, an
adamantanyl group, a norbomrnanyl group, a norbom-
rnenyl group, a cyclopentenyl group, a cyclohexenyl
group, a cyclohepteny! group, a phenyl group, a naph-
thyl group, a pyridinyl group, a pyrimidinyl group, a
dibenzofuranyl group, and a dibenzothiophenyl group;

a methyl group, an ethyl group, an n-propyl group, an
iso-propyl group, an n-butyl group, an isobutyl group,
a sec-butyl group, a tert-butyl group, an n-pentyl group,
an isopentyl group, a sec-pentyl group, a tert-pentyl
group, an n-hexyl group, an iso-hexyl group, a sec-
hexyl group, a tert-hexyl group, an n-heptyl group, an
iso-heptyl group, a sec-heptyl group, a tert-heptyl
group, an n-octyl group, an iso-octyl group, a sec-octyl
group, a tert-octyl group, an n-nonyl group, an iso-
nonyl group, a sec-nonyl group, a tert-nonyl group, an
n-decyl group, an iso-decyl group, a sec-decyl group, a
tert-decyl group, a methoxy group, an ethoxy group, a
propoxy group, a butoxy group, a pentoxy group, a
cyclopentyl group, a cyclohexyl group, a cycloheptyl
group, a cyclooctyl group, an adamantanyl group, a
norbomrnanyl group, a norbomenyl group, a cyclopen-
tenyl group, a cyclohexenyl group, a cycloheptenyl
group, a phenyl group, a naphthyl group, a pyridinyl
group, a pyrimidinyl group, a dibenzofuranyl group,
and a dibenzothiophenyl group, each substituted with at
least one selected from a deuterium, —F, —CD;,
—CD,H, —CDH,, —CF,, —CF,H, —CFH,, a cyano
group, a nitro group, a C,—C, , alkyl group,a C,—C,,
alkoxy group, a cyclopentyl group, a cyclohexyl group,
a cycloheptyl group, a cyclooctyl group, an adamanta-
nyl group, a norbomanyl group, a norbomrnenyl group,
a cyclopenteny! group, a cyclohexenyl group, a cyclo-
heptenyl group, a phenyl group, a naphthyl group, a
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pyridinyl group, a pyrimidinyl group, a dibenzofuranyl
group, and a dibenzothiophenyl group; and
—N(Q)(Q2), —S1(Q5)(Qu(Q4), —B(Qs)(Q;), —P(=0)
(Qs)(Qo), and -Ge(Qs,)(Qs2)(Qs3),

wherein Q, to Q, and Qs; to Q55 are each independently
selected from

—CH,, —CD,, —CD,H, —CDH,, —CH,CH,,
—CH,CD,, —CH,CD,H, —CH,CDH,, —CHDCH,,
—CHDCD,H, —CHDCDH,, —CHDCD;,
—CD,CD;, —CD,CD,H, and —CD,CDH,;

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group,
an n-pentyl group, an isopentyl group, a sec-pentyl
group, a tert-pentyl group, a phenyl group, and a
naphthyl group; and

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group,
an n-pentyl group, an isopentyl group, a sec-pentyl
group, a tert-pentyl group, a phenyl group, and a
naphthyl group, each substituted with at least one
selected from a deuterium, a C,—C,, alkyl group, and
a phenyl group.

6. The organometallic compound of claim 1, wherein

R, to Ry, R to Ryg, , Ry, Ry, Ry), and Ry, are each
independently selected from a hydrogen, a deuterium,
—F, a cyano group, a nitro group, —SF5, —CH,,
—CD,, —CD,H, —CDH,, —CF,, —CF,H, —CFH,,
groups represented by Formulae 9-1 to 9-19, groups
represented by Formulae 10-1 to 10-36, —Si(Q;)(Q.)
(Qs). and -Ge(Qs,)(Q52)(Qss), and

Q; to Qs and Qs to Qs; are each independently selected
from

—CH,, —CD,, —CD,H, —CDH, —CH,CH,,
—CH,CD,;, —CH,CD,H, —CH,CDH,, —CHDCHj,
—CHDCD,H, —CHDCDH,, —CHDCD,,
—CD,CD,, —CD,CD,H, and —CD,CDH,;

