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CONDENSED CYCLIC COMPOUND AND
ORGANIC LIGHT-EMITTING DEVICE
INCLUDING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATION

Korean Patent Application No. 10-2014-0100696, filed on
Aug. 5, 2014, in the Korean Intellectual Property Office, and
entitled: “Condensed Cyclic Compound and Organic Light-
Emitting Device Comprising the Same,” is incorporated by
reference herein in its entirety.

BACKGROUND

1. Field

Embodiments relate to a condensed cyclic compound and
an organic light-emitting device including the same.

2. Description of the Related Art

Organic light-emitting devices (OLEDs), which are self-
emitting devices, may have advantages such as wide view-
ing angles, excellent contrast, quick response, high bright-
ness, excellent driving voltage characteristics, and can
provide multicolored images.

An organic light-emitting device may have a structure in
which a first electrode, a hole transport region, an emission
layer, an electron transport region, and a second electrode
are sequentially disposed in this order on a substrate. Holes
injected from the first electrode may move to the emission
layer via the hole transport region, while electrons injected
from the second electrode may move to the emission layer
via the electron transport region. Carriers such as the holes
and electrons may recombine in the emission layer to
generate excitons. When the excitons drop from an excited
state to a ground state, light may be emitted.

SUMMARY

Embodiments are directed to a condensed cyclic com-
pound and an organic light-emitting device including the
same.

According to one or more embodiments, there is provided
a condensed cyclic compound represented by Formula 1:

<Formula 1>

R0 =X (Lus—Rslss
\Si Si/

/
(R4)b4_(L4)a4\I=( \(Ls)as—(Re)bs

I(Rz)bz_(Lz)az e
2

wherein, in Formula 1,

A, and A, are each independently a C¢-C, aromatic ring
or a C,-C,, heteroaromatic ring, wherein A, and A, are not
benzene at the same time;

L, to L are each independently selected from a substi-
tuted or unsubstituted C,-C,, cycloalkylene group, a sub-
stituted or unsubstituted C,-C, , heterocycloalkylene group,
a substituted or unsubstituted C;-C,, cycloalkenylene
group, a substituted or unsubstituted C,-C,, heterocycloalk-
enylene group, a substituted or unsubstituted C,-Cg, arylene
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2

group, a substituted or unsubstituted C,-Cg, heteroarylene
group, a substituted or unsubstituted divalent non-aromatic
condensed polycyclic group, and a substituted or unsubsti-
tuted divalent non-aromatic condensed heteropolycyclic
group;

al to a6 are each independently selected from 0, 1, 2, and
3;

R, to Ry are each independently selected from a hydrogen,
adeuterium, —F, —Cl, —Br, —, 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 substituted or
unsubstituted C,-Cg, alkyl group, a substituted or unsubsti-
tuted C,-Cy, alkenyl group, a substituted or unsubstituted
C,-Cy, alkynyl group, a substituted or unsubstituted C,-C,
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 substituted or unsubstituted
C,-C,, heterocycloalkenyl group, a substituted or unsubsti-
tuted C4-Cq, aryl group, a substituted or unsubstituted
C¢Cy, aryloxy group, a substituted or unsubstituted C4-Cy,
arylthio group, a substituted or unsubstituted C,-Cg; het-
eroaryl group, a substituted or unsubstituted monovalent
non-aromatic condensed polycyclic group, a substituted or
unsubstituted monovalent non-aromatic condensed het-
eropolyeyclic group, —N(Q,)(Q,). —B(Q,)(Q,). and —Si
(Qs)(Q6)(Q,);

b1 to b6 are each independently selected from 0, 1, 2, and
3;

cl and c2 are each independently selected from 0, 1, 2,
and 3;

wherein at least one substituent of the substituted C5-C,
cycloalkylene group, the substituted C,-C,, heterocy-
cloalkylene group, the substituted C,-C,,, cycloalkenylene
group, the substituted C,-C, , heterocycloalkenylene group,
the substituted C4-Cg, arvlene group, the substituted C,-Cg,
heteroarylene group, the substituted divalent non-aromatic
condensed polycyclic group, the substituted divalent non-
aromatic condensed heteropolycyclic group, the substituted
C,-Cy, alkyl group, the substituted C,-C, alkenyl group,
the substituted C,-Cy, alkynyl group, the substituted C,-Cg,
alkoxy group, the substituted C,-C,, cycloalkyl group, the
substituted C,-C,, heterocycloalkyl group, the substituted
C;-C,q cycloalkenyl group, the substituted C,-C,, hetero-
cyclolalkenyl group, the substituted C.-Cg, aryl group, the
substituted C4-Cg, aryloxy group, the substituted Cy-Cg,
arylthio group, the substituted C,-Cg, heteroaryl group, the
substituted monovalent non-aromatic condensed polycyclic
group, and the substituted monovalent non-aromatic con-
densed heteropolycyclic group is 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,-Cg,
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,-Cq, alkenyl group, a C,-Cg,
alkynyl group, and a C,-C, alkoxy group, each substituted
with at least one of 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 C5-C,, cycloalkyl group, a C,-C,, heterocy-
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cloalkyl group, a C,;-C,, cycloalkenyl group, a C,-C,,
heterocycloalkenyl group, a C,-Cy, aryl group, a C-Co,
aryloxy group, a C,-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;;)(Q12), —B(Q13)(Qy4), and —Si(Q, 5)
(Que)(Qu7);

a C;-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-Cq, aryloxy
group, a C-Cg, arylthio group, a C,-Cq, 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 C,-Cy, aryloxy
group, a C¢-Cg, arylthio group, a C,-Cy, heteroaryl group, a
monovalent non-aromatic condensed polycyclic group, and
a monovalent non-aromatic condensed heteropolycyclic
group, each substituted with at least one of 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,-C4, alkyl group, a
C,-Cgoalkenyl group, a C,-C,, alkynyl group, a
C,-Cgpalkoxy group, a C5-C,, cycloalkyl group, a C,-C,
heterocycloalkyl group, a C;-C,, cycloalkenyl group, a
C,-C,, heterocycloalkenyl group, a Cg-Cy, aryl group, a
Cs-Ceo aryloxy group, a C4-Ceoarylthio group, a C,-Cq,
heteroaryl group, a monovalent non-aromatic condensed
polycycelic group, a monovalent non-aromatic condensed

heteropolycyclic  group, —N(Q,1)(Q,2), —B(Q23)(Q24)s
and —S1(Q25)(Q26)(Q>7); and
(Q*)N(Qsl)(Qsz)s —B(Q33)(Qs4), and  —Si(Q;35)(Qs6)

37

wherein Q, 10 Q7, Q;; 10 Q,7, Qy; 10 Qp7, and Q;, 10 Qs
are each independently selected from a hydrogen, a deute-
rium, —F, —Cl, —Br, —I, 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
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 C;-C,, cycloalkenyl group, a C,-C,
heterocycloalkenyl group, a C4-Cy, aryl group, a C,-Cq,
heteroaryl group, a monovalent non-aromatic condensed
polycyclic group, and a monovalent aromatic condensed
heteropolycyclic group.

According to one or more embodiments, an organic
light-emitting device includes: a first electrode; a second
electrode disposed opposite to the first electrode; and an
organic layer disposed between the first electrode and the
second electrode and including an emission layer, wherein
the organic layer includes at least one of the above-described
condensed cyclic compounds of Formula 1.

BRIEF DESCRIPTION OF THE DRAWINGS

Features will be apparent to those of skill in the art by
describing in detail exemplary embodiments with reference
to the attached drawings in which:

FIG. 1 illustrates a schematic view of a structure of an
organic light-emitting device according to an embodiment;
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4

FIG. 2 illustrates UV absorption and photoluminescence
(PL) spectra of Compound 5 obtained in Synthesis Example
1, and low-temperature PL spectrum thereof; and

FIG. 3 illustrates a cyclic voltammetry curve of Com-
pound 5 of Synthesis Example 1.

DETAILED DESCRIPTION

Example embodiments will now be described more fully
hereinafter with reference to the accompanying drawings;
however, they may be embodied in different forms and
should not be construed as limited to the embodiments set
forth herein. Rather, these embodiments are provided so that
this disclosure will be thorough and complete, and will fully
convey exemplary implementations to those skilled in the
art.

In the drawing figures, the dimensions of layers and
regions may be exaggerated for clarity of illustration. Like
reference numerals refer to like elements throughout.

As used herein, the term “and/or” includes any and all
combinations of one or more of the associated listed items.
Expressions such as “at least one of,” when preceding a list
of elements, modify the entire list of elements and do not
modify the individual elements of the list.

According to an embodiment, there is provided a con-
densed cyclic compound represented by Formula 1:

<Formula 1>

(’l"—Al \,':/{(Ll)al_(Rl)bl ]“_

R0 ==X (Ljus—Re)ss
\Si Si/

/
(R4)b4_(L4)a4\=( N

’

(Ledas— Re)s

]
[y ,

I(Rz)bz_(Lz)az R Teeet

In Formula 1,

At and A, may be each independently a C4-C,, aromatic
ring or a C,-C,, heteroaromatic ring. In an implementation,
A, and A, may not both be a benzene at the same time.

In Formula 1, A, and A, may be condensed rings each
sharing carbon with an adjacent 6-membered ring (e.g., the
6 membered ring that includes silicon).

For example, A, and A, may be the same or differ from
each other. When A, and A, are the same, A | and A, may not
both be benzene.

In an implementation, the C4-C,, aromatic ring may be a
benzene, a naphthalene, or an anthracene; and the C,-C,,
heteroaromatic ring may be a pyridine, a pyridazine, a
pyrimidine, a pyrazine, a triazine, a quinoline, an isoquino-
line, a phthalazine, a naphthyridine, a quinoxalaine, a qui-
nazoline, a cinnoline, a benzothiophene, a benzofuran, a
dibenzothiophene, or a dibenzofuran.

In an implementation, A, may be a benzene, a naphtha-
lene, or an anthracene; and A, may be a naphthalene or an
anthracene.

In an implementation, A, and A, may be each indepen-
dently a pyridine, a pyridazine, a pyrimidine, a pyrazine, a
triazine, a quinoline, an isoquinoline, a phthalazine, a naph-
thyridine, a quinoxalaine, a quinazoline, a cinnoline, a
benzothiophene, a benzofuran, a dibenzothiophene, or a
dibenzofuran.
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In an implementation, A, may be a benzene, a naphtha-
lene, an anthracene, a pyridine, a pyridazine, a pyrimidine,
apyrazine, a triazine, a quinoline, an isoquinoline, a phthala-
zine, a naphthyridine, a quinoxalaine, a quinazoline, or a
cinnoline; and A, may be a naphthalene, an anthracene, a
pyridine, a pyridazine, a pyrimidine, a pyrazine, a triazine,
a quinoline, an isoquinoline, a phthalazine, a naphthyridine,
a quinoxalaine, a quinazoline, or a cinnoline. However,
embodiments of the present disclosure are not limited
thereto.

In Formula 1, [, to L4 may be each independently
selected from a substituted or unsubstituted C;-C,,
cycloalkylene group, a substituted or unsubstituted C,-C,,
heterocycloalkylene group, a substituted or unsubstituted
C;-C,, cycloalkenylene group, a substituted or unsubsti-
tuted C,-C, , heterocycloalkenylene group, a substituted or
unsubstituted C4-Cy, arylene group, a substituted or unsub-
stituted C,-Cg,, heteroarylene group, a substituted or unsub-
stituted divalent non-aromatic condensed polycyclic group,
and a substituted or unsubstituted divalent non-aromatic
condensed heteropolycyclic group.

In an implementation, L, to L in Formula 1 may be each
independently selected from:

a phenylene group, a pentalenylene group, an indenylene
group, a naphthylene group, an azulenylene group, a hep-
talenylene group, an indacenylene group, an acenaphthylene
group, a fluorenylene group, a spiro-fluorenylene group, a
benzofluorenylene group, a dibenzofluorenylene group, a
phenalenylene group, a phenanthrenylene group, an anthra-
cenylene group, a fluoranthenylene group, a triphenyle-
nylene group, a pyrenylene group, a chrysenylene group, a
naphthacenylene group, a picenylene group, a perylenylene
group, a pentaphenylene group, a hexacenylene group, a
pentacenylene group, a rubicenylene group, a coronenylene
group, an ovalenylene group, a pyrrolylene group, a thio-
phenylene group, a furanylene group, an imidazolylene
group, a pyrazolylene group, a thiazolylene group, an iso-
thiazolylene group, an oxazolylene group, an isooxazolylene
group, a pyridinylene group, a pyrazinylene group, a pyrim-
idinylene group, a pyridazinylene group, an isoindolylene
group, an indolylene group, an indazolylene group, a puri-
nylene group, a quinolinylene group, an isoquinolinylene
group, a benzoquinolinylene group, a phthalazinylene
group, a naphthyridinylene group, a quinoxalinylene group,
a quinazolinylene group, a cinnolinylene group, a carba-
zolylene group, a phenanthridinylene group, an acridinylene
group, a phenanthrolinylene group, a phenazinylene group,
a benzoimidazolylene group, a benzofuranylene group, a
benzothiophenylene group, an isobenzothiazolylene group,
a benzooxazolylene group, an isobenzooxazolylene group, a
triazolylene group, a tetrazolylene group, an oxadiazolylene
group, a triazinylene group, a dibenzofuranylene group, a
dibenzothiophenylene group, a benzocarbazolylene group, a
dibenzocarbazolylene group, a thiadiazolyene group, an
imidazopyridinylene group, and an imidazopyrimidinylene
group; and

a phenylene group, a pentalenylene group, an indenylene
group, a naphthylene group, an azulenylene group, a hep-
talenylene group, an indacenylene group, an acenaphthylene
group, a fluorenylene group, a spiro-fluorenylene group, a
benzofluorenylene group, a dibenzofluorenylene group, a
phenalenylene group, a phenanthrenylene group, an anthra-
cenylene group, a fluoranthenylene group, a triphenyle-
nylene group, a pyrenylene group, a chrysenylene group, a
naphthacenylene group, a picenylene group, a perylenylene
group, a pentaphenylene group, a hexacenylene group, a
pentacenylene group, a rubicenylene group, a coronenylene
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group, an ovalenylene group, a pyrrolylene group, a thio-
phenylene group, a furanylene group, an imidazolylene
group, a pyrazolylene group, a thiazolylene group, an iso-
thiazolylene group, an oxazolylene group, an isooxazolylene
group, a pyridinylene group, a pyrazinylene group, a pytim-
idinylene group, a pyridazinylene group, an isoindolylene
group, an indolylene group, an indazolylene group, a puri-
nylene group, a quinolinylene group, an isoquinolinylene
group, a benzoquinolinylene group, a phthalazinylene
group, a naphthyridinylene group, a quinoxalinylene group,
a quinazolinylene group, a cinnolinylene group, a carba-
zolylene group, a phenanthridinylene group, an acridinylene
group, a phenanthrolinylene group, a phenazinylene group,
a benzoimidazolylene group, a benzofuranylene group, a
benzothiophenylene group, an isobenzothiazolylene group,
a benzooxazolylene group, an isobenzooxazolylene group, a
triazolylene group, a tetrazolylene group, an oxadiazolylene
group, a triazinylene group, a dibenzofuranylene group, a
dibenzothiophenylene group, a benzocarbazolylene group, a
dibenzocarbazolylene group, a thiadiazolyene group, an
imidazopyridinylene group, and an imidazopyrimidinylene
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,
ana C,-C,, alkoxy group, a cyclopentyl group, a cyclohexyl
group, a cycloheptyl group, a cyclopentenyl group, a cyclo-
hexenyl group, a phenyl group, a pentalenyl group, an
indenyl group, a naphthyl group, an azulenyl group, a
heptalenyl group, an indacenyl group. an acenaphthyl group,
a fluorenyl group, a spiro-fluorenyl group, a benzofluorenyl
group, a dibenzofluorenyl group, a phenalenyl group, a
phenanthrenyl group, an anthracenyl group, a fluoranthenyl
group, a triphenylenyl group, a pyrenyl group, a chrysenyl
group, a naphthacenyl group, a picenyl group, a perylenyl
group, a pentaphenyl group, a hexacenyl group, a pentacenyl
group, a rubicenyl group, a coronenyl group, an ovalenyl
group, a pyrrolyl group, a thiophenyl group, a furanyl group,
an imidazolyl group, a pyrazolyl group, a thiazolyl group, an
1sothiazolyl group, an oxazolyl group, an isooxazolyl 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 phthalazinyl
group, a naphthyridinyl group, a quinoxalinyl group, a
quinazolinyl group, a cinnolinyl group, a carbazolyl group,
a phenanthridinyl group, an acridinyl group, a phenanthroli-
nyl group, a phenazinyl group, a benzoimidazolyl group, a
benzofuranyl group, a benzothiophenyl group, an isobenzo-
thiazolyl group, a benzooxazolyl group, an isobenzoox-
azolyl group, a triazolyl group, a tetrazolyl group, an oxadi-
azolyl group, a triazinyl group, a dibenzofuranyl group, a
dibenzothiophenyl group, a benzocarbazolyl group, a diben-
zocarbazolyl group, a thiadiazolyl group, an imidazopyridi-
nyl group, and an imidazopyrimidinyl group.

In an implementation, L, to L, in Formula 1 may be each
independently a group represented by one of Formulae 3-1
to 3-32:

Formula 3-1
% ZDar

~
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Formula 3-2

Formula 3-3

Formula 3-4

Formula 3-5

Formula 3-6

Formula 3-7

Formula 3-8

Formula 3-9

Formula 3-10
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-continued

Formula 3-11

Formula 3-12

Formula 3-13

Formula 3-14

Formula 3-15

Formula 3-16

Formula 3-17

Formula 3-18

Formula 3-19

Formula 3-20

Formula 3-21
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-continued -continued
Formula 3-22 . Formula 3-31
(Z1)as
S ZDat /
SN \/ N
| )\ 5 | SN
* N/ # F / \/\’ Z)n
Formula 3-23 =
(Z1)as
) w |
Formula 3-32
/ Ll *
*

(@)
T
Z1as

%

S
T
(Z1)as

N I

Formula 3-24

Formula 3-25

Formula 3-26

Formula 3-27

Formula 3-28

Formula 3-29

Formula 3-30
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(ZDa /
/ N

In Formulae 3-1 to 3-32,

Y, may be O, S, C(Z;)(Z,), N(Zs), or Si(Z)(Z,);

Z, to Z, 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 groups, 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, a fluorenyl group, a spiro-fluorenyl
group, a benzofluorenyl group, a dibenzofluorenyl group, a
phenanthrenyl group, an anthracenyl group, a pyrenyl group,
a chrysenyl group, a pyridinyl group, a pyrazinyl group, a
pyrimidinyl group, a quinolinyl group, an isoquinolinyl
group, a quinoxalinyl group, a quinazolinyl group, a carba-
zolyl group, and a triazinyl group;

dl may be an integer selected from 1 to 4;

d2 may be an integer selected from 1 10 3;

d3 may be an integer selected from 1 1o 6;

d4 may be an integer selected from 1 to 8§;

d5 may be 1 or 2;

d6 may be an integer selected from 1 to 5; and

* and *' may be binding sites with adjacent atoms.

In an implementation, L, to L in Formula 1 may be each
independently a group represented by one of Formulae 4-1
to 4-23.

Formula 4-1
*
#!
Formula 4-2
*
B
N
/ -
Formula 4-3
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Formula 4-4

Z;\ /S

Formula 4-5

\~\ .
!
Formula 4-6
S
15
()

Formula 4-7

20

s

Formula 4-8 25

30

22e

Formula 4-9

35

7\

40

Formula 4-10

45

Formula 4-11 30

55

*

Formula 4-12 60

%

65
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Formula 4-13

Formula 4-14

Formula 4-15

x!

Formula 4-16

x!

Formula 4-17

Formula 4-18

Formula 4-19

Formula 4-20

®!
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Formula 4-21
*
N
wt
Formula 4-22
/ |
X
* N %
Formula 4-23
N
~ ]
x
* sl

In Formulae 4-1 and 4-23, * and * may be binding sites
with adjacent atoms.

In Formula 1, al, which indicates the number of L; s, may
be selected from 0, 1, 2, and 3. In an implementation, al may
be 0 or 1. When al is 0, *-(T,)_,-*' may be a single bond.
When al is 2 or greater, two or more L.;s may be the same
or differ from each other. In Formula 1, a2, a3, a4, a5, and
a6 may be understood based on the description of al and the
structure of Formula 1.

In an implementation, al to a6 in Formula 1 may be each
independently 0 or 1.

In Formula 1, R, to R, 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 C5-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 C,-Cy, 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,), —B(Q5)(Q,), and

—Si(Q5)(Q6)(Q,), wherein Q, to Q, may be the same as
defined herein.

In an implementation, R, to Ry in Formula 1 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 substituted or unsubstituted
C,-Cypalkyl group, a substituted or unsubstituted C,-C,,
alkoxy group, a substituted or unsubstituted C,-C,, aryl
group, a substituted or unsubstituted C,-C,, heteroaryl
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group, a substituted or unsubstituted monovalent non-aro-
matic condensed polycyclic group, a substituted or unsub-
stituted monovalent non-aromatic condensed heteropolycy-
clic group, and —Si(Q5)(Q4)(Q,), wherein Qs to Q, may be
the same as defined herein.

In an implementation, R to Ry in Formula 1 may be each
independently selected from:

ahydrogen, 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, and a C,-C,, alkoxy group;

a phenyl group, a pentalenyl group, an indenyl group, a
naphthyl group, an azulenyl group, a heptalenyl group, an
indacenyl group, an acenaphthyl group, a fluorenyl group, a
spiro-fluorenyl group, a benzofluorenyl group, a dibenzo-
fluorenyl group, a phenalenyl group, a phenanthrenyl group,
an anthracenyl group, a fluoranthenyl group, a triphenylenyl
group, a pyrenyl group, a chrysenyl group, a naphthacenyl
group, a picenyl group, a perylenyl group, a pentaphenyl
group, a hexacenyl group, a pentacenyl group, a rubicenyl
group, a coronenyl group, an ovalenyl 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 isooxazolyl 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 phthalazinyl group, a
naphthyridinyl group, a quinoxalinyl group. a quinazolinyl
group, a cinnolinyl group, a carbazolyl group, a phenan-
thridinyl group, an acridiny! group, a phenanthrolinyl group,
a phenazinyl group, a benzoimidazolyl group, a benzofura-
nyl group, a benzothiophenyl group, an isobenzothiazolyl
group, a benzooxazolyl group, an isobenzooxazolyl 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, a dibenzosilolyl group, a thiadiazolyl group, an
imidazopyridinyl group, and an imidazopyrimidinyl group;

a phenyl group, a pentalenyl group, an indenyl group, a
naphthyl group, an azulenyl group, a heptalenyl group, an
indacenyl group, an acenaphthyl group, a fluorenyl group, a
spiro-fluorenyl group, a benzofluorenyl group, a dibenzo-
fluorenyl group, a phenalenyl group, a phenanthrenyl group,
an anthracenyl group, a fluoranthenyl group, a triphenylenyl
group, a pyrenyl group, a chrysenyl group, a naphthacenyl
group, a picenyl group, a perylenyl group, a pentaphenyl
group, a hexacenyl group, a pentacenyl group, a rubicenyl
group, a coronenyl group, an ovalenyl 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 isooxazolyl 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 phthalazinyl group, a
naphthyridinyl group, a quinoxalinyl group. a quinazolinyl
group, a cinnolinyl group, a carbazolyl group, a phenan-
thridinyl group, an acridinyl group, a phenanthrolinyl group,
a phenazinyl group, a benzoimidazolyl group, a benzofura-
nyl group, a benzothiophenyl group, an isobenzothiazolyl
group, a benzooxazolyl group, an isobenzooxazolyl 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



US 9,818,960 B2

15

group, a dibenzosilolyl group, a thiadiazolyl group, an
imidazopyridinyl group, and an imidazopyrimidinyl 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 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, cyclopentyl group, a cyclohexyl group, a
cycloheptyl group, a cyclopentenyl group, a cyclohexenyl
group, a phenyl group, a pentalenyl group, an indenyl group,
a naphthyl group, an azulenyl group, a heptalenyl group, an
indacenyl group, an acenaphthyl group, a fluorenyl group, a
spiro-fluorenyl group, a benzofluorenyl group, a dibenzo-
fluorenyl group, a phenalenyl group, a phenanthrenyl group,
an anthracenyl group, a fluoranthenyl group, a triphenylenyl
group, a pyrenyl group, a chrysenyl group, a naphthacenyl
group, a picenyl group, a perylenyl group, a pentaphenyl
group, a hexacenyl group, a pentacenyl group, a rubicenyl
group, a coronenyl group, an ovalenyl 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 isooxazolyl group, a pyridinyl
group, a pyrazinyl group, a pyrimidinyl group, a pyridazinyl
group, an isoindolyl group, an indolyl group, an indazolyl
group, a puriny! group, a quinolinyl group, an isoquinolinyl
group, a benzoquinolinyl group, a phthalazinyl group, a
naphthyridinyl group, a quinoxalinyl group, a quinazolinyl
group, a cinnolinyl group, a carbazolyl group, a phenan-
thridinyl group, an acridinyl group, a phenanthrolinyl group,
a phenazinyl group, a benzoimidazolyl group, a benzofura-
nyl group, a benzothiophenyl group, an isobenzothiazolyl
group, a benzooxazolyl group, an isobenzooxazolyl 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, a dibenzosilolyl group, a thiadiazolyl group, an
imidazopyridinyl group, and an imidazopyrimidinyl group;
and

—Si(Q5)(Q4)(Q,), wherein Q5 to Q, may be the same as
defined herein.

In an implementation, R, to Ry in Formula 1 may be each
independently selected from:

ahydrogern, 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 C;-C,q alkyl group, and a C,-C,, alkoxy group;

a phenyl group, a naphthyl group, a fluorenyl group, a
spiro-fluorenyl group, a benzofluorenyl group, a dibenzo-
fluorenyl group, a phenanthrenyl group, an anthracenyl
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, a quinolinyl group, an isoquinolinyl
group, a benzoquinolinyl group, a quinoxalinyl group, a
quinazolinyl group, a carbazolyl group, a phenanthrolinyl
group, a benzoimidazolyl group, a benzofuranyl group, a
benzothiophenyl group, an isobenzothiazolyl group, a ben-
zoxazolyl group, an isobenzooxazolyl group, a triazolyl
group, an oxadiazolyl group, a triazinyl group, a dibenzo-
furanyl group, a dibenzothiophenyl group, a benzocarba-
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zolyl group, a dibenzocarbazolyl group, a thiadiazolyl
group, an imidazopyridinyl group, and an imidazopyrimidi-
nyl group; and

a phenyl group, a naphthyl group, a fluorenyl group, a
spiro-fluorenyl group, a benzofluorenyl group, a dibenzo-
fluorenyl group, a phenanthrenyl group, an anthracenyl
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, a quinolinyl group, an isoquinolinyl
group, a benzoquinolinyl group, a quinoxalinyl group, a
quinazolinyl group, a carbazolyl group, a phenanthrolinyl
group, a benzoimidazolyl group, a benzofuranyl group, a
benzothiophenyl group, an isobenzothiazolyl group, a ben-
zoxazolyl group, an isobenzooxazolyl group, a triazolyl
group, an oxadiazolyl group, a triazinyl group, a dibenzo-
furanyl group, a dibenzothiophenyl group, a benzocarba-
zolyl group, a dibenzocarbazolyl group, a thiadiazolyl
group, an imidazopyridinyl group, and an imidazopyrimidi-
nyl 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,
a C,-C,, alkoxy group, a phenyl group, a naphthyl group, a
fluorenyl group, a spiro-fluorenyl group, a benzofluorenyl
group, a dibenzofluorenyl group, a phenanthrenyl group, an
anthracenyl 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, a quinolinyl group,
an isoquinolinyl group, a benzoquinolinyl group, a quinox-
alinyl group, a quinazolinyl group, a carbazolyl group, a
phenanthroliny] group, a benzoimidazolyl group, a benzo-
furanyl group, a benzothiophenyl group, an isobenzothiaz-
olyl group, a benzoxazolyl group, an isobenzooxazolyl
group, a triazolyl group, an oxadiazolyl group, a triazinyl
group, a dibenzofuranyl group, a dibenzothiophenyl group,
a benzocarbazolyl group, a dibenzocarbazolyl group, a thia-
diazolyl group, an imidazopyridinyl group, and an imida-
zopyrimidinyl group.

In an implementation, R to R, in Formula 1 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,-C,, alkyl group, a C,-C,,
alkoxy group, and a group represented by one of Formulae
6-1 to 6-49.

Formula 6-1
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Formula 6-27
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Formula 6-36



21

-continued

"=\
{7
e
N/
"=\
*4<\ ,,N
NN
10

Z

A

z)\z

£
©
o

US 9,818,960 B2

Formula 6-37

Formula 6-38

Formula 6-39

Formula 6-40

Formula 6-41

Formula 6-42
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Formula 6-43

Formula 6-44

Formula 6-45

Formula 6-46

AN N
\ N. P
Formula 6-47
N ™
\ N~

Formula 6-48

N N\
—~ T

Formula 6-49

Nae S
T

NFA

In Formulae 6-1 to 6-49, * may be a binding site with an
adjacent atom.

In Formula 1, b1, which indicates the number of R, s, may
be selected from O, 1, 2 and 3. In an implementation, b1 may
be 1 or 2. When b1 is 2 or greater, two or more R,s may be
the same or differ from each other. In Formula 1, b2, b3, b4,
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b5, and b6 may be understood based on the description of bl
and the structure of Formula 1.

In Formula 1, c¢l, which indicates the number
of *-[(Ly),;-(R,);,]s, may be selected from 0, 1, 2, and 3. In
an implementation, ¢1 may be O or 1. When c1is 0, A; may
be an unsubstituted ring. When ¢l is 2 or greater, two or
more *-[(L,),;-(R,),,] may be the same or differ from each
other. In Formula 1, c2 may be understood based on the
description of ¢1 and the structure of Formula 1.

In an implementation, in Formula 1, ¢1 and ¢2 may be 0,
a3 to a6 may be 0, and b3 to b6 may be 1.

In an implementation, in Formula 1, when c1 and ¢2 are
0, a3 to a6 are 0, and b3 to b6 are 1, R, to R may be the same
or differ from each other.

In an implementation, the condensed cyclic compound
represented by Formula 1 may be represented by one of
Formulae 1A to 1E.

<Formula 1A>

/ \)(Ll)al Rosler

Ra)ps (Ls)as

/ (Ls)as— Rs)ps

l

(Re)ps— (Lﬁt (Lé)aﬁ_(Ré)bG
X /

1R2 (Lz)a{I/

\) LDa—Rpsiler

,2

<Formula 1B>

=

Ra)ps— (L3)£3

o (Lslas— (Rs)es

(Lé)aﬁ_ (Re)os

Re)pa— (L4)a4

Rz (LZﬂ/

(

/ \/[ Lpa—®Rpsi)er
(R3 (L3)a3 /(L5)a5 ‘Ri)b5
(

<4
e

Z

<Formula 1C>

Ry)u— (L4)g4 SLo)as—Rehos
\/ /
Rz (Lz)m
<Formula 1D>
/N \,L<L1>m—<R1>m
P4
Rs)es (L3)”3 / (Ls)as— Rs)es

Re)pa— (L4)a4 (Lﬁ)aﬁ_ {Re)os

\’N/

1R2 (Lz)m
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<Formula 1E>

[CDar—®RDsiler

Ra)pz— (L3)a3 é i /(Ls)gs (Rs)ps
Ry)p— (L4)a4 i i (Lﬁ)aﬁ_(Rﬁ)bG

[Ra)p— 1L2)a2

In Formulae 1A to 1E, L, to L, al to a6, R, to R, bl to
b6, ¢l, and ¢2 may be the same as those defined above
herein.

In an implementation, in Formulae 1A to 1E, L, to L may
be each independently a group represented by one of For-
mulae 4-1 to 4-23; and al to a6 may be each independently
Oor L.

In an implementation, in Formulae 1A to 1E, R to Rg may
be each independently selected from a hydrogen, a deute-
rium, —F, —Cl, —Br, —I, 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
phosphoric acid group or a salt thereof, a C,-C,, alkyl group,
a C,-C,, alkoxy group, and a group represented by one of

Formulae 6-1 to 6-49; and b1 to b6 may be 1.

In an implementation, the condensed cyclic compound of
Formula 1 may be represented by one of Formulae 1A(1) to
1A(5), Formulae 2A(1) to 2A(5), Formula 3A(1), and For-
mula 4A(1).

<Formula 1A(1)>

R

R5c
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<Formula 1A(2)>
R Rsp
Rs, R
Rt %
Rsa N—‘ Rsy
R34 / \ Rsy
R3e RSe
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<Formula 1A(3)>

Rsp
RSC

Ryp)pt

<Formula 1A(4)>

R R Rsp
3¢ R
Ryt SC
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Rsq / \ Rsy
RSe
Req
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<Formula 1A(5)>
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5 Rs Rsp
R3C “ RSC
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<Formula 2A(4)>

R4d R4/ R6 5 Rﬁd

<Formula 2A(5)>

<Formula 3A(1)>
Rppr
|
Rsp
R3a
= R3c
A
\
Rzq
Ry, st
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Ryp / \N
\ am®
N ? Rsa -
Ree Re

R2)n

28
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<Formula 4A(1)>

(llll)bl

Ri™ N / — Rsc

10

20

In Formulae 1A(1) to 1A(S5), Formulae 2A(1) to 2A(5),
Formula 3A(1), and Formula 4A(1), R}, R,, b1, and b2 may
be the same as those defined herein, R;, to R;, may be each
independently selected from the same groups as those
defined for R, herein, R, to R, may be each independently
selected from the same groups as those defined for R, herein,
Rs, to Rs, may be each independently selected from the
30 same groups as those defined for R; herein, and Ry, to Re,

may be each independently selected from the same groups as
those defined for R, herein.