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group,
an n-pentyl group, an isopentyl group, a sec-pentyl
group, a tert-pentyl group, a phenyl group, and a
naphthy! group; and

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group,
an n-pentyl group, an isopentyl group, a sec-pentyl
group, a tert-pentyl group, a phenyl group and a naph-
thyl group, each substituted with at least one selected
from a deuterium, a C,—C,, alkyl group, and a phenyl

group:

Formula 9-1
Formula 9-2

Formula 9-3

Formula 9-4

Formula 9-5
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Formula 9-6

Formula 9-7

Formula 9-8

Formula 9-9

Formula 9-10

Formula 9-11

Formula 9-12

Formula 9-13

Formula 9-14

Formula 9-15

Formula 9-16

Formula 9-17

Formula 9-18

Formula 9-19

Formula 10-1

Formula 10-2
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Formula 10-3 Formula 10-15

Formula 10-16
Formula 10-4 ON
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Formula 10-5 15

Formula 10-17
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Formula 10-18
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Formula 10-34
*
Formula 10-35
*
Formula 10-36
D
D D
* D.
D

* in Formulae 9-1 to 9-19 and 10-1 to 10-36 15 a binding site to a neighboring atom.

7. The organometallic compound of claim 1, wherein

ligand L, in Formula 1 is selected from ligands repre-
sented by Formulae 2A-1 to 2A-5, 2A-21 to 2A-25,
2A-41 to 2A-45, 2A-61 to 2A-65, 2A-81 to 2A-85,
2A-101 to 2A-105, 2B-1 to 2B-3, 2B-21 to 2B-23,
2B-41 to 2B-43, 2B-61 to 2B-63, and 2B-81 to 2B-83:
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Formula 2B-93

TR
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N
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8. The organometallic compound of claim 1, wherein

T, is selected from *—O—*, * S —* * (C(R,)
(R5,)—*, *—S8i(R;)(R5,)—™*, and groups represented
by Formulae 11-1 to 11-4,

R, to Ry, Rj; to R, R,;, RyR;;, and R;, are each
independently selected from

a hydrogen, a deuterium, —F, a cyano group, a nitro
group, —SFs, a methyl group, an ethyl group, an
n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group,
an n-pentyl group, an isopentyl group, a sec-pentyl
group, a tert-pentyl group, an n-hexyl group, an iso-
hexyl group, a sec-hexyl group, a tert-hexyl group, an
n-heptyl group, an iso-heptyl group, a sec-heptyl group,
a tert-heptyl group, an n-octyl group, an iso-octyl
group, a sec-octyl group, a tert-octyl group, an n-nonyl
group, an iso-nonyl group, a sec-nonyl group, a tert-
nonyl group, an n-decyl group, an iso-decyl group, a
sec-decyl group, a tert-decyl group, a methoxy group,
an ethoxy group, a propoxy group, a butoxy group, a
pentoxy group, a cyclopentyl group, a cyclohexyl
group, a cycloheptyl group, a cyclooctyl group, an
adamantanyl group, a norbomrnanyl group, a norbome-
nyl group, a cyclopentenyl group, a cyclohexenyl
group, a cyclohepteny! group, a phenyl group, a naph-
thyl group, a pyridinyl group, a pyrimidinyl group, a
dibenzofuranyl group, and a dibenzothiophenyl group;