In an implementation, the condensed cyclic compound
represented by Formula 1 may be one of Compounds 1 to 7.
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The condensed cyclic compound represented by Formula
1 may include a core represented by Formula 1', and thus
may have a high triplet energy level (T1) and may be
suitable as a material for organic light-emitting devices, e.g.,
as a phosphorescent host.
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<Formula 1"

In Formula 1, A, and A, may not be benzene at the same
time. For example, if a condensed cyclic compound of
Formula 1 were to include both A, and A, as benzene at the
same time, the compound (e.g., Compound A of Compara-
tive Example 1, below) may have a relatively high glass
transition temperature (Tg), a relatively high triplet energy
level (T1), and poor energy transfer characteristics, and thus
may not be suitable for use as a material for organic
light-emitting devices, e.g., as a phosphorescent host.

The condensed cyclic compound of Formula 1 may be
synthesized using a suitable organic synthesis method.
Methods of synthesizing the condensed cyclic compound of
Formula 1 may be understood, e.g., based on the examples
that will be described below.

The condensed cyclic compound of Formula 1 may be
used or included between a pair of electrodes of an organic
light-emitting device. In an implementation, the condensed
cyclic compound of Formula 1 may be included in an
electron transport region, e.g., in an electron transport layer.

According to another embodiment, an organic light-emit-
ting device may include a first electrode, a second electrode
opposite to the first electrode, and an organic layer between
the first electrode and the second electrode, the organic layer
including an emission layer. The organic layer may include
at least one condensed cyclic compound represented by
Formula 1 described above.

As used herein, “(for example, the organic layer) includ-
ing at least one condensed cyclic compound means that “(the
organic layer) including one of the condensed cyclic com-
pounds of Formula 1, or at least two different condensed
cyclic compounds of Formula 1.”

In an implementation, the organic layer may include only
Compound 1 as the condensed cyclic compound. In this
regard, Compound 1 may be present in the emission layer of
the organic light-emitting device. In an implementation, the
organic layer may include Compounds 1 and 2 as the
condensed cyclic compounds. In this regard, Compounds 1
and 2 may be present both in the same layer (for example,
in the emission layer) or may be present in different layers
(for example, in the emission layer and the electron transport
layer, respectively).

The organic layer may include, e.g., i) a hole transport
region between the first electrode (anode) and the emission
layer and including at least one of a hole injection layer, a
hole transport layer, a buffer layer, and an electron blocking
layer; and ii) an electron transport region between the
emission layer and the second electrode (cathode) and
including at least one of a hole blocking layer, an electron
transport layer, and an electron injection layer. The emission
layer may include the condensed cyclic compound of For-
mula 1.

As used herein, the term “organic layer” refers to a single
layer and/or a plurality of layers disposed between the first
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and second electrodes of the organic light-emitting device. A
material in the “organic layer” is not limited to an organic
material.

FIG. 1 illustrates a schematic sectional view of an organic
light-emitting device 10 according to an embodiment. Refer-
ring to FIG. 1, the organic light-emitting device 10 may
include a first electrode 110, an organic layer 150, and a
second electrode 190.

Hereinafter, a structure of an organic light-emitting device
according to an embodiment and a method of manufacturing
the same will now be described with reference to FIG. 1.

A substrate (not shown) may be disposed under the first
electrode 110 or on the second electrode 190 in FIG. 1. The
substrate may be a glass or transparent plastic substrate with
good mechanical strength, thermal stability, transparency,
surface smoothness, ease of handling, and water resistance.

For example, the first electrode 110 may be formed by
depositing or sputtering a first electrode-forming material on
the substrate. When the first electrode 110 is an anode, a
material having a high work function may be used as the first
electrode-forming material to facilitate hole injection. The
first electrode 110 may be a reflective electrode, a semi-
transmissive electrode, or a transmissive electrode. Trans-
parent and conductive materials such as indium oxide (ITO),
indium zinc oxide (IZ0), tin oxide (SnQO,), and zinc oxide
(ZnO) may be used to form the first electrode. When the first
electrode 110 is a semi-transmissive electrode or a reflective
electrode, at least one material selected from magnesium
(Mg), aluminum (Al), aluminum-lithium (Al—L1i), calcium
(Ca), magnesium-indium (Mg—In), and magnesium-silver
(Mg—Ag) may be used as a material for forming the first
electrode.

The first electrode 110 may have a single-layer structure
or a multi-layer structure including a plurality of layers. For
example, the first electrode 110 may have a three-layered
structure of ITO/Ag/ITO.

The organic layer 150 may be disposed on the first
electrode 110. The organic layer 150 may include an emis-
sion layer (EML).

The organic layer 150 may include a hole transport region
between the first electrode and the EML, and an electron
transport region between the EML and the second electrode.

For example, the hole transport region may include at
least one of a hole injection layer (HIL), a hole transport
layer (HTL), a buffer layer, and an electron blocking layer
(EBL).

For example, the electron transport region may include at
least one of a hole blocking layer (HBL), an electron
transport layer (ETL), and an electron injection layer (EIL).

The hole transport region may have a single-layered
structure including a single material, a single-layered struc-
ture including a plurality of different materials, or a multi-
layered structure including a plurality of layers including
different materials.

In an implementation, the hole transport region may have
a single-layered structure including a plurality of different
materials, or a multi-layered structure of HIL/HTL, HIL/
HTL/buffer layer, HIL/buffer layer, HTL/buffer layer, or
HIL/HTL/EBL, wherein these layers forming a multi-lay-
ered structure are sequentially disposed on the first electrode
110 in the order stated above.

When the hole transport region includes a HIL, the HIL
may be formed on the first electrode 110 by using any of a
variety of methods, e.g., by using vacuum deposition, spin
coating, casting, Langmuir-Blodgett (I.B) deposition, inkjet
printing, laser printing, laser induced thermal imaging
(LITT), or the like.
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When the HIL is formed using vacuum deposition, the
deposition conditions may vary depending on a compound
that is used to form the HIL and the structure of the HIL. For
example, the deposition conditions may include a deposition
temperature of about 100° C. to about 500° C., a degree of
vacuum of about 107® to about 107> torr, and a deposition
rate of about 0.01 to about 100 A/sec.

When the HIL is formed using spin coating, the coating
conditions may vary depending on a compound that is used
to form the HIL and the structure of the HIL. For example,
the coating conditions may include a coating rate of about
2,000 rpm to about 5,000 rpm and a heat treatment tem-
perature of about 80° C. to about 200° C.

When the hole transport region includes a HTL, the HTL
may be formed on the first electrode 110 or the HIL by using
any of a variety of methods, e.g., by using vacuum deposi-
tion, spin coating, casting, Langmuir-Blodgett (LB) depo-
sition, inkjet printing, laser printing, laser induced thermal
imaging (LITI), or the like. When the HTL is formed using
vacuum deposition or spin coating, the conditions for depo-
sition and coating for forming the HTL may be similar to the
above-described deposition and coating conditions for form-

ing the HIL, and accordingly will not be described in detail.

In an implementation, the hole transport region may
include at least one of m-MTDATA, TDATA, 2-TNATA,
NPB, §-NPB, TPD, Spiro-TPD, Spiro-NPB, a-NPB, TAPC,
HMTPD, DNTPD, 4,4'4"-tris(N-carbazolyl)triphenylamine
(TCTA). polyaniline/dodecylbenzene sulfonic 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, and

a compound represented by Formula 202 below.

m-MTDATA
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<Formula 201>

Raor—Laota—N

(L203)a3—Rao3
<Formula 202>
Roor—L201)xa1

N—(Laos)has—N.

(L203)xa3— Raoz
/

Rap—(L202)xa2 (L204)xas— Raos

In Formulae 201 and 202,

L, to L,o; may be each independently defined as
described above in conjunction with L, to L, in Formula 1;

xal to xa4 may be each independently selected from 0, 1,
2, and 3;

xa5 may be selected from 1, 2, 3, 4, and 5;

R,0; 10 Ry, may be each independently selected from 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-Cy, aryl group, a
substituted or unsubstituted C4-C, aryloxy group, a substi-
tuted or unsubstituted C,-C,, arylthio group, a substituted or
unsubstituted C,-Cg, heteroaryl group, a substituted or
unsubstituted monovalent non-aromatic condensed polycy-
clic group, and a substituted or unsubstituted monovalent
non-aromatic condensed heteropolycyclic group.

For example. in Formulae 201 and 202,

Lo, to L,ps may be each independently selected from:

a phenylene group, a naphthylene group, a fluorenylene
group, a spiro-fluorenylene group, a benzofluorenylene
group, a dibenzofluorenylene group, a phenanthrenylene
group, an anthracenylene group, a pyrenylene group, a
chrysenylene group, a pyridinylene group, a pyrazinylene
group, a pyrimidinylene group, a pyridazinylene group, a
quinolinylene group, an isoquinolinylene group, a quinox-
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alinylene group, a quinazolinylene group, a carbazolylene
group, and a triazinylene group; and

a phenylene group, a naphthylene group, a fluorenylene
group, a spiro-fluorenylene group, a benzofluorenylene
group, a dibenzofluorenylene group, a phenanthrenylene
group, an anthracenylene group, a pyrenylene group, a
chrysenylene group. a pyridinylene group, a pyrazinylene
group, a pyrimidinylene group, a pyridazinylene group, a
quinolinylene group, an isoquinolinylene group, a quinox-
alinylene group, a quinazolinylene group, a carbazolylene
group, and a triazinylene group, each substituted with at
least one selected from a deuterium, —F, —Cl, —Br, —1, 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, a fluorenyl group, a spiro-
fluorenyl group, a benzofluorenyl group, a dibenzofluorenyl
group, a phenanthrenyl group, an anthracenyl group, a
pyrenyl group, a chrysenyl group, a pyridinyl group, a
pyrazinyl group, a pyrimidinyl group, a pyridazinyl group,
an isoindolyl group, a quinolinyl group, an isoquinolinyl
group, a quinoxalinyl group, a quinazolinyl group, a carba-
zolyl group, and a triazinyl group,

xal to xa4 may be each independently 0, 1, or 2;

xa5 may be 1, 2, or 3;

R,q; to R,o, may be each independently selected from:

a phenyl group, a naphthyl group, a fluorenyl group, a
spiro-fluorenyl group, a benzofluorenyl group, a dibenzo-
fluorenyl group, a phenanthrenyl group, an anthracenyl

group, a pyrenyl group, a chrysenyl group, a pyridinyl
group, a pyrazinyl group, a pyrimidinyl group, a pyridazinyl
group, a quinolinyl group, an isoquinolinyl group, a qui-
noxalinyl group, a quinazolinyl group, a carbazolyl group,
and a triazinyl group; and

a phenyl group, a naphthyl group, a fluorenyl group, a
spiro-fluorenyl group, a benzofluorenyl group, a dibenzo-
fluorenyl group, a phenanthrenyl group, an anthracenyl
group, a pyrenyl group, a chrysenyl group, a pyridinyl
group, a pyrazinyl group, a pyrimidinyl group, a pyridazinyl
group, a quinolinyl group, an isoquinolinyl group, a qui-
noxalinyl group, a quinazolinyl group, a carbazolyl group,
and a triazinyl group, each substituted with at least one of 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,-C,, alkoxy group, a phenyl group, a naphthyl group, an
azulenyl group, a fluorenyl group, a spiro-fluorenyl group, a
benzofluorenyl group, a dibenzofluorenyl group, a phenan-
threnyl group, an anthracenyl group, a pyrenyl group, a
chrysenyl group, a pyridinyl group, a pyrazinyl group, a
pyrimidinyl group, a pyridazinyl group, a quinolinyl group,
an isoquinolinyl group, a quinoxalinyl group, a quinazolinyl
group, a carbazolyl group, and a triazinyl group. However,
embodiments of the present disclosure are not limited
thereto.

The compound of Formula 201 may be represented by
Formula 201A.
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<Formula 201A>

Ras

- L200wa—N

(L203)xa3—Ran3

For example, the compound of Formula 201 may be
represented by Formula 201A-1:

<Formula 201 A-1>

Rais

=
\_/

Ry

Rpi3

(L203)xa3—Ra0s

The compound of Formula 202 may be represented by
Formula 202A:

<Formula 202A>

Rle Rz
/ \

N, N

3 |

I
Rgoz \/ <as \R204

In Formulae 201 A, 201 A-1, and 202A,

Lo, to Loy, xal to xa3, xaS, and R,q, to Ry, may be
defined as described in conjunction with Formula 201;

R,,, may be defined as described in conjunction with R,
in Formula 201;

R,,; to R, may be each independently selected from a
hydrogen, a deuterium, —F, —Cl, —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,
a C,-C, 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 C5-C,, cycloalk-
enyl group, a C,-C,, heterocycloalkenyl group, a C4-Cy,
aryl group, a C4-Cg, aryloxy group, a C4-Co, arylthio group,
a C,-C, heteroaryl group, a monovalent non-aromatic con-
densed polycyclic group, and a monovalent non-aromatic
condensed heteropolycyclic group.

In an implementation, in Formulae 201A, 201A-1, and
202A,

N

Ryss — Ras

10

25

30

35

45

50

55

60

65

38

Lo, 0 Lyo; may be each independently selected from:

a phenylene group, a naphthylene group, a fluorenylene
group, a spiro-fluorenylene group, a benzofluorenylene
group, a dibenzofluorenylene group, a phenanthrenylene
group, an anthracenylene group, a pyrenylene group, a
chrysenylene group. a pyridinylene group, a pyrazinylene
group, a pyrimidinylene group, a pyridazinylene group, a
quinolinylene group, an isoquinolinylene group, a quinox-
alinylene group, a quinazolinylene group, a carbazolylene
group, and a triazinylene group; and

a phenylene group, a naphthylene group, a fluorenylene
group, a spiro-fluorenylene group, a benzofluorenylene
group, a dibenzofluorenylene group, a phenanthrenylene
group, an anthracenylene group, a pyrenylene group, a
chrysenylene group. a pyridinylene group, a pyrazinylene
group, a pyrimidinylene group, a pyridazinylene group, a
quinolinylene group, an isoquinolinylene group, a quinox-
alinylene group, a quinazolinylene group, a carbazolylene
group, and a triazinylene 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, a C,-C,, alkoxy group, a
phenyl group, a naphthyl group, a fluorenyl group, a spiro-
fluorenyl group, a benzofluorenyl group, a dibenzofluorenyl
group, a phenanthrenyl group, an anthracenyl group, a
pyrenyl group, a chrysenyl group, a pyridinyl group, a
pyrazinyl group, a pyrimidinyl group, a pyridazinyl group,
a quinolinyl group, an isoquinolinyl group, a quinoxalinyl
group, a quinazolinyl group, a carbazolyl group, and a
triazinyl group,

xal to xa3 may be each independently O or 1,

R,03, Ry, and R, , may be each independently selected
from:

a phenyl group, a naphthyl group, a fluorenyl group, a
spiro-fluorenyl group, a benzofluorenyl group, a dibenzo-
fluorenyl group, a phenanthrenyl group, an anthracenyl
group, a pyrenyl group, a chrysenyl group, a pyridinyl
group, a pyrazinyl group, a pyrimidinyl group, a pyridazinyl
group, a quinolinyl group, an isoquinolinyl group, a qui-
noxalinyl group, a quinazolinyl group, a carbazolyl group,
and a triazinyl group; and

a phenyl group, a naphthyl group, a fluorenyl group, a
spiro-fluorenyl group, a benzofluorenyl group, a dibenzo-
fluorenyl group, a phenanthrenyl group, an anthracenyl
group, a pyrenyl group, a chrysenyl group, a phenanthrenyl
group, an anthracenyl group, a pyrenyl group, a chrysenyl
group, a pyridinyl group, a pyrazinyl group, a pyrimidinyl
group, a pyridazinyl group, a quinolinyl group, an isoqui-
nolinyl group, a quinoxalinyl group, a quinazolinyl group, a
carbazolyl group, and a triazinyl 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, a C,-C,,
alkoxy group, a phenyl group, a naphthyl group, a fluorenyl
group, a spiro-fluorenyl group, a benzofluorenyl group, a
dibenzofluorenyl group, a phenanthrenyl group, an anthra-
cenyl group, a pyrenyl group, a chrysenyl group, a pyridinyl
group, a pyrazinyl group, a pyrimidinyl group, a pyridazinyl
group, a quinolinyl group, an isoquinolinyl group, a qui-
noxalinyl group, a quinazolinyl group, a carbazolyl group,
and a triazinyl group;
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R,,; and R, ,, may be each independently selected from:

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, 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 phenyl group, a naphthyl
group, a fluorenyl group, a spiro-fluorenyl group, a benzo-
fluorenyl group, a dibenzofluorenyl group, a phenanthrenyl
group, an anthracenyl group, a pyrenyl group, a chrysenyl
group, a pyridinyl group, a pyrazinyl group, a pyrimidinyl
group, a pyridazinyl group, a quinolinyl group, an isoqui-
nolinyl group, a quinoxalinyl group, a quinazolinyl group, a
carbazolyl group, and a triazinyl group,

a phenyl group, a naphthyl group, a fluorenyl group, a
spiro-fluorenyl group, a benzofluorenyl group, a dibenzo-
fluorenyl group, a phenanthrenyl group, an anthracenyl
group, a pyrenyl group, a chrysenyl group, a pyridinyl
group, a pyrazinyl group, a pyrimidinyl group, a pyridazinyl
group, a quinolinyl group, an isoquinolinyl group, a qui-
noxalinyl group, a quinazolinyl group, a carbazolyl group,
and a triazinyl group; and

a phenyl group, a naphthyl group, a fluorenyl group, a
spiro-fluorenyl group, a benzofluorenyl group, a dibenzo-
fluorenyl group, a phenanthrenyl group, an anthracenyl
group, a pyrenyl group, a chrysenyl group, a pyridinyl
group, a pyrazinyl group, a pyrimidinyl group, a pyridazinyl
group, a quinolinyl group, an isoquinolinyl group, a qui-
noxalinyl group, a quinazolinyl group, a carbazolyl group,
and a triazinyl group, each substituted with at least one
selected from a deuterium, —F, —Cl1, —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,
a C;-Cyy alkyl group, a C;-C,, alkoxy group, a phenyl
group, a naphthyl group, a fluorenyl group, a spiro-fluorenyl
group, a benzofluorenyl group, a dibenzofluorenyl group, a
phenanthrenyl group, an anthracenyl group, a pyrenyl group,
a chrysenyl group, a pyridinyl group, a pyrazinyl group, a
pyrimidinyl group, a pyridazinyl group, a quinolinyl group,
an isoquinoliny! group, a quinoxalinyl group, a quinazolinyl
group, a carbazolyl group, and a triazinyl group;

R,,s and R, may be each independently selected from:

ahydrogern, 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,
C,-C, alkyl group and 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, 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 phenyl group, a naphthyl
group, a fluorenyl group, a spiro-fluorenyl group, a benzo-
fluorenyl group, a dibenzofluorenyl group, a phenanthrenyl
group, an anthracenyl group, a pyrenyl group, a chrysenyl
group, a pyridinyl group, a pyrazinyl group, a pyrimidinyl
group, a pyridazinyl group, a quinolinyl group, an isoqui-
nolinyl group, a quinoxalinyl group, a quinazolinyl group, a
carbazolyl group, and a triazinyl group,
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a phenyl group, a naphthyl group, a fluorenyl group, a
spiro-fluorenyl group, a benzofluorenyl group, a dibenzo-
fluorenyl group, a phenanthrenyl group, an anthracenyl

group, a pyrenyl group, a chrysenyl group, a pyridinyl
group, a pyrazinyl group, a pyrimidinyl group, a pyridazinyl
group, a quinolinyl group, an isoquinolinyl group, a qui-
noxalinyl group, a quinazolinyl group, and a triazinyl group,
and

a phenyl group, a naphthyl group, a fluorenyl group, a
spiro-fluorenyl group, a benzofluorenyl group, a dibenzo-
fluorenyl group, a phenanthrenyl group, an anthracenyl
group, a pyrenyl group, a chrysenyl group, a pyridinyl
group, a pyrazinyl group, a pyrimidinyl group, a pyridazinyl
group, a quinolinyl group, an isoquinolinyl group, a qui-
noxalinyl group, a quinazolinyl group, a carbazolyl group,
and a triazinyl 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,-C,, alkoxy group, a phenyl
group, a naphthyl group, a fluorenyl group, a spiro-fluorenyl
group, a benzofluorenyl group, a dibenzofluorenyl group, a
phenanthrenyl group, an anthracenyl group, a pyrenyl group,
a chrysenyl group, a pyridinyl group, a pyrazinyl group, a
pyrimidinyl group, a pyridazinyl group, a quinolinyl group,
an isoquinolinyl group, a quinoxalinyl group, a quinazolinyl
group, a carbazolyl group, and a triazinyl group; and

xa5 may be 1 or 2.

In Formulae 201A and 201A-1, R,,5 and R,,, may be
linked to each other to form a saturated or unsaturated ring.

In an implementation, the compound represented by For-
mula 201 and/or the compound represented by Formula 202
may be compounds HT1 to HT20 illustrated below.

HT1

oPee
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-continued
HT20

o9

O

A thickness of the hole transport region may be about 100
A to about 10,000 A, e.g., about 100 A to about 1,000 A.
When the hole transport region includes a HIL and a HTL,
a thickness of the HIL may be about 100 A to about 10,000
A, e.g., about 100 A to about 1,000 A, and a thickness of the
HTL may be about 50 A to about 2,000 A, e.g., about 100
A to about 1,500 A. When the thicknesses of the hole
transport region, the HIL, and the HTL are within these
ranges, satisfactory hole transport characteristics may be
obtained without a substantial increase in driving voltage.

The hole transport region may further include a charge-
generating material to help improve conductivity, in addition
to the materials as described above. The charge-generating
material may be homogeneously or inhomogeneously dis-
persed in the hole transport region.

The charge-generating material may be, e.g., a p-dopant.
The p-dopant may include one of quinone derivatives, metal
oxides, and cyano group-containing compounds. Non-lim-
iting examples of the p-dopant may include quinone deriva-
tives such as tetracyanoquinonedimethane (TCNQ), 2,3,5,
6-tetrafluoro-tetracyano-1,4-benzoquinonedimethane  (F4-
TCNQ), and the like; metal oxides such as tungsten oxide,
molybdenum oxide, and the like; and Compound HT-D1
below.

CN
NC
]
N N, CN
.
I\i N CN
N
NC 7
CN
<Compound HT-D1>
F T
CN CN
CN CN
F F
<F4-TCNQ>

The hole transport region may further include at least one
of a buffer layer and an EBL, in addition to the HIL and HTL



US 9,818,960 B2

49

described above. The buffer layer may help compensate for
an optical resonance distance of light according to a wave-
length of the light emitted from the EML, and thus may help
improve light-emission efficiency. A material in the buffer
layer may be a suitable material used in the hole transport
region. The EBL may help block injection of electrons from

the electron transport region.

For example, a material for forming the EBL may include
mCP, below.

A

The EML may be formed on the first electrode 110 or the
hole transport region by using any of a variety of methods,
e.g., by using vacuum deposition, spin coating, casting,
Langmuir-Blodgett (ILB) deposition, inkjet printing, laser
printing, laser induced thermal imaging (LITI), or the like.
When the EML is formed using vacuum deposition or spin
coating, the deposition and coating conditions for forming
the EML may be similar to the above-described deposition
and coating conditions for forming the HIL, and accordingly

may not be described in detail.

When the organic light-emitting device 10 is a full color
organic light-emitting device, the EML may be patterned
into a red emission layer, a green emission layer, and a blue
emission layer to correspond to individual subpixels, respec-
tively. In an implementation, the EML may have a structure
in which a red emission layer, a green emission layer, and a
blue emission layer are stacked upon one another, or a
structure including a mixture of a red light-emitting mate-
rial, a green light-emitting material, and a blue light-emitting
material, and thus may emit white light.

The EML may include the condensed compound repre-
sented by Formula 1.

The EML may include a host and a dopant. The host may
include the condensed cyclic compound represented by
Formula 1.

The host may further include at least one of TPBi,
TBADN, ADN (also referred to as “DNA”), CBP, CDBP,

and TCP, in addition to the condensed cyclic compound of

Formula 1.
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-continued

=
O

TCP

The dopant may include at least one of a fluorescent
dopant and a phosphorescent dopant.

The phosphorescent dopant may include an organometal-
lic complex represented by Formula 401.

<Formula 401>

_____

X402'“X401\\
_t M—(Lgo1)se2
lX4o4'“X403

1} 1}
L VT
\

- xcl

In Formula 401,

M may be selected from iridium (Ir), platinum (Pt),
osmium (Os), titanium (Ti), zirconium (Zr), hafnium (Hf),
europium (Eu), terbium (Tb), and thulium (Tm);

X40; 10 X0, may be each independently a nitrogen or a
carbon;

rings A,,, and A, may be each independently selected
from a substituted or unsubstituted benzene, a substituted or
unsubstituted naphthalene, a substituted or unsubstituted
fluorene, a substituted or unsubstituted spiro-fluorene, a
substituted or unsubstituted indene, a substituted or unsub-
stituted pyrrole, a substituted or unsubstituted thiophene, a
substituted or unsubstituted furan, a substituted or unsub-
stituted imidazole, a substituted or unsubstituted pyrazole, a
substituted or unsubstituted thiazole, a substituted or unsub-
stituted isothiazole, a substituted or unsubstituted oxazole, a
substituted or unsubstituted isoxazole, a substituted or
unsubstituted pyridine, a substituted or unsubstituted pyra-
Zine, a substituted or unsubstituted pyrimidine, a substituted
or unsubstituted pyridazine, a substituted or unsubstituted
quinoline, a substituted or unsubstituted isoquinoline, a
substituted or unsubstituted benzoquinoline, a substituted or
unsubstituted quinoxaline, a substituted or unsubstituted
quinazoline, a substituted or unsubstituted carbazole, a sub-
stituted or unsubstituted benzoimidazole, a substituted or
unsubstituted benzofuran, a substituted or unsubstituted
benzothiophene, a substituted or unsubstituted isobenzoth-
iophene, a substituted or unsubstituted benzoxazole, a sub-
stituted or unsubstituted isobenzoxazole, a substituted or
unsubstituted triazole, a substituted or unsubstituted oxadi-
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azole, a substituted or unsubstituted triazine, a substituted or
unsubstituted dibenzofuran, and a substituted or unsubsti-
tuted dibenzothiophene;

at least one substituent of the substituted benzene, the
substituted naphthalene, the substituted fluorene, the substi-
tuted spiro-fluorene, the substituted indene, the substituted
pyrrole, the substituted thiophene, the substituted furan, the
substituted imidazole, the substituted pyrazole, the substi-
tuted thiazole, the substituted isothiazole, the substituted
oxazole, the substituted isoxazole, the substituted pyridine,
the substituted pyrazine, the substituted pyrimidine, the
substituted pyridazine, the substituted quinoline, the substi-
tuted isoquinoline, the substituted benzoquinoline, the sub-
stituted quinoxaline, the substituted quinazoline, the substi-
tuted carbazole, the substituted benzoimidazole, the
substituted benzofuran, the substituted benzothiophene, the
substituted isobenzothiophene, the substituted benzoxazole,
the substituted isobenzoxazole, the substituted triazole, the
substituted oxadiazole, the substituted triazine, the substi-
tuted dibenzofuran, and the substituted dibenzothiophene
may be 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,-Cq,
alkyl group, a C,-Cg, alkenyl group, a C,-Cy, alkynyl group,
and a C,-C, alkoxy group;

a C;-Cy, alkyl group, a C,-Cq, alkenyl group, a C,-Cg,
alkynyl group, and a C,-C, alkoxy group, each substituted
with at least one of 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 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
aryloxyl group, a C¢-Cgy, arylthio group, a C,-Cg, heteroaryl
group, a monovalent non-aromatic condensed polycyclic
group, a monovalent non-aromatic condensed heteropoly-
cyclic group, —N(Quo)(Qu02): —Si(Qu03)(Q404)(Quos):
and —B(Q406)(Qa07):

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 Cy-Cq, aryloxy
group, a C¢-Cq, arylthio group, a C,-Cg, heteroaryl group, a
monovalent non-aromatic condensed polycyclic group, and
a monovalent non-aromatic condensed heteropolycyclic
group,

a C;-Cy, cycloalkyl group, a C,-C,, heterocycloalkyl
group, a C;-C,, cycloalkenyl group, a C,-C,, heterocy-
cloalkenyl group, a C4-Cq, aryl group, a Cyg-Cg, 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, each substituted with at least one of 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,-Cq, alkynyl group, a C,-C, alkoxy
group, a C;-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 C,-Cg, aryloxy
group, a C¢-Cg, arylthio group, a C,-Cy, heteroaryl group, a
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monovalent non-aromatic condensed polycyclic group, a
monovalent non-aromatic condensed heteropolycyclic

group,  —N(Qu11)(Qa12);  —S(Q413)(Qu14)(Qsy5), and
—B(Q416)(Qu15), and

—N(Qu21)(Qs22); —S51(Q423)(Q424)(Qu25); and
—B(Qu426)(Qu27);

L4, may be an organic ligand;

xcl may be 1, 2, or 3; and

xc2 may be 0, 1, 2, or 3,

wherein Q40, t0 Qa07, Qa11 10 Q417 and Qy; to Qup; may
be each independently selected from a hydrogen, a C,-Cy,
alkyl group, a C,-Cgqalkenyl group, a C¢-Cy, aryl group, and
a C,-Cg, heteroaryl group.

For example, in Formula 401, L,,, may be a monovalent,
divalent, or trivalent organic ligand. For example, L,,, in
Formula 401 may be selected from a halogen ligand (for
example, Cl or F), a diketone ligand (for example, acety-
lacetonate, 1,3-diphenyl-1,3-propanedionate, 2,2,6,6-te-
tramethyl-3,5-heptanedionate, or hexafluoroacetonate), a
carboxylic acid ligand (for example, picolinate, dimethyl-
3-pyrazolecarboxylate, or benzoate), a carbon monoxide
ligand, an isonitrile ligand, a cyano ligand, and a phospho-
rous ligand (for example, phosphine or phosphite). How-
ever, embodiments of the present disclosure are not limited
thereto.

When A,,, in Formula 401 has at least two substituent
groups, the at least two substituent groups of A,,, may be
linked to each other to form a saturated or unsaturated ring.

When A,,, in Formula 401 has at least two substituent
groups, the at least two substituent groups of A,,, 2 may be
linked to each other to form a saturated or unsaturated ring.

When xcl in Formula 401 is 2 or greater, a plurality of
ligands

/

. ,

Kanp==-Xao1,
,

E3

—
K- Xims
N

in Formula 401 may be identical to or different from each
other. When xcl in Formula 1 is 2 or greater, A, and A,
may be linked to A,,, and Ay, of another adjacent ligand,
respectively, directly or via a linking group (for example, a
C,-Cs alkylene group, —N(R'}— (where R'is a C,-C | ; alkyl
group or a C4-C,, aryl group), or C(=0)—).

In an implementation, the phosphorescent dopant may
include at least one of Compounds PD1 to PD74.

PD1
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-continued

PD2

PD3

PD4

PD5

PD6
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PD74
C3F;

In an implementation, the phosphorescent dopant may
include PtOEP below.

PtOEP

In an implementation, the phosphorescent dopant may
include FIr6 below.

N/ \/

r B

F CANVAN
N—N N—N

Flr6

In an implementation, the fluorescent dopant may further
include at least one of DPAVBIi, BDAVBIi, TBPe, DCM,
DCIJTB, Coumarin 6, and C545T.
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55
In an implementation, the fluorescent dopant may include In Formula 501,

Ars,; may be selected from:
a naphthalene, a heptalene, a fluorene, a spiro-fluorene, a
benzofluorene, a dibenzofluorene, a phenalene, a phenan-
60 threne, an anthracene, a fluoranthene, a triphenylene, a
<Formula 501> pyrene, a chrysene, a naphthacene, a picene, a perylene, a

(Lsorkar—Rsor pentaphene, and an indenoanthracene,

Atsp—F Lsyp)s—N a naphthalene, a heptalene, a fluorene, a spiro-fluorene, a
benzofluorene, a dibenzofluorene, a phenalene, a phenan-
65 threne, an anthracene, a fluoranthene, a triphenylene, a
pyrene, a chrysene, a naphthacene, a picene, a perylene, a
pentaphene, and an indenoanthracene, each substituted with

a compound represented by Formula 501.

Lso2haz—Rs02 [
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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,-Cg, alkyl group, a C,-Cq, alkenyl group, a
C,-Cq, alkynyl group, a C,-C,, alkoxy group, a C,-C,,
cycloalkyl group, a C, -C, , heterocycloalkyl group, a C5-C
cycloalkenyl group, a C,-C,, heterocycloalkenyl group, a
Cs-Ceo aryl group, a C,-C, aryloxy group, a C4-Cy, arylthio
group, a C,-Cyheteroaryl group, a monovalent non-aro-
matic condensed polycyclic group, a monovalent non-aro-
matic condensed heteropolycyclic group, and —Si(Qs,)
(Qs02)(Qs03), wherein Qs 1o Q3 may be each
independently selected from a hydrogen, C,-Cy,alkyl group,
a C,-Cgpalkenyl group, a C4-Cqy, aryl group, and a C,-C,
heteroaryl group;

Lo, to Lsy; may be the same as those for L,,, defined
herein;

Ryp; and Ry, may be each independently selected from:

a phenyl group, a naphthyl group, a fluorenyl group, a
spiro-fluorenyl group, a benzofluorenyl group, a dibenzo-
fluorenyl group, a phenanthrenyl group, an anthracenyl
group, a pyrenyl group, a chrysenyl group, a pyridinyl
group, a pyrazinyl group, a pyrimidinyl group, a pyridazinyl
group, a quinolinyl group, an isoquinolinyl group, a qui-
noxalinyl group, a quinazolinyl group, a carbazoly group, a
triazinyl group, a dibenzofuranyl group, and a dibenzothio-
phenyl group, and

a phenyl group, a naphthyl group, a fluorenyl group,
spiro-fluorenyl group, a benzofluorenyl group, a dibenzo-
fluorenyl group, a phenanthrenyl group, an anthracenyl
group, a pyrenyl group, a chrysenyl group, a pyridinyl
group, a pyrazinyl group, a pyrimidinyl group, a pyridazinyl
group, a quinolinyl group, an isoquinolinyl group, a qui-
noxalinyl group, a quinazolinyl group, a carbazolyl group, a
triazinyl group, a dibenzofuranyl group, and a dibenzothio
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,
a C,-C,, alkoxy group, a phenyl group, a naphthyl group, a
fluorenyl group, a spiro-fluorenyl group, a benzofluorenyl
group, a dibenzofluorenyl group, a phenanthrenyl group, an
anthracenyl group, a pyrenyl group, a chrysenyl group, a
pyridinyl group, a pyrazinyl group, a pyrimidinyl group, a
pyridazinyl group, a quinolinyl group, an isoquinolinyl
group, a quinoxalinyl group, a quinazolinyl group, a carba-
zolyl group, a triazinyl group, and a dibenzofuranyl group,
and a dibenzothiophenyl group;

xd1 to xd3 may be each independently selected from 0, 1,
2, and 3; and

xb4 may be selected from 1, 2, 3, and 4.

The dopant may be included in the EML in an amount of,
e.g., about 0.01 part by weight to about 15 parts by weight,
based on 100 parts by weight of the host.

The thickness of the EML may be about 100 A to about
1,000 A, e.g., about 200 A to about 600 A. When the
thickness of the EML is within these ranges, the EML may
have good light emitting ability without a substantial
increase in driving voltage.

Next, the electron transport region may be disposed on the
EML.

The electron transport region may include, e.g., at least
one of a HBL, an ETL, and an EIL.
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In an implementation, the electron transport region may
have a structure including an ETL/EIL, or a HBL/ETL/EIL,
wherein the layers forming a structure of the electron
transport region may be sequentially stacked on the EML in
the order stated above.

In an implementation, the organic layer 150 of the organic
light-emitting device 10 may include the electron transport
region between the EML and the second electrode 190, and
the condensed cyclic compound of Formula 1 may be in the
electron transport region.

The electron transport region may include a HBL. When
the EML includes a phosphorescent dopant, the HBL, may
help reduce and/or help prevent diffusion of triplet excitons
or holes into the ETL from the EML.

When the electron transport region includes a HBL, the
HBL may be formed on the EML by using any of a variety
of methods, e.g., by using vacuum deposition, spin coating,
casting, Langmuir-Blodgett (LB) deposition, inkjet printing,
laser printing, laser induced thermal imaging (LITI), or the
like. When the HBL is formed using vacuum deposition or
spin coating, the deposition and coating conditions for
forming the HBL may be similar to the above-described
deposition and coating conditions for forming the HIL, and
accordingly may not be described in detail.

In an implementation, the HBL may include at least one
of BCP and Bphen. However, embodiments of the present
disclosure are not limited thereto.

BCP

A thickness of the HBL may be about 20A to about
1,0004, e.g., about 30A to about 300A. When the thickness
of the HBL is within these ranges, the HBL may have
improved hole blocking ability without a substantial
increase in driving voltage.

The electron transport region may include an ETL. The
ETL may be formed on the EML or the HBL by using any
of a variety of methods, e.g., by using vacuum deposition,
spin coating, casting, Langmuir-Blodgett (LLB) deposition,
inkjet printing, laser printing, laser induced thermal imaging
(LITI), or the like. When the ETL is formed using vacuum
deposition or spin coating, the deposition and coating con-
ditions for forming the ETL may be similar to the above-
described deposition and coating conditions for forming the
HIL, and accordingly may not be described in detail.

In an implementation, the organic layer 150 of the organic
light-emitting device may include an electron transport
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region between the EML and the second electrode 190. The
electron transport region may include at least one ofthe ETL
and the EIL.

In an implementation, the ETL may include at least one of

BCP, Bphen, Alg,, Balg, TAZ, NTAZ, TSPOI, and TmPyPb. >

“ /o
K z

:_Z_______

\

—Z
O

/

TSPO1

10

15

20

25

30

35

45

55

65

74

-continued

In an implementation, the ETL may include at least one
selected from a compound represented by Formula 601 and
a compound represented by Formula 602.

Argo1-[(Loo)xe1 Eso1 lre2 <Formula 601>

In Formula 601, Ar,,, may be selected from:

a naphthalene, a heptalene, a fluorene, a spiro-fluorene, a
benzofluorene, a dibenzofluorene, a phenalene, a phenan-
threne, an anthracene, a fluoranthene, a triphenylene, a
pyrene, a chrysene, a naphthacene, a picene, a perylene, a
pentaphene, and an indenoanthracene; and

a naphthalene, a heptalene, a fluorene, a spiro-fluorene, a
benzofluorene, a dibenzofluorene, a phenalene, a phenan-
threne, an anthracene, a fluoranthene, a triphenylene, a
pyrene, a chrysene, a naphthacene, a picene, a perylene, a
pentaphene, and an indenoanthracene, 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,-Cg, 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, 4 heterocycloalkyl group, a C5-C
cycloalkenyl group, a C,-C,, heterocycloalkenyl group, a
Cs-Cgo aryl group, a C,-C aryloxy group, a C4-Cy arylthio
group, a C,-C, heteroaryl group, a monovalent non-aro-
matic condensed polycyclic group, a monovalent non-aro-
matic condensed heteropolycyclic group, and —Si(Q,,)
(Qa02)(Qa03) (Wherein Qs to Qsp; may be each
independently selected from a hydrogen, a C,-Cg, alkyl
group, a C,-Cg, alkenyl group, a C,-Cy, aryl group, and a
C,-Cg heteroaryl group);

Lg,, may be the same as defined for L,,, herein;

E¢o, may be selected from:

a pyrrolyl group, a thiopheny! 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 phthalazinyl
group, a naphthyridinyl group, a quinoxalinyl group, a
quinazolinyl group, a cinnolinyl group, a carbazolyl group,
a phenanthridinyl group, an acridinyl group, a phenanthroli-
nyl group, a phenazinyl group, a benzoimidazolyl group, a
benzofuranyl group, a benzothiophenyl group, an isobenzo-
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thiazolyl group, a benzoxazolyl group, an isobenzoxazolyl
group, a triazolyl group, a tetrazolyl group, an oxadiazolyl
group, a triazinyl group, a dibenzofuranyl group, a diben-
zothiophenyl group, a benzocarbazolyl group, a dibenzocar-
bazolyl group, a thiadiazolyl group, an imidazopyridinyl
group, and an imidazopyrimidinyl group; and

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 phthalazinyl
group, a naphthyridinyl group, a quinoxalinyl group, a
quinazolinyl group, a cinnolinyl group, a carbazolyl group,
a phenanthridinyl group, an acridinyl group, a phenanthroli-
nyl group, a phenazinyl group, a benzoimidazolyl group, a
benzofuranyl group, a benzothiophenyl group, an isobenzo-
thiazolyl group, a benzoxazolyl group, an isobenzoxazolyl
group, a triazolyl group, a tetrazolyl group, an oxadiazolyl
group, a triazinyl group, a dibenzofuranyl group, a diben-
zothiophenyl group, a benzocarbazolyl group, a dibenzocar-
bazolyl group, a thiadiazolyl group, an imidazopyridinyl
group, and an imidazopyrimidiny! group, each substituted
with at least one of a deuterium, —F, —Cl, —Br, —1, 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 cyclopentenyl group, a cyclohexenyl group, a phenyl
group, a pentalenyl group, an indenyl group, a naphthyl
group, an azulenyl group, a heptalenyl group, an indacenyl
group, an acenaphthyl group, a fluorenyl group, a spiro-
fluorenyl group, a benzofluorenyl group, a dibenzofluorenyl
group, a phenalenyl group, a phenanthrenyl group, an
anthracenyl group, a fluoranthenyl group, a triphenylenyl
group, a pyrenyl group, a chrysenyl group, a naphthacenyl
group, a picenyl group, a perylenyl group, a pentaphenyl
group, a hexacenyl group, a pentacenyl group, a rubicenyl
group, a coroneryl group, an ovarenyl 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 puriny! group, a quinolinyl group, an isoquinolinyl
group, a benzoquinolinyl group, a phthalazinyl group, a
naphthyridinyl group, a quinoxalinyl group, a quinazolinyl
group, a cinnolinyl group, a carbazolyl group, a phenan-
thridinyl group, an acridinyl group, a phenanthrolinyl group,
a phenazinyl group, a benzoimidazolyl group, a benzofura-
nyl 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;

xel may be selected from 0, 1, 2, and 3; and

xe2 may be selected from 1, 2, 3, and 4.
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<Formula 602>

(Lé14)xes14—Re14

Xs11 \Xm

Rei6=—(Ls16)xes16 X612 (Le1skes1s—Re1s

In Formula 602,

11 may be N or C-(Lg;1)res11-Re115 Koo may be N or
C-(Ls12)ves127Re12: K13 may be N or C-(Lg;3)0615Re s
and at least one of X, to X, 5 may be N;

Lg;, to Ly, ¢ may be the same as defined for L, herein;

Rg;1 to Rg ¢ may be each independently selected from:

a phenyl group, a naphthyl group, a fluorenyl group, a
spiro-fluorenyl group, a benzofluorenyl group, a dibenzo-
fluorenyl group, a phenanthrenyl group, an anthracenyl
group, a pyrenyl group, a chrysenyl group, a pyridinyl
group, a pyrazinyl group, a pyrimidinyl group, a pyridazinyl
group, a quinolinyl group, an isoquinolinyl group, a qui-
noxalinyl group, a quinazolinyl group, a carbazolyl group,
and a triazinyl group; and

a phenyl group, a naphthyl group, a fluorenyl group, a
spiro-fluorenyl group, a benzofluorenyl group, a dibenzo-
fluorenyl group, a phenanthrenyl group, an anthracenyl
group, a pyrenyl group, a chrysenyl group, a pyridinyl
group, a pyrazinyl group, a pyrimidinyl group, a pyridazinyl
group, a quinolinyl group, an isoquinolinyl group, a qui-
noxalinyl group, a quinazolinyl group, a carbazolyl group,
and a triazinyl group, each substituted with at least one of 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,jalkyl group,
a C,-C,alkoxy group, a phenyl group, a naphthyl group, an
azulenyl group, a fluorenyl group, a spiro-fluorenyl group, a
benzofluorenyl group, a dibenzofluorenyl group, a phenan-
threnyl group, an anthracenyl group, a pyrenyl group, a
chrysenyl group, a pyridinyl group, a pyrazinyl group, a
pyrimidinyl group, a pyridazinyl group, a quinolinyl group,
an isoquinolinyl group, a quinoxalinyl group, a quinazolinyl
group, a carbazolyl group, and a triazinyl group; and

xe611 to xe616 may be each independently selected from
0,1, 2, and 3.

The compound of Formula 601 and the compound of
Formula 602 may be each independently selected from
Compounds ET1 to ET15:
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A thickness of the ETL may be about 100A to about 1,000

A, e.g., about 150 A to about 500 A. When the thickness of
the ETL is within these ranges, the ETL may have satisfac-
tory electron transporting ability without a substantial
increase in driving voltage.

In an implementation, the ETL may further include a
metal-containing material, in addition to the above-de-
scribed materials.

The metal-containing material may include a lithium (1)
complex. Non-limiting examples of the Li complex may
include compound ET-D1 (lithium quinolate (LiQ)), or
compound ET-D2.
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ET-D1

ET-D2

The electron transport region may include an EIL that
may facilitate injection of electrons from the second elec-
trode 190.

The EIL may be formed on the ETL by using any of a
variety of methods, e.g., by using vacuum deposition, spin
coating, casting, Langmuir-Blodgett (I.B) deposition, inkjet
printing, laser printing, laser induced thermal imaging
(LITI), or the like. When the EIL is formed using vacuum
deposition or spin coating, the deposition and coating con-
ditions for forming the EIL, may be similar to the above-
described deposition and coating conditions for forming the
HIL, and accordingly may not be described in detail.

The EIL may include at least one selected from LiF, NaCl,
CsF, Li,0, BaO, and LiQ.

A thickness of the EIL may be about 1A to about 100 A,
e.g., about 3A to about 90A. When the thickness of the EIL
is within these ranges, the EIL. may have satisfactory elec-
tron injection ability without a substantial increase in driving
voltage.

The second electrode 190 may be disposed on the organic
layer 150, as described above. The second electrode 190
may be a cathode as an electron injecting electrode. A
material for forming the second electrode 190 may be, e.g,,
a metal, an alloy, an electrically conductive compound,
which have a low-work function, or a mixture thereof.
Non-limiting examples of materials for forming the second
electrode 190 may include lithium (Li), magnesium (Mg),
aluminum (Al), aluminum-lithium (Al—Li), calcium (Ca),
magnesium-indium  (Mg—In), and magnesium-silver
(Mg—Ag). In an implementation, a material for forming the
second electrode 190 may be ITO or IZO. The second
electrode 190 may be a reflective electrode, a semi-trans-
missive electrode, or a transmissive electrode.

Although the organic light-emitting device of FIG. 1 is
described above, embodiments are not limited thereto.

As used herein, a C,-Cy, alkyl group refers to a monova-
lent linear or branched aliphatic hydrocarbon group having
1 to 60 carbon atoms. Non-limiting examples of the C,-Cg,
alkyl group are a methyl group, an ethyl group, a propyl
group, an isobutyl group, a sec-butyl group, a tert-butyl
group, a pentyl group, an iso-amyl group, and a hexyl group.
A C,-Cq, alkylene group refers to a divalent group having
the same structure as the C,-Cg, alkyl group.

As used herein, a C,-Cq, alkoxy group refers to a mon-
ovalent group represented by —OA,,, (where A, is a
C,-Cq alkyl group as described above). Non-limiting
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examples of the C,-Cy, alkoxy group are a methoxy group,
an ethoxy group, and an isopropyloxy group.

As used herein, a C,-Cy, alkenyl group refers to a hydro-
carbon group including at least one carbon double bond in
the middle or terminal of the C,-Cq, alkyl group. Non-
limiting examples of the C,-Cy, alkenyl group are an ethenyl
group, a propenyl group, and a butenyl group. A C,-Cy,
alkylene group refers to a divalent group having the same
structure as the C,-Cg, alkenyl group.

As used herein, a C,-Cg, alkynyl group refers to a
hydrocarbon group including at least one carbon triple bond
in the middle or terminal of the C,-Cg, alkyl group. Non-
limiting examples of the C,-C, alkynyl group are an ethy-
nyl group and a propynyl group. A C,-C, alkynylene group
refers to a divalent group having the same structure as the
C,-Cy, alkynyl group.

As used herein, a C;-C,, cycloalkyl group refers to a
monovalent, monocyclic saturated hydrocarbon group hav-
ing 3 to 10 carbon atoms. Non-limiting examples of the
C;-C,, cycloalkyl group are a cyclopropyl group, a cyclobu-
tyl group, a cyclopentyl group, a cyclohexyl group, and a
cycloheptyl group. A C5-C,, cycloalkylene group refers to a
divalent group having the same structure as the C,-C,
cycloalkyl group.

As used herein, a C,-C,, heterocycloalkyl group refers to
a monovalent monocyclic group having 1 to 10 carbon
atoms in which at least one hetero atom selected from N, O,
P, and S is included as a ring-forming atom. Non-limiting
examples of the C,-C,, heterocycloalkyl group are a tetra-
hydrofuranyl group and a tetrahydrothiophenyl group. A
C,-C,, heterocycloalkylene group refers to a divalent group
having the same structure as the C,-C,, heterocycloalkyl
group.

As used herein, a C,-C,,, cycloalkenyl group refers to a
monovalent monocyclic group having 3 to 10 carbon atoms
that includes at least one double bond in the ring but does not
have aromacity. Non-limiting examples of the C;-C,,
cycloalkenyl group are a cyclopenteny! group, a cyclohex-
enyl group, and a cycloheptenyl group. A C;-C,, cycloalk-
enylene group refers to a divalent group having the same
structure as the C5-C,, cycloalkenyl group.

As used herein, a C,-C |, heterocycloalkenyl group refers
to a monovalent monocyclic group having 1 to 10 carbon
atoms that includes at least one double bond in the ring and
in which at least one hetero atom selected from N, O, P, and
S is included as a ring-forming atom. Non-limiting examples
of the C,-C, heterocycloalkenyl group are a 2,3-hydrofura-
nyl group and a 2,3-hydrothiophenyl group. A C,-C,, het-
erocycloalkenylene group refers to a divalent group having
the same structure as the C,-C,, heterocycloalkenyl group.

As used herein, a C,;-Cg, aryl group refers to a monova-
lent, aromatic carbocyclic group having 6 to 60 carbon
atoms, and a C4-Cgy, arylene group refers to a divalent,
aromatic carbocyclic group having 6 to 60 carbon atoms.
Non-limiting examples of the C,-Cg, aryl group are a phenyl
group, a naphthyl group, an anthracenyl group, a phenan-
threnyl group, a pyrenyl group, and a chrysenyl group.
When the C4-Cy, aryl group and the C4-Cy arylene group
include at least two rings, the rings may be fused to each
other.

As used herein, a C,-Cg, heteroaryl group refers to a
monovalent, aromatic carbocyclic group having 1 to 60
carbon atoms in which at least one hetero atom selected from
N, O, P, and S is included as a ring-forming atom, and 1 to
60 carbon atoms. A C,-Cq, heteroarylene group refers to a
divalent, aromatic carbocyclic group having 1 to 60 carbon
atoms in which at least one hetero atom selected from N, O,

10

15

20

25

30

35

40

45

50

55

60

65

84

P, and S is included as a ring-forming atom. Non-limiting
examples of the C,-Cg, heteroaryl group are a pyridinyl
group, a pyrimidinyl group, a pyrazinyl group, a pyridazinyl
group, a triazinyl group, a quinolinyl group, and an isoqui-
nolinyl group. When the C,-C, heteroaryl group and the
C,-Cg heteroarylene group include at least two rings, the
rings may be fused to each other.