a methyl group, an ethyl group, an n-propyl group, an
iso-propyl group, an n-butyl group, an isobutyl group,
a sec-butyl group, a tert-butyl group, an n-pentyl group,
an isopentyl group, a sec-pentyl group, a tert-pentyl
group, an n-hexyl group, an iso-hexyl group, a sec-
hexyl group, a tert-hexyl group, an n-heptyl group, an
iso-heptyl group, a sec-heptyl group, a tert-heptyl
group, an n-octyl group, an iso-octyl group, a sec-octyl
group, a tert-octyl group, an n-nonyl group, an iso-
nonyl group, a sec-nonyl group, a tert-nonyl group, an
n-decyl group, an iso-decyl group, a sec-decyl group, a
tert-decyl group, a methoxy group, an ethoxy group, a
propoxy group, a butoxy group, a pentoxy group, a
cyclopentyl group, a cyclohexyl group, a cycloheptyl
group, a cyclooctyl group, an adamantanyl group, a
norbomrnanyl group, a norbomenyl group, a cyclopen-
tenyl group, a cyclohexenyl group, a cycloheptenyl
group, a phenyl group, a naphthyl group, a pyridinyl
group, a pyrimidinyl group, a dibenzofuranyl group,
and a dibenzothiophenyl group, each substituted with at
least one selected from a deuterium, —F, —CD;,
—CD,H, —CDH,, —CF;, —CF,H, —CFH,, a cyano
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group, a nitro group, a C,—C, , alkyl group, a C,—C,
alkoxy group, a cyclopentyl group, a cyclohexyl group,
a cycloheptyl group, a cyclooctyl group, an adamanta-
nyl group, a norbomanyl group, a norbomrnenyl group,
a cyclopenteny! group, a cyclohexenyl group, a cyclo-
heptenyl group, a phenyl group, a naphthyl group, a
pyridinyl group, a pyrimidinyl group, a dibenzofuranyl
group, and a dibenzothiophenyl group; and

—N(Q)(Q2), —Si(Q3)(QL)(Q5), —B(Q)(Q,). —P=0)
(Qs)(Qo), and -Ge(Qs,)(Qs2)(Qs3),

Q, to Q, and Q4 to Qs are each independently selected
from

—CH,, —CD,, —CD,H, —CDH, —CH,CH,,
—CH,CD,, —CH,CD,H, —CH,CDH,, —CHDCH,,
—CHDCD,H, —CHDCDH,, —CHDCD;,
—CD,CD,;, —CD,CD,H, and —CD,CDH,;

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group,
an n-pentyl group, an isopentyl group, a sec-pentyl
group, a tert-pentyl group, a phenyl group, and a
naphthyl group; and

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group,
an n-pentyl group, an isopentyl group, a sec-pentyl
group, a tert-pentyl group, a phenyl group, and a
naphthyl group, each substituted with at least one
selected from a deuterium, a C,—C,, alkyl group, and
a phenyl group, two neighboring substituents of R, to
R, are optionally linked to each other to form a sub-
stituted or unsubstituted C.—C,, carbocyclic ring,

two neighboring substituents of R, to R, are optionally
linked to each other to form a substituted or unsubsti-
tuted Cs—C,,, carbocyclic ring, and

two neighboring substituents of R, to R, 4 are optionally
linked to each other to form a substituted or unsubsti-
tuted Cs—C, , carbocyclic ring:

Formula 11-1

Formula 11-2

Formula 11-3

Formula 11-4
9. The organometallic compound of claim 1, wherein
T, is selected from *—O—*, *—§—* * C(R;)
(Rsp)—*, *—Si(R5,)(R5,)—*, and groups repre-
sented by Formulae 11-1 to 11-4,
R, to Ry, Ryy to Ry, Ry, Ryyy Ry, and R, are each
independently selected from a hydrogen, a deuterium,

—F, a cyano group, a nitro group, —SF5, —CH,,
—CD,, —CD,H, —CDH,, —CF,;, —CF,H, —CFH,,
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groups represented by Formulae 9-1 to 9-19, groups
represented by Formulae 10-1 to 10-36, —Si(Q;)(Q,)

(Qs), and -Ge(Qs;)(Qs5,)(Qs3);

Q; to Qs and Qs to Q. are each independently selected
from

—CH,, —CD,, —CD,H, —CDH,, —CH,CH,,
—CH,CD,, —CH,CD,H, —CH,CDH,, —CHDCH,,
—CHDCD,H, ~ —CHDCDH,,  —CHDCD,,

—CD,CD;, —CD,CD,H, and —CD,CDH,;

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group,
an n-pentyl group, an isopentyl group, a sec-pentyl
group, a tert-pentyl group, a phenyl group, and a
naphthyl group; and

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group,
an n-pentyl group, an isopentyl group, a sec-pentyl
group, a tert-pentyl group, a phenyl group, and a
naphthyl group, each substituted with at least one
selected from a deuterium, a C,—C,, alkyl group, and
a phenyl group:
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Formula 10-30
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Formula 10-33

Formula 10-34

%

Formula 10-35

Formula 10-36

D
* in Formulae 9-1 to 9-19 and 10-1 to 10-36 is a binding site to a neighboring atom.