As used herein, a CsCg, aryloxy group indicates
—O0A,,, (Where A, is a C4-Cy, aryl group as described
above), and a C4-Cg, arylthio group indicates —SA
(where A5 is a C4-Cy, aryl group as described above).

As used herein, a monovalent non-aromatic condensed
polycyclic group refers to a monovalent group having at
least two rings condensed to each other, in which only
carbon atoms (for example, 8 to 60 carbon atoms) are
exclusively included as ring-forming atoms and the entire
molecule represents non-aromacity. A non-limiting example
of the monovalent non-aromatic condensed polycyclic
group is a fluorenyl group. A divalent non-aromatic con-
densed polycyclic group refers to a divalent group having
the same structure as the monovalent non-aromatic con-
densed polycyclic group.

As used herein, a monovalent non-aromatic condensed
heteropolycyclic group refers to a monovalent group having
at least two rings condensed to each other, in which carbon
atoms (for example, 2 to 60 carbon atoms) and a hetero atom
selected from N, O, P, and S are ring-forming atoms and the
entire molecule represents non-aromacity. A non-limiting
example of the monovalent non-aromatic condensed het-
eropolycyclic group is a carbazolyl group. A divalent non-
aromatic condensed heteropolycyclic group refers to a diva-
lent group having the same structure as the monovalent
non-aromatic condensed heteropolycyclic group.

As used herein, at least one substituent of the substituted
C,-C,, cycloalkylene group, the substituted C,-C,, hetero-
cycloalkylene group, the substituted C,-C,, cycloalkenylene
group, the substituted C,-C, , heterocycloalkenylene group,
the substituted C4-Cg, arvlene group, the substituted C,-Cg,
heteroarylene group, the substituted divalent non-aromatic
condensed polycyclic group, the substituted divalent non-
aromatic condensed heteropolycyclic group, the substituted
C,-Cy, alkyl group, the substituted C,-C, alkenyl group,
the substituted C,-Cy, alkynyl group, the substituted C,-Cg,
alkoxy group, the substituted C,-C,, cycloalkyl group, the
substituted C,-C,, heterocycloalkyl group, the substituted
C;-C,q cycloalkenyl group, the substituted C,-C,, hetero-
cycloalkenyl group, the substituted C,-C, aryl group, the
substituted C4-Cg, aryloxy group, the substituted Cy-Cg,
arylthio group, the substituted C,-Cg, heteroaryl group, the
substituted monovalent non-aromatic condensed polycyclic
group, and the substituted monovalent non-aromatic con-
densed heteropolycyclic group may be 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,-Cg,
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,-Cq, alkenyl group, a C,-Cg,
alkynyl group, and a C,-C, alkoxy group, each substituted
with at least one of 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 C5-C,, cycloalkyl group, a C,-C,, heterocy-
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cloalkyl group, a C;-C,, cycloalkenyl group, a C,-C,,
heterocycloalkenyl group, a C,-Cy, aryl group, a Cy-Cg,
aryloxyl 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;;)(Q15), —B(Q13)(Q14), and —Si(Q, 5)
Qi) Q1)

a C;-C,, cycloalkyl group, a C,-C,, heterocycloalkyl
group, a C,-C,, cycloalkenyl group, a C,-C,, heterocy-
cloalkenyl group, a C4-Cyq, aryl group, a Cy4-Cg, 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,

a C;-C,, cycloalkyl group, a C,-C,, heterocycloalkyl
group, a C;-C,, cycloalkenyl group, a C,-C,, heterocy-
cloalkenyl group, a C4-Cyq, aryl group, a C4-Cg, 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, each substituted with at least one of a deuterium, —F,
—Cl, —Br, —1, 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,-Cy,
alkenyl group, a C,-Cg, alkynyl group, a C,-Cq, 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,-Cy, aryl group, a C,-Cgy, aryloxy
group, a C4-Cg, arylthio group, a C,-Cy, heteroaryl group, a
monovalent non-aromatic condensed polycyclic group, a
monovalent non-aromatic condensed heteropolycyclic

group, —N(Q,1)(Q2,), —B(Q23)(Q,4), and —Si(Q,5)(Q2s)

(Qy;), and
QjN(QSl)(QSZ)a —B(Q33)(Qs4), and  —8i(Q35)(Qs6)

37)s

wherein Q,, t0 Q,7, Q5 10 Qy7, and Q;, to Qs; 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,-C, alkyl group, a C,-Cq,
alkenyl group, a C,-Cg, alkynyl group, a C,-Cq, 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, heteroaryl
group, a monovalent non-aromatic condensed polycyclic
group, and a monovalent non-aromatic condensed heteropo-
lycyclic group.

For example, at least one substituent of the substituted
C;-C, cycloalkylene group, the substituted C,-C,, hetero-
cycloalkylene group, the substituted C;-C,, cycloalkenylene
group, the substituted C,-C, , heterocycloalkenylene group,
the substituted C,-C;, arylene group, the substituted C,-Cy,
heteroarylene group, the substituted divalent non-aromatic
condensed polycyclic group, the substituted divalent non-
aromatic condensed heteropolycyclic group, the substituted
C,-Cg, alkyl group, the substituted C,-Cg, alkenyl group,
the substituted C,-Cg, alkynyl group, the substituted C,-Cy,
alkoxy group, the substituted C,-C,, cycloalkyl group, the
substituted C,-C,, heterocycloalkyl group, the substituted
C;-C,, cycloalkenyl group, the substituted C,-C,, hetero-
cycloalkenyl group, the substituted C4-Cy, aryl group, the
substituted C,-Cg, aryloxy group, the substituted C,-Cg,
arylthio group, the substituted C,-Cg, heteroaryl group, the
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substituted monovalent non-aromatic condensed polycyclic
group, and the substituted monovalent non-aromatic con-
densed heteropolycyclic group may be 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,-Cg,
alkyl group, a C,-C, alkenyl group, a C,-C, alkynyl group,
and a C,-C, alkoxy group,

a C,-Cy, alkyl group, a C,-Cq, alkenyl group, a C,-Cq,
alkynyl group, and a C,-Cg, alkoxy group, each substituted
with at least one of 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 cyclopentyl group, a cyclohexyl group, a cyclo-
hepty] group, a cyclopentenyl group, a cyclohexenyl group,
a phenyl group, a pentalenyl group, an indenyl group, a
naphthyl group, an azulenyl group, a heptalenyl group, an
indacenyl group, an acenaphthyl group, a fluorenyl group, a
spiro-fluorenyl group, a benzofluorenyl group, a dibenzo-
fluorenyl group, a phenalenyl group, a phenanthrenyl group,
an anthracenyl group, a fluoranthenyl group, a triphenylenyl
group, a pyrenyl group, a chrysenyl group, a naphthacenyl
group, a picenyl group, a perylenyl group, a pentaphenyl
group, a hexacenyl group, a pentacenyl group, a rubicenyl
group, a coronenyl group, an ovarenyl 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 phthalazinyl group, a
naphthyridinyl group, a quinoxalinyl group. a quinazolinyl
group, a cinnolinyl group, a carbazolyl group, a phenan-
thridinyl group, an acridiny! group, a phenanthrolinyl group,
a phenazinyl group, a benzoimidazolyl group, a benzofura-
nyl 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, a thiadiazolyl group, an imidazopyridinyl group, an
imidazopyrimidiny group, —N(Q,,)Q,2): —BQ)Q,.),
and —8i(Q;5)(Q16)(Qy7),

a cyclopentyl group, a cyclohexyl group, a cycloheptyl
group, a cyclopentenyl group, a cyclohexenyl group, a
phenyl group, a pentalenyl group, an indenyl group, a
naphthyl group, an azulenyl group, a heptalenyl group, an
indacenyl group, an acenaphthyl group, a fluorenyl group, a
spiro-fluorenyl group, a benzofluorenyl group, a dibenzo-
fluorenyl group, a phenalenyl group, a phenanthrenyl group,
an anthracenyl group, a fluoranthenyl group, a triphenylenyl
group, a pyrenyl group, a chrysenyl group, a naphthacenyl
group, a picenyl group, a perylenyl group, a pentaphenyl
group, a hexacenyl group, a pentacenyl group, a rubicenyl
group, a coronenyl group, an ovarenyl 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 phthalazinyl group, a
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naphthyridinyl group, a quinoxalinyl group, a quinazolinyl
group, a cinnolinyl group, a carbazolyl group, a phenan-
thridinyl group, an acridinyl group, a phenanthrolinyl group,
a phenazinyl group, a benzoimidazolyl group, a benzofura-
nyl group, a benzothiopheny! 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, a thiadiazolyl group, an imidazopyridinyl group, and
an imidazopyrimidinyl group,

a cyclopentyl group, a cyclohexyl group, a cycloheptyl
group, a cyclopentenyl group, a cyclohexenyl group, a
phenyl group, a pentalenyl group, an indenyl group, a
naphthy! group, an azulenyl group, a heptalenyl group, an
indacenyl group, an acenaphthyl group, a fluorenyl group, a
spiro-fluorenyl group, a benzofluorenyl group, a dibenzo-
fluorenyl group, a phenalenyl group, a phenanthrenyl group,
an anthracenyl group, a fluoranthenyl group, a triphenylenyl
group, a pyrenyl group, a chrysenyl group, a naphthacenyl
group, a picenyl group, a perylenyl group, a pentaphenyl
group, a hexacenyl group, a pentacenyl group, a rubicenyl
group, a coronenyl group, an ovarenyl 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 puriny! group, a quinolinyl group, an isoquinolinyl
group, a benzoquinolinyl group, a phthalazinyl group, a
naphthyridinyl group, a quinoxalinyl group, a quinazolinyl
group, a cinnolinyl group, a carbazolyl group, a phenan-
thridinyl group, an acridiny] group, a phenanthrolinyl group,
a phenazinyl group, a benzoimidazolyl group, a benzofura-
nyl 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, a thiadiazolyl group, an imidazopyridinyl group, and
an imidazopyrimidinyl group, each substituted with at least
one of 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,-C, alkenyl group, a C,-C, alkynyl group,
a C,-Cq, alkoxy group, a cyclopentyl group, a cyclohexyl
group, a cycloheptyl group, a cyclopentenyl group, a cyclo-
hexenyl group, a phenyl group, a pentalenyl group, an
indenyl group, a naphthyl group, an azulenyl group, a
heptalenyl group, an indacenyl group, an acenaphthyl group,
a fluorenyl group, a spiro-fluorenyl group, a benzofluorenyl
group, a dibenzofluorenyl group, a phenalenyl group, a
phenanthrenyl group, an anthracenyl group, a fluoranthenyl
group, a triphenylenyl group, a pyrenyl group, a chrysenyl
group, a naphthacenyl group, a picenyl group, a perylenyl
group, a pentaphenyl group, a hexaceny! group, a pentacenyl
group, a rubicenyl group, a coronenyl group, an ovarenyl
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 phthalazinyl
group, a naphthyridinyl group, a quinoxalinyl group, a
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quinazolinyl group, a cinnolinyl group, a carbazolyl group,
a phenanthridinyl group, an acridinyl group, a phenanthroli-
nyl group, a phenazinyl group, a benzoimidazolyl group, a
benzofuranyl group, a benzothiophenyl group, an isobenzo-
thiazolyl group, a benzoxazolyl group, an isobenzoxazolyl
group, a triazolyl group, a tetrazolyl group, an oxadiazolyl
group, a triazinyl group, a dibenzofuranyl group, a diben-
zothiophenyl group, a benzocarbazolyl group, a dibenzocar-
bazolyl group, a thiadiazolyl group, an imidazopyridinyl
group, an imidazopyrimidinyl group, —N(Q,;)(Qs,5),
—B(Q2:)(Q24), and —Si(Q,5)(Q,6)(Q,5). and

—N(Q3)(Qs2): —B(Q33)(Qs4); and —Si(Q;5)(Qs6)
(Qs7):

wherein Q;, to Q,5, Q;; t0 Q,;, and Qs to Q;; 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,-Cg,, alkyl group, a C,-Cq,
alkenyl group, a C,-Cg, alkynyl group, a C,-C, alkoxy
group, a cyclopentyl group, a cyclohexyl group, a cyclo-
hepty] group, a cyclopentenyl group, a cyclohexenyl group,
a phenyl group, a pentalenyl group, an indenyl group, a
naphthyl group, an azulenyl group, a heptalenyl group, an
indacenyl group, an acenaphthyl group, a fluorenyl group, a
spiro-fluorenyl group, a benzofluorenyl group, a dibenzo-
fluorenyl group, a phenalenyl group, a phenanthrenyl group,
an anthracenyl group, a fluoranthenyl group, a triphenylenyl
group, a pyrenyl group, a chrysenyl group, a naphthacenyl
group, a picenyl group, a perylenyl group, a pentaphenyl
group, a hexacenyl group, a pentacenyl group, a rubicenyl
group, a coronenyl group, an ovarenyl 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 phthalazinyl group, a
naphthyridinyl group, a quinoxalinyl group. a quinazolinyl
group, a cinnolinyl group, a carbazolyl group, a phenan-
thridinyl group, an acridiny! group, a phenanthrolinyl group,
a phenazinyl group, a benzoimidazolyl group, a benzofura-
nyl 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, a thiadiazolyl group, an imidazopyridinyl group, and
an imidazopyrimidinyl group.

The acronym “Ph” used herein refers to a phenyl group,
the acronym “Me” used herein refers to a methyl group, the
acronym “Et” used herein refers to an ethyl group, and the
acronym “ter-Bu” or “Bu” used herein refers to a tert-butyl
group.

One or more embodiments, which include condensed
cyclic compounds, and organic light-emitting devices
including the same, will now be described in detail with
reference to the following examples. In the following syn-
thesis example(s), the expression that ““B’ instead of ‘A’ was
used” means that the amounts of ‘B” and ‘A’ were the same
in equivalent amounts.

The following Examples and Comparative Examples are
provided in order to highlight characteristics of one or more
embodiments, but it will be understood that the Examples
and Comparative Examples are not to be construed as
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limiting the scope of the embodiments, nor are the Com-
parative Examples to be construed as being outside the
scope of the embodiments. Further, it will be understood that
the embodiments are not limited to the particular details
described in the Examples and Comparative Examples.

EXAMPLES

Synthesis Example 1: Synthesis of Compound 5
(TPDSIN)

) QT_G

Cl
THF:EtO, -110° C

2.o7

Br  n-Buli, THF, -78° C.

e
0
“g

Compound 5

Synthesis of Compound (A)

5 g (17.5 mmol) of 2,3-dibromonaphthalene and 150 mL
of a mixed solvent of anhydrous THF and Et,0O (1:1) were
put into a 500-mL 3-necked flask, and then cooled down to
about -110° C. in a cooling bath (EtOH, Et,0/Lig-N, bath.),
followed by slowly adding 7.2 mL (2.88 mmol) of n-Buli
(2.5 M) thereto. The resulting reaction mixture was stirred
under a nitrogen atmosphere for about 30 minutes, and then
a dilute solution of 2.2 g (8.75 mmol) of dichlorodiphenyl-
silane in 80 mL of a mixed solvent of anhydrous THF and
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Bt,O (1:1) was slowly dropwise added to the reaction
mixture, followed by stirring at the same temperature for
about 30 minutes. After slowly raising temperature to ambi-
ent temperature, the reaction mixture was stirred for 12
hours, followed by adding distilled water to terminate the
reaction, extracting with diethyl ether three times (100 mL
each time), drying with anhydrous magnesium sulfate
(MgSO0,), and removing the solvent with a rotary evapora-
tor. The residue was separated by column chromatography
(n-hexane/dichloromethane, 15:1) to obtain 1.15 g of Com-
pound (A) as a white solid (Yield: 22%).

'H NMR (300 MHz, DMSO-d,) 8 7.42-7.51 (m, 14H),
7.86-7.84 (m, 6H), 8.63 (s, 2H).

Synthesis of Compound 5 (TPDSIN)

1.15 g (1.94 mmol) of Compound (A) and 50 mL of
anhydrous THF were put into a 100-mL 3-necked flask, and
then cooled down to about -78° C. in a cooling bath
(EtOAc/Lig-N, bath.), followed by adding 1.6 mL (0.64
mmol) of n-BuLi (2.5 M) thereto. The resulting reaction
mixture was stirred under a nitrogen atmosphere for about 1
hour, and then a dilute solution of 0.98 g (3.88 mmol) of
dichlorodiphenylsilane in 20 mL of anhydrous THF was
slowly dropwise added to the reaction mixture, followed by
stirring at the same temperature for about 30 minutes. After
slowly raising temperature to ambient temperature, the reac-
tion mixture was stirred for 24 hours, followed by adding 30
ml of distilled water to terminate the reaction, extracting
with Et,O three times (50 ml each time), drying with
anhydrous magnesium sulfate (MgSO,,), and removing the
solvent with a rotary evaporator. The residue was separated
by column chromatography (n-hexane/ethyl acetate, 20:1) to
obtain 0.61 g of Compound 5 (TPDSIN) as a white solid
(Yield: 51%).