10. An organometallic compound represented by Formula
l 3

ML) L)z Formula 1

wherein

ligand [, in Formula 1 is selected from ligands repre-
sented by Formulae 2A-1(1) to 2A-1(3), 2A-3(1) to
2A-3(3), 2A-11(1) to 2A-11(9), and 2B-11(1) to 2B-11
6):



171
Res Ry
Ryy
Ry
/ X5
Rys
Rys = "
X ¥
T
N
2N / \
/o
Xg'\‘X2

Ry3
Rep Rut
R Rys
NS Rys
Xa
/
X5
)i; f | N /*,
N
XS\\ / W
Xy /Xl
X=X,

US 10,714,696 B2

Formula 2A-1(1)

Formula 2A-1(2)

Formula 2A-1(3)

Formula 2A-3A(1)

10

15

20

25

30

35

40

45

50

55

60

65

172
-continued
Formula 2A-3(2)
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Formula 2B-11(6)

Formula 2C

M in Formula 1 is selected from Ir, Pt, Os, Ti, Zr, Hf, Eu,
Tb, Tm, and Rh,

L, in Formula 1 is selected from a ligand represented by
2A-1(1) to 2A-1(3), 2A-3(1) to 2A-3(3), 2A-11(1) to
2A-11(9), and 2B-11(1) to 2B-11(6),

L, in Formula 1 is selected from ligands represented by
Formula 2C,

each of * and *' in Formulae 2A-1(1) to 2A-1(3), 2A-3(1)
to 2A-3(3), 2A-11(1) to 2A-11(9), 2B-11(1) to 2B-11
(6), and 2C is a binding site to M in Formula 1,

nl in Formula 1 is 1, 2, or 3, provided that when nl is 2
or greater, two or more groups L, are the same or
different,

n2 in Formula 1 1s 0, 1, 2, 3, or 4, provided that when n2
is 2 or greater, two or more groups L, are the same or
different,

in Formulae 2A-1(1) to 2A-1(3), 2A-3(1) to 2A-3(3),
2A-11(1) to 2A-11(9), and 2B-11(1) to 2B-11(6),

X, is NorC(R,), X, is N or C(R,), X; is Nor C(R;), X,
is N or C(R,), X5 is N or C(R,), X, is N or C(Ry), X,
is N or C(R,),

T, is selected from *—O—* *_S—* * (C(R;))
(Rs)—*, *—Si(R5,)(R5,)—*, and groups repre-
sented by Formulae 11-1 to 11-4,

X, isNorCR), X,,isNorC(R,,), X,;is Nor C(R, 5),
X218 Nor CR,,),

X5, 18 0, 8, NR,,), or C(R;)(R;,),

in Formulae 2A-11(1) to 2A-11(3), at least one of X, and
X418 N,

in Formulae 2A-11(4) to 2A-11(6), at least one of X, and
X418 N,

in Formulae 2A-11(7) to 2A-11(9), at least one of X, and
X, i8N,

in Formulae 2B-11(1) to 2B-11(3), X,; is N,

in Formulae 2B-11(4) to 2B-11(6), X,, is N,

R, toR,, Ry, 0 Ry, Ry, Rony Ry, Ry, and Ry to Ryg
are each independently selected from

a hydrogen, a deuterium, —F, a cyano group, a nitro
group, —SFs, a methyl group, an ethyl group, an
n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group,
an n-pentyl group, an isopentyl group, a sec-pentyl
group, a tert-pentyl group, an n-hexyl group, an iso-
hexyl group, a sec-hexyl group, a tert-hexyl group, an
n-heptyl group, an iso-heptyl group, a sec-heptyl group,
a tert-heptyl group, an n-octyl group, an iso-octyl
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group, a sec-octyl group, a tert-octyl group, an n-nonyl -continued
group, an iso-nonyl group, a sec-nonyl group, a tert- Formula 11-2