'H NMR (300 MHz, DMSO-d,) § 7.55-7.65 (m, 14H),
7.88-7.96 (m, 14H), 8.21 (d, 4H); HRMS (FAB+) m/z
616.21.

Evaluation Example 1: Characteristics Evaluation
of Compound 5

Evaluation of Spectroscopic Characteristics of Compound
5

UV absorption and photoluminescence (PL) spectra of
Compound 5, and low-temperature PL spectrum thereof
were measured using the methods described in Table 1. The
results are shown in FIG. 2.

TABLE 1
“UV_solution” Compound 5 was dissolved in CHCl; to a
spectrum concentration of 1 x 10 M, and then UV absorption
spectrum thereof were measured at ambient
temperature using a Shimadzu UV-350 Spectrometer.
“PL_solution” A solution of Compound 5 in CHCl, to a concentration
spectrum of 1 x 107> M was subjected to PL spectrum
measurement at ambient temperature using an ISC PC1
Spectrofluorometer equipped with a Xenon lamp.
“PL_low A solution of Compound 5 in CHCl, to a concentration
temperature” of 1 x 107> M was subjected to PL spectrum
spectrum measurement ar a low temperature (77 K) using an ISC

PCI Spectrofluorometer equipped with a Xenon lamp.

Referring to FIG. 2, Compound 5 exhibited suitable
spectroscopic characteristics for use as a material for organic
light-emitting devices.
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Evaluation of Electrochemical Characteristics of Com-
pound 5

Electrochemical characteristics of Compound 5 were
measured using cyclic voltammetry (CV) (Electrolyte: 0.1
M Bu,NCIO,/Solvent: CH,Cl,/Electrode: 3-electrode sys-
tem (working electrode: GC, reference electrode: Ag/AgCl,
auxiliary electrode; Pt)). The results are shown in FIG. 3.

Referring to FIG. 3, Compound 5 exhibited suitable
electrical electrochemical characteristics for use as a mate-
rial for organic light-emitting devices.

Evaluation of HOMO and LUMO Energy Levels of
Compound 5

A lowest unoccupied molecular orbital (LUMO) energy
level of Compound 5 was calculated using a reduction onset
in FIG. 3. A highest occupied molecular orbital (HOMO)
energy level of Compound 5 was calculated using an optical
band gap (E,) based on the UV absorption edge in FIG. 2.
The results are shown in Table 2. For comparison, data
obtained from the UV absorption and PL spectra are also
shown in Table 2. The HOMO and LUMO energy levels
represent absolute values.

TABLE 2
uv PL Ep E, HOMO  LUMO
(nm) (nm) (V) (V) (V) (eV)
250,273, 364 301 352 581 229
327, 341

Referring to Table 2, Compound 5 was found to have a
HOMO-LUMO energy gap that is suitable for used as a
material, e.g., a host material, for organic light-emitting
devices.

Example 1

A 15 Q/em? (1,000 A) ITO glass substrate (available from
Coming Co., Ltd) was cut to a size of 50 mmx50 mmx0.7
mm and then sonicated in isopropyl alcohol and pure water
each for 5 minutes, and then cleaned by irradiation of
ultraviolet rays for 30 minutes and exposure to ozone. The
resulting ITO glass substrate was mounted into a vacuum
deposition apparatus.

After DNTPD was deposited on the ITO anode to form an
HIL having a thickness of about 600A, NPB was deposited
on the HIL to form a HTL having a thickness of about 100A,
mCP was deposited on the HTL to form an electron blocking
layer (EBL) having a thickness of about 2004, and then
Compound 5 (host) and FIr6 (dopant) were co-deposited in
a weight ratio of 90:10 to form an EML having a thickness
of about 400A on the EBL.

Next, TSPO1 was deposited on the EML to form a first
ETL having a thickness of about 300A, and then TmPyPb
was deposited on the first ETL to form a second ETL having
a thickness of about 250A. Then, LiF was deposited on the
second ETL to form an FIL having a thickness of about 10A,
and Al was then deposited on the EIL to form a cathode
having a thickness of about 10004, thereby manufacturing
an organic light-emitting device.
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-continued

10
15
TmPyPb
20
Example 2

An organic light-emitting device was manufactured in the
same manner as in Example 1, except that Compound 1,

instead of Compound 5, was used as a host to form the EML.. 25

Comparative Example 1
An organic light-emitting device was manufactured in the
same manner as in Example 1, except that Compound A,

below, instead of Compound 5, was used as a host to form
the EML.

Compound A

f@
(

Q-
Q L0 OQ '
oL RN

Comparative Example 2
50
An organic light-emitting device was manufactured in the
same manner as in Example 1, except that CBP, below,
instead of Compound 5, was used as a dopant to form the
EML.

55
65

CBP

94

Evaluation Example 2

Driving voltages, current densities, luminances, eflicien-
cies, and half-lifetimes of the organic light-emitting devices
of Examples 1 and 2 and Comparative Examples 1 and 2
were evaluated using a Kethley Source-Measure Unit (SMU
236) and a PR650 (Spectroscan) Source Measurement Unit.
(available from Photo Research, Inc.). The results are shown
in Table 3.

TABLE 3
Driving Current  Lumi- Effi-

Host of voltage  density = nance ciency CIE
Example EML (V) (mAlem?) (dm?®)  (ed/A)  x
Example 1 ~ Com- 6.5 4.16 500 12 0.18

pound 3
Example 2 Com- 7.0 4.54 500 11 0.17

pound 1
Comparative Com- 7.8 7.14 500 7 0.18
Example 1 pound A
Comparative CBP 7.5 8.33 500 6 0.19
Example 2

Referring to Table 3, it may be secen that the organic
light-emitting devices of Examples 1 and 2 had lower
driving voltages and improved efficiency characteristics, as
compared to the organic light-emitting devices of Compara-
tive Examples 1 and 2.

As described above, according to the one or more of the
above embodiments, an organic light-emitting device
including the condensed cyclic compounds of Formula 1
may have a low driving voltage, a high efficiency and a high
luminance.

Example embodiments have been disclosed herein, and
although specific terms are employed, they are used and are
to be interpreted in a generic and descriptive sense only and
not for purpose of limitation. In some instances, as would be
apparent to one of ordinary skill in the art as of the filing of
the present application, features, characteristics, and/or ele-
ments described in connection with a particular embodiment
may be used singly or in combination with features, char-
acteristics, and/or elements described in connection with
other embodiments unless otherwise specifically indicated.
Accordingly, it will be understood by those of skill in the art
that various changes in form and details may be made
without departing from the spirit and scope of the present
invention as set forth in the following claims.

What is claimed is:

1. A condensed cyclic compound represented by one of
Formulae 1A to 1C and 1E:

<Formula 1A>

N/ /\,{/(Ll)al_(Rl)bl .

(Rs)bs_(LS)@ . o Ls)as— (Rsis

Si Si
(R4)b4—(L4/)a4 \(Lﬁ)as_(Rs)bG

N
X/

[(Rz)bz_(Lz)az »
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-continued

N Lar— Rpe
/XN

<Formula 1B>

cl

R3)p3— (L3)<3 - L9)es—Rs)s

Si Si
Ralp— (s ™ Lelas— Reos

\ A
&m—(bﬂf

/ /\ Lar—Rpe .

x

<Formula 1C>

N
Ra)es— (L3)<3 o Lsdas—(Rs)ss

1 1
(R4)b4—(Lﬁ4 \(Lﬁ)aﬁ_(Rﬁ)bG

< 7/
R L2)a o

(L= Rl

/| \
/ 1\

|7}
7I |
'z 172)

<Formula 1E>

(Rsﬁ'bs_(L3)<3 o Lslas— Rs)es

1 1
\(Ls)as— Re)es

<]

=3¢

yd
Ra)p— La)as

[(Ro)pe—L2)e2]

wherein, in Formula 1A to 1C and 1E,

L, to Ly are each independently selected from a substi-
tuted or unsubstituted C,-C,, cycloalkylene group, a
substituted or unsubstituted C,-C,, heterocycloalky-
lene group, a substituted or unsubstituted C;-C,
cycloalkenylene group, a substituted or unsubstituted
C,-C,, heterocycloalkenylene group, a substituted or
unsubstituted C,-C, arylene group, a substituted or
unsubstituted C, -Cg, heteroarylene group, a substituted
or unsubstituted divalent non-aromatic condensed
polycyclic group, and a substituted or unsubstituted
divalent non-aromatic condensed heteropolycyclic
group;

al to a6 are each independently selected from 0, 1, 2, and
3

R, to R, 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, 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
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substituted or unsubstituted C,-C, alkynyl group, a
substituted or unsubstituted C,-Cg, alkoxy group, a
substituted or unsubstituted C,-C, , cycloalkyl group, a
substituted or unsubstituted C,-C,, heterocycloalkyl
group, a substituted or unsubstituted C,-C,, cycloalk-
enyl group, a substituted or unsubstituted C,-C,, het-
erocycloalkenyl group, a substituted or unsubstituted
Ce-Cqo aryl group, a substituted or unsubstituted
C4Cqo aryloxy group, a substituted or unsubstituted
Cs-Cqo arylthio group, a substituted or unsubstituted
C,-C¢, heteroaryl group, a substituted or unsubstituted
monovalent non-aromatic condensed polycyclic group,
a substituted or unsubstituted monovalent non-aromatic
condensed heteropolycyclic  group, —N(Q,)(Q.,),
—B(Q:)(Q,). and —Si(Q5)(Qs)(Q,);

b1 to b6 are each independently selected from 1, 2, and 3;

cl and 2 are each independently selected from 1, 2, and
3

wherein at least one substituent of the substituted C,-C,
cycloalkylene group, the substituted C,-C,, heterocy-
cloalkylene group, the substituted C,-C,, cycloalk-
enylene group, the substituted C,-C,, heterocycloalk-
enylene group, the substituted C4-Cy,, arylene group,
the substituted C,-Cg, heteroarylene group, the substi-
tuted divalent non-aromatic condensed polycyclic
group, the substituted divalent non-aromatic condensed
heteropolycyclic group, the substituted C,-Cg,, alkyl
group, the substituted C,-C, alkenyl group, the sub-
stituted C,-Cg, alkynyl group, the substituted C,-Cq,
alkoxy group, the substituted C;-C, , cycloalkyl group,
the substituted C, -C, ; heterocycloalkyl group, the sub-
stituted C5-C,, cycloalkenyl group, the substituted
C,-C,, heterocyclolalkenyl group, the substituted
Ce-Cqo aryl group, the substituted C4-C,, aryloxy
group, the substituted C,-Cq, arylthio group, the sub-
stituted C,-C,, heteroaryl group, the substituted mon-
ovalent non-aromatic condensed polycyclic group, and
the substituted monovalent non-aromatic condensed
heteropolycyclic group is 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 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,-Cg, alkyl group, a C,-Cy, alkenyl group,
a C,-Cg, alkynyl group, and a C,-Cg, alkoxy group;

a C,-C,, alkyl group, a C,-C, alkenyl group, a C,-C,
alkynyl group, and a C,-C, alkoxy group, each sub-
stituted with at least one of a deuterium, —F, —Cl,
—Br, —I, a hydroxyl group, a cyano group, a nitro
group, an amino group, an amidino group, a hydrazine,
a hydrazone, 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,, heterocycloalkyl group, a C5-C,, cycloalkenyl
group, a C,-C,, heterocycloalkenyl group, a C4-Cqy,
aryl group, a C4-Cy, aryloxy group, a C4-Cg, arylthio
group, a C,-Cg, heteroaryl group, a monovalent non-
aromatic condensed polycyclic group, a monovalent
non-aromatic condensed heteropolycyclic  group,

@N()Qn)(Qu): —B(Q13)(Q,4), and —Si(Q;5)(Q,6)

1771

a C;-C,, cycloalkyl group, a C,-C,, heterocycloalkyl
group, a C5-C,, cycloalkenyl group, a C,-C,, hetero-
cycloalkenyl group, a C4-Cy, aryl group, a Cg-Co,
aryloxy group, a C,-Cg,, arylthio group, a C,-Cg, het-
eroaryl group, a monovalent non-aromatic condensed
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polycyclic group, and a monovalent non-aromatic con-
densed heteropolycyclic group;

a C;-C,, cycloalkyl group, a C,-C,, heterocycloalkyl
group, a C;-C,, cycloalkenyl group, a C,-C,, hetero-
cycloalkenyl group, a C4-Cy, aryl group, a C4-Co,
aryloxy group, a C¢-Cgy, arylthio group, a C,-Cg, het-
eroaryl group, a monovalent non-aromatic condensed
polycyclic group, and a monovalent non-aromatic con-
densed heteropolycyclic group, each substituted with at
least one of a deuterium, —F, —Cl, —Br, —I, a
hydroxyl group, a cyano group, a nitro group, an amino
group, an amidino group, a hydrazine, a hydrazone, 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, a C,-C,, alkoxy group, a
C;-C,, cycloalkyl group, a C,-C,, heterocycloalkyl
group, a C;-C,, cycloalkenyl group, a C,-C,, hetero-
cycloalkenyl group, a C4-Cy, aryl group, a C4-Co,
aryloxy group, a C¢-Cgy, arylthio group, a C,-C,, het-
eroaryl group, a monovalent non-aromatic condensed
polycyclic group, a monovalent non-aromatic con-
densed heteropolycyclic  group, —N(Q,,)(Q55),

—B(Q23)(Qa4), and —Si(Q,5)(Q25)(Q47); and
*?(IQ(Qs)l)(Qsz)s —B(Q53)(Qs54). and —Si(Q55)(Qs6)
WheréZn’Ql 10 Qy, Qy; 10 Q;7, Qs 10 Qsy, and Q5 10 Q5

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 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,-Cq, alkyl group. a C,-C, alkenyl group,
a C,-Cy, alkynyl group, a C,-C, alkoxy group, a
C,;-C,, cycloalkyl group, a C,-C,, heterocycloalkyl
group, a C;-C,, cycloalkenyl group, a C,-C,, hetero-
cycloalkenyl group, a C4-C, aryl group, a C,-C,
heteroaryl group, a monovalent non-aromatic con-
densed polycyclic group, and a monovalent aromatic
condensed heteropolycyclic group.

2. The condensed cyclic compound of claim 1, wherein L,

to Lg in Formula 1A to 1C and 1E are each independently

selected from

a phenylene group, a pentalenylene group, an indenylene
group, a naphthylene group, an azulenylene group, a
heptalenylene group, an indacenylene group, an ace-
naphthylene group, a fluorenylene group, a spiro-fluo-
renylene group, a benzofluorenylene group, a dibenzo-
fluorenylene group, a phenalenylene group, a
phenanthrenylene group, an anthracenylene group, a
fluoranthenylene group, a triphenylenylene group, a
pyrenylene group, a chrysenylene group, a naphthace-
nylene group, a picenylene group, a perylenylene
group, a pentaphenylene group, a hexacenylene group,
a pentacenylene group, a rubicenylene group, a coro-
nenylene group, an ovalenylene group, a pyrrolylene
group, a thiophenylene group, a furanylene group, an
imidazolylene group, a pyrazolylene group, a thiaz-
olylene group, an isothiazolylene group, an
oxazolylene group, an isooxazolylene group, a pyridi-
nylene group, a pyrazinylene group, a pyrimidinylene
group, a pyridazinylene group, an isoindolylene group,
an indolylene group, an indazolylene group, a puri-
nylene group, a quinolinylene group, an isoquinoli-
nylene group, a benzoquinolinylene group, a phthalazi-
nylene group, a naphthyridinylene group, a
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quinoxalinylene group, a quinazolinylene group, a cin-
nolinylene group, a carbazolylene group, a phenan-
thridinylene group, an acridinylene group, a phenan-
throlinylene group, a phenazinylene group, a
benzoimidazolylene group, a benzofuranylene group, a
benzothiophenylene group, an isobenzothiazolylene
group, a benzooxazolylene group, an isobenzoox-
azolylene group, a triazolylene group, a tetrazolylene
group, an oxadiazolylene group, a triazinylene group, a
dibenzofuranylene group, a dibenzothiophenylene
group, a benzocarbazolylene group, a dibenzocarba-
zolylene group, a thiadiazolyene group, an imida-
zopyridinylene group, and an imidazopyrimidinylene
group; and

a phenylene group, a pentalenylene group, an indenylene
group, a naphthylene group, an azulenylene group, a
heptalenylene group, an indacenylene group, an ace-
naphthylene group, a fluorenylene group, a spiro-fluo-
renylene group, a benzofluorenylene group, a dibenzo-
fluorenylene group, a phenalenylene group, a
phenanthrenylene group, an anthracenylene group, a
fluoranthenylene group, a triphenylenylene group, a
pyrenylene group, a chrysenylene group, a naphthace-
nylene group, a picenylene group, a perylenylene
group, a pentaphenylene group, a hexacenylene group,
a pentacenylene group, a rubicenylene group, a coro-
nenylene group, an ovalenylene group, a pyrrolylene
group, a thiophenylene group, a furanylene group, an
imidazolylene group, a pyrazolylene group, a thiaz-
olylene group, an isothiazolylene group, an
oxazolylene group, an isooxazolylene group, a pyridi-
nylene group, a pyrazinylene group, a pyrimidinylene
group, a pyridazinylene group, an isoindolylene group,
an indolylene group, an indazolylene group, a puri-
nylene group, a quinolinylene group, an isoquinoli-
nylene group, a benzoquinolinylene group, a phthalazi-
nylene group, a naphthyridinylene group, a
quinoxalinylene group, a quinazolinylene group, a cin-
nolinylene group, a carbazolylene group, a phenan-
thridinylene group, an acridinylene group, a phenan-
throlinylene group, a phenazinylene group, a
benzoimidazolylene group, a benzofuranylene group, a
benzothiophenylene group, an isobenzothiazolylene
group, a benzooxazolylene group, an isobenzoox-
azolylene group, a triazolylene group, a tetrazolylene
group, an oxadiazolylene group, a triazinylene group, a
dibenzofuranylene group, a dibenzothiophenylene
group, a benzocarbazolylene group, a dibenzocarba-
zolylene group, a thiadiazolyene group, an imida-
zopyridinylene group, and an imidazopyrimidinylene
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 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, an a C,-C,; alkoxy
group, a cyclopentyl group, a cyclohexyl group, a
cycloheptyl group, a cyclopentenyl group, a cyclohex-
enyl group, a phenyl group, a pentalenyl group, an
indenyl group, a naphthyl group, an azulenyl group, a
heptalenyl group, an indacenyl group, an acenaphthyl
group, a fluorenyl group, a spiro-fluorenyl group, a
benzofluorenyl group, a dibenzofluorenyl group, a phe-
nalenyl group, a phenanthrenyl group, an anthracenyl
group, a fluoranthenyl group, a triphenylenyl group, a
pyrenyl group, a chrysenyl group, a naphthacenyl
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group, a picenyl group, a perylenyl group, a pentaphe-
nyl group, a hexacenyl group, a pentacenyl group, a
rubicenyl group, a coronenyl group, an ovalenyl 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
isooxazolyl 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 benzoquinoliny! group, a phthalazinyl group,
a naphthyridinyl group, a quinoxalinyl group, a qui-
nazolinyl group, a cinnolinyl group, a carbazolyl group,
a phenanthridinyl group, an acridinyl group, a phenan-
throlinyl group, a phenazinyl group, a benzoimidazolyl
group, a benzofuranyl group, a benzothiophenyl group,
an isobenzothiazolyl group, a benzooxazolyl group, an
isobenzooxazolyl 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, a thiadi-
azolyl group, an imidazopyridinyl group, and an
imidazopyrimidinyl group.

3. The condensed cyclic compound of claim 1, wherein L,
to L in Formula 1A to 1C and 1E are each independently a
group represented by one of Formulae 3-1 to 3-32:

Formula 3-1
* (Z)ar
$
Va N
Formula 3-2
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$
* / *!
Formula 3-3
* (ZDa
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\/\ Yl
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-continued
Formula 3-6
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Formula 3-7

\ ./
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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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Formula 3-15

Formula 3-16

Formula 3-17

Formula 3-18

Formula 3-19

Formula 3-20

Formula 3-21

Formula 3-22

Formula 3-23

Formula 3-24
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-continued
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wherein, in Formulae 3-1 to 3-32,
Y, s O, S, CZ)(Zy), N(Zs), or SiZg)(Z);
Z, to 7, are each independently selected from a hydrogen,

Formula 3-25

Formula 3-26

Formula 3-27

Formula 3-28

Formula 3-29

Formula 3-30

Formula 3-31

Formula 3-32

a deuterium, —F, —Cl, —Br, —I, a hydroxyl group, a
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cyano group, a nitro group, an amino group, an amidino
groups, a hydrazine, a hydrazone, 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, a fluorenyl group, a spiro-
fluorenyl group, a benzofluorenyl group, a dibenzofluo-
renyl group, a phenanthrenyl group, an anthracenyl
group, a pyrenyl group, a chrysenyl group, a pyridinyl
group, a pyrazinyl group, a pyrimidinyl group, a qui-
nolinyl group, an isoquinolinyl group, a quinoxalinyl
group, a quinazolinyl group, a carbazolyl group, and a
triazinyl group;

dl is an integer selected from 1 to 4;

d2 is an integer selected from 1 to 3;

d3 is an integer selected from 1 to 6;

d4 is an integer selected from 1 to §;

dSis 1 or2;

d6 is an integer selected from 1 to 5; and

* and *' are binding sites with adjacent atoms.

4. The condensed cyclic compound of claim 1, wherein L,

to L in Formula 1A to 1C and 1E are each independently a
group represented by one of Formulae 4-1 to 4-23:

Formula 4-1
®
: ~ ot
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*
B
N A
w0
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Formula 4-4
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-continued
Formula 4-8
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Formula 4-15
*
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Formula 4-16
*
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wherein, in Formulae 4-1 and 4-23, * and *' are binding
sites with adjacent groups.
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5. The condensed cyclic compound of claim 1, wherein al
to a6 in Formula 1A to 1C and 1E are each independently O
or 1.

6. The condensed cyclic compound of claim 1, wherein R,
to Rg in Formula 1A to 1C and 1E are 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,-C,, alkyl group, a
substituted or unsubstituted C,-C,, alkoxy group, a substi-
tuted or unsubstituted C4-C,, aryl 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, and —Si(Qs)
QoQ).

7. The condensed cyclic compound of claim 1, wherein R
to Ry in Formula 1A to 1C and 1E are each independently
selected from

a hydrogen, a deuterium, —F, —Cl1, —Br, —I, a hydroxyl
group, a cyano group, a nitro group, an amino group, an
amidino group, a hydrazine, a hydrazone, 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;

a phenyl group, a pentalenyl group, an indenyl group, a
naphthyl group, an azulenyl group, a heptalenyl group,
an indacenyl group, an acenaphthyl group, a fluorenyl
group, a spiro-fluorenyl group, a benzofluorenyl group,
a dibenzofluorenyl group, a phenalenyl group, a
phenanthrenyl group, an anthracenyl group, a fluo-
ranthenyl group, a triphenylenyl group, a pyrenyl
group, a chrysenyl group., a naphthacenyl group, a
picenyl group, a perylenyl group, a pentaphenyl group,
a hexacenyl group, a pentacenyl group, a rubicenyl
group, a coronenyl group, an ovalenyl group, a pyrrolyl
group, a thiophenyl group, a furanyl group, an imida-
zolyl group, a pyrazolyl group, a thiazolyl group, an
isothiazolyl group, an oxazolyl group, an isooxazolyl
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 quinolinyl group, an isoquinolinyl group, a benzo-
quinolinyl group, a phthalazinyl group, a naphthyridi-
nyl group, a quinoxalinyl group, a quinazolinyl group,
a cinnolinyl group, a carbazolyl group, a phenanthridi-
nyl group, an acridinyl group, a phenanthrolinyl group,
a phenazinyl group, a benzoimidazolyl group, a ben-
zofuranyl group, a benzothiophenyl group, an isoben-
zothiazolyl group, a benzooxazolyl group, an isoben-
zooxazolyl group. a triazolyl group, a tetrazolyl group,
an oxadiazolyl group, a triazinyl group, a dibenzofura-
nyl group, a dibenzothiophenyl group. a benzocarba-
zolyl group, a dibenzocarbazolyl group, a dibenzosi-
lolyl group, a thiadiazolyl group, an imidazopyridinyl
group, and an imidazopyrimidinyl group;

a phenyl group, a pentalenyl group, an indenyl group, a
naphthyl group, an azulenyl group, a heptalenyl group,
an indacenyl group, an acenaphthyl group, a fluorenyl
group, a spiro-fluorenyl group, a benzofluorenyl group,
a dibenzofluorenyl group, a phenalenyl group, a
phenanthrenyl group, an anthracenyl group, a fluo-
ranthenyl group, a triphenylenyl group, a pyrenyl
group, a chrysenyl group. a naphthacenyl group, a
picenyl group, a perylenyl group, a pentaphenyl group,
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a hexacenyl group, a pentacenyl group, a rubicenyl
group, a coronenyl group, an ovalenyl group, a pyrrolyl
group, a thiophenyl group, a furanyl group, an imida-
zolyl group, a pyrazolyl group, a thiazolyl group, an
isothiazolyl group, an oxazolyl group, an isooxazolyl
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 quinolinyl group, an isoquinolinyl group, a benzo-
quinolinyl group, a phthalazinyl group, a naphthyridi-
nyl group, a quinoxalinyl group, a quinazolinyl group,
a cinnolinyl group, a carbazolyl group, a phenanthridi-
nyl group, an acridinyl group, a phenanthrolinyl group,
a phenazinyl group, a benzoimidazolyl group, a ben-
zofuranyl group, a benzothiophenyl group, an isoben-
zothiazolyl group, a benzooxazolyl group, an isoben-
zooxazolyl group, a triazolyl group, a tetrazolyl group,
an oxadiazolyl group, a triazinyl group, a dibenzofura-
nyl group, a dibenzothiophenyl group, a benzocarba-
zolyl group, a dibenzocarbazolyl group, a dibenzosi-
lolyl group, a thiadiazolyl group, an imidazopyridinyl
group, and an imidazopyrimidinyl group, each substi-
tuted 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
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, cyclopentyl
group, a cyclohexyl group, a cycloheptyl group, a
cyclopentenyl group, a cyclohexenyl group, a phenyl
group, a pentalenyl group, an indenyl group, a naphthyl
group, an azulenyl group, a heptalenyl group, an
indacenyl group, an acenaphthyl group, a fluorenyl
group, a spiro-fluorenyl group, a benzofluorenyl group,
a dibenzofluorenyl group, a phenalenyl group, a
phenanthrenyl group, an anthracenyl group, a fluo-
ranthenyl group, a triphenylenyl group, a pyrenyl
group, a chrysenyl group, a naphthacenyl group, a
picenyl group, a perylenyl group, a pentaphenyl group,
a hexacenyl group, a pentacenyl group, a rubicenyl
group, a coronenyl group, an ovalenyl group, a pyrrolyl
group, a thiophenyl group, a furanyl group, an imida-
zolyl group, a pyrazolyl group, a thiazolyl group, an
isothiazolyl group, an oxazolyl group, an isooxazolyl
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 quinolinyl group, an isoquinolinyl group, a benzo-
quinolinyl group, a phthalazinyl group, a naphthyridi-
nyl group, a quinoxalinyl group, a quinazolinyl group,
a cinnolinyl group, a carbazolyl group, a phenanthridi-
nyl group, an acridinyl group, a phenanthrolinyl group,
a phenazinyl group, a benzoimidazolyl group, a ben-
zofuranyl group, a benzothiophenyl group, an isoben-
zothiazolyl group, a benzooxazolyl group, an isoben-
zooxazolyl group, a triazolyl group, a tetrazolyl group,
an oxadiazolyl group, a triazinyl group. a dibenzofura-
nyl group, a dibenzothiophenyl group, a benzocarba-
zolyl group, a dibenzocarbazolyl group, a dibenzosi-
lolyl group, a thiadiazolyl group, an imidazopyridinyl
group, and an imidazopyrimidinyl group; and
Si(Q)Q)Q):

8. The condensed cyclic compound of claim 1, wherein R,

to Ry in Formula 1A to 1C and 1E are each independently
selected from
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a hydrogen, a deuterium, —F, —C1, —Br, —I, a hydroxyl
group, a cyano group, a nitro group, an amino group, an
amidino group, a hydrazine, a hydrazone, 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,q alkyl group, and a C,-C,, alkoxy group;

a phenyl group, a naphthyl group, a fluorenyl group, a
spiro-fluorenyl group, a benzofluorenyl group, a diben-
zofluorenyl group, a phenanthrenyl group, an anthra-
cenyl 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, a quinolinyl group, an isoquinolinyl group, a
benzoquinolinyl group, a quinoxalinyl group, a qui-
nazolinyl group, a carbazolyl group, a phenanthrolinyl
group, a benzoimidazolyl group, a benzofuranyl group,
a benzothiophenyl group, an isobenzothiazolyl group, a
benzoxazolyl group, an isobenzooxazolyl group, a tri-
azolyl group, an oxadiazolyl group, a triazinyl group, a
dibenzofuranyl group, a dibenzothiophenyl group, a
benzocarbazolyl group, a dibenzocarbazolyl group, a
thiadiazolyl group, an imidazopyridinyl group, and an
imidazopyrimidinyl group; and

a phenyl group, a naphthyl group, a fluorenyl group, a
spiro-fluorenyl group, a benzofluorenyl group, a diben-
zofluorenyl group, a phenanthrenyl group, an anthra-
cenyl 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, a quinolinyl group, an isoquinolinyl group, a
benzoquinolinyl group, a quinoxalinyl group, a qui-
nazolinyl group, a carbazolyl group, a phenanthrolinyl
group, a benzoimidazolyl group, a benzofuranyl group,
a benzothiophenyl group, an isobenzothiazolyl group, a
benzoxazolyl group, an isobenzooxazolyl group, a tri-
azolyl group, an oxadiazolyl group, a triazinyl group, a
dibenzofuranyl group, a dibenzothiophenyl group, a
benzocarbazolyl group, a dibenzocarbazolyl group, a
thiadiazolyl group, an imidazopyridinyl group, and an
imidazopyrimidinyl group, each substituted with at
least one selected from a deuterium, —F, —Cl, —Br,
—1, 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, a fluorenyl group, a spiro-fluorenyl
group, a benzofluorenyl group, a dibenzofluorenyl
group, a phenanthrenyl group, an anthracenyl 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, a
quinolinyl group, an isoquinolinyl group, a benzoqui-
nolinyl group, a quinoxalinyl group, a quinazolinyl
group, a carbazolyl group, a phenanthrolinyl group, a
benzoimidazolyl group, a benzofuranyl group, a ben-
zothiophenyl group, an isobenzothiazolyl group, a ben-
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zoxazolyl group, an isobenzooxazolyl group, a triazolyl
group, an oxadiazolyl group, a triazinyl group, a diben-
zofuranyl group, a dibenzothiophenyl group, a benzo-
carbazolyl group, a dibenzocarbazolyl group, a thiadi-
azolyl group, an imidazopyridinyl group, and an
imidazopyrimidinyl group.

9. The condensed cyclic compound of claim 1, wherein R
to Ry in Formula 1A to 1C and 1E are 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 C,-C,, alkyl group, a C;-C,, alkoxy group and a
group represented by one of Formulae 6-1 to 6-49:

Formula 6-1

Formula 6-2

Formula 6-3

%

Formula 6-4

%

Formula 6-5

%

Formula 6-6

%

00 ‘go‘q.‘g

20

25

30

35

40

45

50

60

65

%

OO

*OQ‘M

%

110

-continued

Formula 6-7

Formula 6-8

Formula 6-9

Formula 6-10

Formula 6-11

Formula 6-12
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Formula 6-34

Formula 6-35

Formula 6-36

Formula 6-37
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Formula 6-41

Formula 6-42

Formula 6-43
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Formula 6-45

Formula 6-46
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Formula 6-47
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wherein, in Formulae 6-1 to 6-49, * is a binding site with
an adjacent atom.

10. The condensed cyclic compound of claim 1, wherein 40
the condensed cyclic compound is represented by one of
Formulae 1A(1) to 1A(3), Formulae 1A(5), Formulae 2A(1)
to 2A(5), Formula 3A(1), and Formula 4A(1):

45
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\

10

Rac \ S
CO Ryg (I|{2b2 Rgg OQ Réc 15

Rée

<Formula 4A(1)>

Ry \,Rss
I\\] / Md‘ N / =
|

R
Ralp2

wherein, in Formulae 1A(1) to 1A(3), Formulae 1A(5),
Formulae 2A(1) to 2A(5), Formula 3A(1), and Formula
4A(1), R}, R,, b1, and b2 are the same as those defined
in claim 1, R;,, to R;,, are each independently selected
from the same groups as those defined for R, in claim
1, R,, to R, are each independently selected from the
same groups as those defined for R, in claim 1, Ry, to
R, are each independently selected from the same
groups as those defined for Rsin claim 1, and R4, to R,
are each independently selected from the same groups
as those defined for Ry in claim 1.

11. The condensed cyclic compound of claim 1, wherein
the condensed cyclic compound is one of Compounds 1 to
7:
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12. An organic light-emitting device comprising: a first
electrode; a second electrode disposed opposite to the first
electrode; and an organic layer disposed between the first
electrode and the second electrode and comprising an emis-
sion layer, wherein the organic layer comprises at least one
of the condensed cyclic compounds of claim 1.

13. The organic light-emitting device of claim 12, wherein
the first electrode 1s an anode,

the second electrode is a cathode, and

the organic layer comprises 1) a hole transport region

disposed between the first electrode and the emission
layer and comprising at least one of a hole injection
layer, a hole transport layer, a buffer layer, and an
electron blocking layer, and ii) an electron transport
region disposed between the emission layer and the
second electrode and comprising at least one of a hole
blocking layer, an electron transport layer, and an
electron injection layer.

14. The organic light-emitting device of claim 12, wherein
the emission layer comprises the condensed cyclic com-
pounds of Formula 1A to 1C and 1E.

15. The organic light-emitting device of claim 14, wherein
the emission layer further comprises a phosphorescent dop-
ant, and the condensed cyclic compounds serves as a host.
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