nonyl group, an n-decyl group, an iso-decyl group, a

sec-decyl group, a tert-decyl group, a methoxy group,

an ethoxy group, a propoxy group, a butoxy group, a s

pentoxy group, a cyclopentyl group, a cyclohexyl * #

group, a cycloheptyl group, a cyclooctyl group, an Formula 11-3

adamantanyl group, a norbomrnanyl group, a norbom-

renyl group, a cyclopentenyl group, a cyclohexenyl

group, a cyclohepteny! group, a phenyl group, a naph- 10

thyl group, a pyridinyl group, a pyrimidinyl group, a AW

dibenzofuranyl group, and a dibenzothiopheny! group; Formula 11-4
a methyl group, an ethyl group, an n-propyl group, an

iso-propyl group, an n-butyl group, an isobutyl group,

a sec-butyl group, a tert-butyl group, an n-pentyl group, ,

an isopentyl group, a sec-pentyl group, a tert-pentyl 13

group, an n-hexyl group, an iso-hexyl group, a sec- VAW

hexyl group, a tert-hexyl group, an n-heptyl group, an

iso-heptyl group, a sec-heptyl group, a tert-heptyl

group, an n-octyl group, an iso-octyl group, a sec-octyl

group, a tert-octyl group, an n-nonyl group, an iso- 20

nonyl group, a sec-nonyl group, a tert-nonyl group, an

n-decyl group, an iso-decyl group, a sec-decyl group, a

tert-decyl group, a methoxy group, an ethoxy group, a

propoxy group, a butoxy group, a pentoxy group, a

cyclopentyl group, a cyclohexyl group, a cycloheptyl 5

group, a cyclooctyl group, an adamantanyl group, a T Formula 3A
11/all

wherein selection of ligand L, is subject to limitations of
claim 1.

11. The organometallic compound of claim 1, wherein

ligand L, in Formula 1 is selected from ligands repre-
sented by Formulae 3A to 3C:

norbomrnanyl group, a norbomenyl group, a cyclopen- ot
tenyl group, a cyclohexenyl group, a cycloheptenyl Yl\l/' \ /le
group, a phenyl group, a naphthyl group, a pyridinyl * *!
group, a pyrimidinyl group, a dibenzofuranyl group, ., T4 tt Formula 3B
and a dibenzothiophenyl group, each substituted with at v ¢ Ny
least one selected from a deuterium, —F, —CD;, 1\1 2
—CD,H, —CDH,, —CF,, —CF,H, —CFH,, a cyano * * Formula 3C
group, a nitro group, a C,—C, , alkyl group,a C,—C,, o) 0
alkoxy group, a cyclopentyl group, a cyclohexyl group, . e f
a cycloheptyl group, a cyclooctyl group, an adamanta- -
nyl group, a norbomanyl group, a norbomrnenyl group, \N/ Y% Zoa
a cyclopenteny! group, a cyclohexenyl group, a cyclo- v CYy
heptenyl group, a phenyl group, a naphthyl group, a N
pyridiny] group, a pyrimidinyl group, a dibenzofuranyl
group, and a dibenzothiophenyl group; and .
—NQUQ. —SIQNQHQs), —BQIQ) —P=0) ¢ IR0 A
(Qa)(Qy), and 'Ge(Q51)(Q52)(Q§3)s Y,, is O, N, N(Z,). P(Z)(Z,), or As(Z,)(Z,).
Qlfto Q, and Qs to Q55 are each independently selected CY,, is a C,—Ca, heterocyclic group,
rom ; : s
_CH, _CD, _CDH _CDH,  CHCH, 45 TIE le ;&éect)ei >XI}om a :%?Zbo?i Ca(%ou)blﬁe*l')iond, *j
—CH,CD,, —CH,CD,H, —CH,CDH,, —CHDCH,, (zi)—lkz', H 4@11):*.,“ *:C(lzzn);c:(zm):c
—CHDCD,H, —CHDCDH,, —CHDCD,, (Zys)—*,  *—C(Zy)=C(Z,)—C(Z, )=, *—N
—CD,CD;, —CD,CD,H, and —CD,CDH,; (Z,)—™, and a substituted or unsubstituted Co.—C,,

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group,
an n-pentyl group, an isopentyl group, a sec-pentyl
group, a tert-pentyl group, a phenyl group, and a
naphthyl group; and

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group,
an n-pentyl group, an isopentyl group, a sec-pentyl
group, a tert-pentyl group, a phenyl group, and a
naphthyl group, each substituted with at least one
selected from a deuterium, a C,—C,, alkyl group, and
a phenyl group:

50 arylene group,

all is an integer selected from 1 to 10,
Z,to Z,and Z,, to 7, are each independently selected
from a hydrogen, a deuterium, —F, —CI, —Br, —1I, a
hydroxyl group, a cyano group, a nitro group, an amino
55 group, an amidino group, a hydrazine group, a hydra-
zone group, a carboxylic acid group or a salt thereof, a
sulfonic acid group or a salt thereof, a phosphoric acid
group or a salt thereof, a substituted or unsubstituted
C,—Cq, alkyl group, a substituted or unsubstituted
60 C,—C4, alkenyl group, a substituted or unsubstituted
C,—Cy, alkynyl group, a substituted or unsubstituted
C,—C4, alkoxy group, a substituted or unsubstituted
C,—C,, cycloalkyl group, a substituted or unsubsti-
tuted C,—C,, heterocycloalkyl group, a substituted or
X 65 unsubstituted C;—C,, cycloalkenyl group, a substi-
* x tuted or unsubstituted C,—C,, heterocycloalkenyl
group, a substituted or unsubstituted C,—Cg, aryl

Formula 11-1



US 10,714,696 B2

179

group, a substituted or unsubstituted Cc—Cq, aryloxy
group, a substituted or unsubstituted C,—Cy, arylthio
group, a substituted or unsubstituted C,—Cg, het-
eroaryl group, a substituted or unsubstituted monova-
lent non-aromatic condensed polycyclic group, a sub-
stituted or unsubstituted monovalent non-aromatic
condensed heteropolycyclic group, —N(Q,)(Q,), —Si
(Q3)(QWQ5), —B(Q6)(Q,), and —P(=0)(Q;)(Qs),

dl is an integer selected from 0 to 10, and

each of * and * is a binding site to M in Formula 1.

12. The organometallic compound of claim 11, wherein

CY |, is selected from a pyridine, a pyrimidine, a triazine,
a pyrrole, a pyrazole, an imidazole, and a triazole,

Z toZ,and Z,, to Z,, are each independently selected
from

a hydrogen, a deuterium, —F, a cyano group, a nitro
group, —SF;, a methyl group, an ethyl group, an
n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group,
an n-pentyl group, an isopentyl group, a sec-pentyl
group, a tert-pentyl group, an n-hexyl group, an iso-
hexyl group, a sec-hexyl group, a tert-hexyl group, an
n-heptyl group, an iso-heptyl group, a sec-heptyl group,
a tert-heptyl group, an n-octyl group, an iso-octyl
group, a sec-octyl group, a tert-octyl group, an n-nonyl
group, an iso-nonyl group, a sec-nonyl group, a tert-
nonyl group, an n-decyl group, an iso-decyl group, a
sec-decyl group, a tert-decyl group, a methoxy group,
an ethoxy group, a propoxy group, a butoxy group, a
pentoxy group, a cyclopentyl group, a cyclohexyl
group, a cycloheptyl group, a cyclooctyl group, an
adamantanyl group, a norbomrnanyl group, a norbome-
nyl group, a cyclopentenyl group, a cyclohexenyl
group, a cycloheptenyl group, a phenyl group, a naph-
thyl group, a pyridinyl group, a pyrimidinyl group, a
dibenzofuranyl group, and a dibenzothiophenyl group;

a methyl group, an ethyl group, an n-propyl group, an
iso-propyl group, an n-butyl group, an isobutyl group,
a sec-butyl group, a tert-butyl group, an n-pentyl group,
an isopentyl group, a sec-pentyl group, a tert-pentyl
group, an n-hexyl group, an iso-hexyl group, a sec-
hexyl group, a tert-hexyl group, an n-heptyl group, an
iso-heptyl group, a sec-heptyl group, a tert-heptyl
group, an n-octyl group, an iso-octyl group, a sec-octyl
group, a tert-octyl group, an n-nonyl group, an iso-
nonyl group, a sec-nonyl group, a tert-nonyl group, an
n-decyl group, an iso-decyl group, a sec-decyl group, a
tert-decyl group, a methoxy group, an ethoxy group, a
propoxy group, a butoxy group, a pentoxy group, a
cyclopentyl group, a cyclohexyl group, a cycloheptyl
group, a cyclooctyl group, an adamantanyl group, a
norbomrnanyl group, a norbomenyl group, a cyclopen-
tenyl group, a cyclohexenyl group, a cycloheptenyl
group, a phenyl group, a naphthyl group, a pyridinyl
group, a pyrimidinyl group, a dibenzofuranyl group,
and a dibenzothiophenyl group, each substituted with at
least one selected from a deuterium, —F, —CD;,
—CD,H, —CDH,, —CF;, —CF,H, —CFH,, a cyano
group, a nitro group, a C,—C, , alkyl group,a C,—C,,
alkoxy group, a cyclopentyl group, a cyclohexyl group,
a cycloheptyl group, a cyclooctyl group, an adamanta-
nyl group, a norbomanyl group, a norbomrnenyl group,
a cyclopenteny! group, a cyclohexenyl group, a cyclo-
heptenyl group, a phenyl group, a naphthyl group, a
pyridinyl group, a pyrimidinyl group, a dibenzofuranyl
group, and a dibenzothiophenyl group; and

10

15

20

25

30

35

40

45

50

55

60

65

180
—N(Q,)(Q.), —Si(Q5)(Q.)(Qs), —B(Q6)(Q,), —P(=0)
(Qe)(Qy), and -Ge(Q5,)(Q5,)(Qs3),

Q, to Q, and Qs to Qs; are each independently selected
from

—CH,, —CD,, —CD,JH, —CDH, —CH,CH,
—CH,CD,, —CH,CD,H, —CH,CDH,, —CHDCH.,,
_CHDCD,H, = CHDCDH,,  —CHDCD,,

—CD,(CD,, —D,CD,H, and —CD,CDH,;

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group,
an n-pentyl group, an isopentyl group, a sec-pentyl
group, a tert-pentyl group, a phenyl group, and a
naphthyl group; and

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group,
an n-pentyl group, an isopentyl group, a sec-pentyl
group, a tert-pentyl group, a phenyl group, and a
naphthyl group, each substituted with at least one
selected from a deuterium, a C,—C,, alkyl group, and
a phenyl group.

13. The organometallic compound of claim 1, wherein

ligand L, in Formula 1 is selected from ligands repre-
sented by Formulae 3-1 to 3-14:

Formula 3-1

Formula 3-2

Formula 3-3

#, 7
\P 12

73 14
Formula 3-4
7, Z, Zu

Formula 3-5
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Formula 3-6

Formula 3-7

Formula 3-8

Formula 3-9

Formula 3-10

Formula 3-11

Formula 3-12

Formula 3-13

Formula 3-14
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in Formulae 3-1 to 3-14,

X5 s Nor C(Z, ), X;, 18 N or C(Z,,),

X4118 O, 8, N(Zy,), or C(Z,,)(Z,,),

Z,t0”7,72,,7,,,and Z,, 10 Z,, are each independently
selected from

a hydrogen, a deuterium, —F, a cyano group, a nitro
group, —SF., a methyl group, an ethyl group, an
n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group,
an n-pentyl group, an isopentyl group, a sec-pentyl
group, a tert-pentyl group, an n-hexyl group, an iso-
hexyl group, a sec-hexyl group, a tert-hexyl group, an
n-heptyl group, an iso-heptyl group, a sec-heptyl group,
a tert-heptyl group, an n-octyl group, an iso-octyl
group, a sec-octyl group, a tert-octyl group, an n-nonyl
group, an iso-nonyl group, a sec-nonyl group, a tert-
nonyl group, an n-decyl group, an iso-decyl group, a
sec-decyl group, a tert-decyl group, a methoxy group,
an ethoxy group, a propoxy group, a butoxy group, a
pentoxy group, a cyclopentyl group, a cyclohexyl
group, a cycloheptyl group, a cyclooctyl group, an
adamantanyl group, a norbomrnanyl group, a norbome-
nyl group, a cyclopentenyl group, a cyclohexenyl
group, a cyclohepteny! group, a phenyl group, a naph-
thyl group, a pyridinyl group, a pyrimidinyl group, a
dibenzofuranyl group, and a dibenzothiophenyl group;

a methyl group, an ethyl group, an n-propyl group, an
iso-propyl group, an n-butyl group, an isobutyl group,
a sec-butyl group, a tert-butyl group, an n-pentyl group,
an isopentyl group, a sec-pentyl group, a tert-pentyl
group, an n-hexyl group, an iso-hexyl group, a sec-
hexyl group, a tert-hexyl group, an n-heptyl group, an
iso-heptyl group, a sec-heptyl group, a tert-heptyl
group, an n-octyl group, an iso-octyl group, a sec-octyl
group, a tert-octyl group, an n-nonyl group, an iso-
nonyl group, a sec-nonyl group, a tert-nonyl group, an
n-decyl group, an iso-decyl group, a sec-decyl group, a
tert-decyl group, a methoxy group, an ethoxy group, a
propoxy group, a butoxy group, a pentoxy group, a
cyclopentyl group, a cyclohexyl group, a cycloheptyl
group, a cyclooctyl group, an adamantanyl group, a
norbomrnanyl group, a norbomenyl group, a cyclopen-
tenyl group, a cyclohexenyl group, a cycloheptenyl
group, a phenyl group, a naphthyl group, a pyridinyl
group, a pyrimidinyl group, a dibenzofuranyl group,
and a dibenzothiophenyl group, each substituted with at
least one selected from a deuterium, —F, —CD;,
—CD,H, —CDH,, —CF,, —CF,H, —CFH,, a cyano
group, a nitro group, a C,—C, , alkyl group,a C,—C,,
alkoxy group, a cyclopenty! group, a cyclohexyl group,
a cycloheptyl group, a cyclooctyl group, an adamanta-
nyl group, a norbomanyl group, a norbomrnenyl group,
a cyclopenteny! group, a cyclohexenyl group, a cyclo-
heptenyl group, a phenyl group, a naphthyl group, a
pyridinyl group, a pyrimidinyl group, a dibenzofuranyl
group, and a dibenzothiophenyl group; and

—N(Q,)(Q2) —SHQ5)Q)(Qs), —B(Qe)Q), —P(=0)

(Q)(Qo), and -Ge(Qs,)(Qs2)(Qs3),
Q, to Q, and Qs to Qs; are each independently selected

from

—CH,, —CD,, —CD,H, —CDH, —CH,CH,,
—CH,(CD,, —CH,CD,H, —CH,CDH,, —CHDCH;,
—CHDCD,H, —CHDCDH,, —CHDCD,;,
—CD,(CD,, —CD,CD,H, and —CD,CDH,;

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group,
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an n-pentyl group, an isopentyl group, a sec-pentyl _continued
group, a tert-pentyl group, a phenyl group, and a 53

naphthyl group; and

an n-propyl group, an iso-propyl group, an n-butyl group,
an isobutyl group, a sec-butyl group, a tert-butyl group, 35
an n-pentyl group, an isopentyl group, a sec-pentyl
group, a tert-pentyl group, a phenyl group, and a
naphthyl group, each substituted with at least one
selected from a deuterium, a C,—C,, alkyl group, and

NE N
N//
/' \

a phenyl group, 10 =
e2is1or?2,
€3 is an integer selected from 1 to 3, and
e4 is an integer selected from 1 to 4. ,
14. An organic light-emitting device comprising: 15

a first electrode;

a second electrode; and

an organic layer disposed between the first electrode and
the second electrode, wherein the organic layer com-
prises an emission layer, and at least one organometal- 20 54
lic compound of claim 1.

15. The organic light-emitting device of claim 14, wherein

the first electrode is an anode,

the second electrode is a cathode,

the organic layer comprises a hole transport region dis- 25
posed between the first electrode and the emission
layer, and an electron transport region disposed
between the emission layer and the second electrode,

wherein the hole transport region comprises at least one
selected from a hole injection layer, a hole transport 30 —
layer, a buffer layer, an interlayer, and an electron
blocking layer, and

wherein the electron transport region comprises at least
one selected from a hole blocking layer, an electron
transport layer, and an electron injection layer. 35

16. The organic light-emitting device of claim 14, wherein

.. . . 55
the emission layer comprises the organometallic compound. — —
17. The organic light-emitting device of claim 16, wherein §
the emission layer further comprises a host. \ |
18. An organometallic compound, wherein 40 0
the organometallic compound is one of Compounds 51 to \Ir/ \
60 N // \
/|
5145
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