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(7) ABSTRACT

Described herein are molecules for use in organic light
emitting diodes. Example molecules comprise at least one
moiety A and at least one moiety D. Values and preferred
values of the moieties A and D are described herein. The
molecules comprise at least one atom selected from Si, Se,
Ge, Sn, P, or As.
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ORGANIC LIGHT-EMITTING DIODE
MATERIALS

RELATED APPLICATION

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 61/996,836, filed on May 14, 2014.
The entire teachings of the above application are incorpo-
rated herein by reference.

BACKGROUND OF THE INVENTION

[0002] An organic light emitting diode (OLED) is a light-
emitting diode (LED) in which a film of organic compounds
is placed between two conductors and emits light in
response to excitation, such as an electric current. OLEDs
are useful in displays such as television screen, computer
monitors, mobile phones, and tablets.

[0003] OLED materials rely on the radiative decay of
molecular excited states (excitons) generated by recombi-
nation of electrons and holes in a host transport material. The
nature of excitation results in interactions between electrons
and holes that split the excited states into bright singlets
(with a total spin of 0) and dark triplets (with a total spin of
1). Since the recombination of electrons and holes affords a
statistical mixture of four spin states (one singlet and three
triplet sublevels), conventional OLEDs have a maximum
theoretical efficiency of 25%.

[0004] To date, OLED material design has focused on
harvesting the remaining energy from the normally dark
triplets into an emissive state. Recent work to create efficient
phosphors, which emit light from the normally dark triplet
state, have resulted in green and red OLEDs. Other colors
such as blue, however, require higher energy excited states
which enhance the degradation process of the OLED.
[0005] The fundamental limiting factor to the triplet-
singlet transition rate is a value of the parameter IHﬁ/Alz,
where H;; is the coupling energy due to hyperfine or spin-
orbit interactions, and A is the energetic splitting between
singlet and triplet states. Traditional phosphorescent OLEDs
rely on the mixing of singlet and triplet states due to
spin-orbital (SO) interaction, increasing H, and affording a
lowest emissive state shared between a heavy metal atom
and an organic ligand. This results in energy harvesting from
all higher singlet and triplet states, followed by phospho-
rescence (relatively short-lived emission from the excited
triplet). The shortened triplet lifetime reduces triplet exciton
annihilation by charges and other excitons. Recent work by
others suggests that the limit to the perfoiiiiance of phos-
phorescent materials has been reached.

SUMMARY OF THE INVENTION

[0006] Thus, a need exists for OLED s which can reach
higher excitation states without rapid degradation. It has
now been discovered that thermally activated delayed fluo-
rescence (TADF), which relies on minimization of A as
opposed to maximization of Hj;, can transfer population
between singlet levels and triplet sublevels in a relevant
timescale, such as, for example, 110 us. The compounds
described herein are capable of fluorescing or phosphoresc-
ing at higher energy excitation states than compounds pre-
viously described.

[0007] Accordingly, in one embodiment, the present
invention is a compound represented by any one of the
following structural formulas:
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with the understanding that when more than one A or more
than one D are present, all As and, independently, all Ds are
the same. Further, in formulas (I) through (X), the (*)
represents the point of attachment of the moieties A and D
in the structural formulas (T) through (X), and the compound
comprises at least one atom selected from Si, Se, Ge, S, P,
or As.

[0008] In structural formulas (I)-(X) Q is N, P, or As; X is
0, S, Se, C(CH,),, or Si{(CH,),; Y is O, S, or Se; and 7 is
S or Se. Each structural formula (I)-(X) can be optionally
substituted with with one or more substituents selected from
C,-C4 alkyl, —OCH,;, —SCH;, —C(CH,);, —Si(CH,);,
—Ge(CH,),, or —Sn(CH,),.

[0009] In another embodiment, the present invention is an
organic light-emitting device comprising a first electrode, a
second electrode, and an organic layer between the first
electrode and the second electrode. The organic layer com-
prises at least one light-emitting molecule represented by a
structural formulas (I)-(X).

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The foregoing will be apparent from the following
more particular description of example embodiments of the
invention, as illustrated in the accompanying drawings in
which like reference characters refer to the same parts
throughout the different views. The drawings are not nec-
essarily to scale, emphasis instead being placed upon illus-
trating embodiments of the present invention.

[0011] FIG. 1 is a scatter plot illustrating the relationship
between the brightness of an OLED as compared to the time
of decay after excitation. The plot illustrates that brightness
of the OLED decreases as the time of decay increases.
[0012] FIG. 2 is a synthetic scheme (Scheme 1) illustrat-
ing synthesis of an example embodiment of the present
invention.

[0013] FIG. 3 is a synthetic scheme (Scheme 2) illustrat-
ing synthesis of an example embodiment of the present
invention.

[0014] FIG. 4 is a synthetic scheme (Scheme 3) illustrat-
ing synthesis of an example embodiment of the present
invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0015] A description of example embodiments of the
invention follows.

Glossary

[0016] The term “alkyl,” as used herein, refers to a satu-

rated aliphatic branched or straight-chain monovalent
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hydrocarbon radical having the specified number of carbon
atoms. Thus, “C,-C, alkyl” means a radical having from 1-6
carbon atoms in a linear or branched arrangement. Examples
of “C,-Cy alkyl” include , n-propyl, i-propyl, n-butyl, i-bu-
tyl, sec-butyl, t-butyl, n-pentyl, n-hexyl, 2-methylbutyl,
2-methylpentyl, 2-ethylbutyl, 3-methylpentyl, and 4-meth-
vlpentyl. Alkyl can be optionally substituted with halogen,
—OH, C,-C4 alkyl, C,-C; alkoxy, —NO,, —CN, and
—N(RM(R?) wherein R' and R? are each independently
selected from —H and C,-C; alkyl.

[0017] The term “alkoxy”, as used herein, refers to an
“alkyl-O-" group, wherein alkyl is defined above. Examples
of alkoxy group include methoxy or ethoxy groups. The
“alkyl” portion of alkoxy can be optionally substituted as
described above with respect to alkyl.

[0018] The terms “halogen,” as used herein, refer to
fluorine, chlorine, bromine, or jodine.

[0019] The term “symmetrical molecule,” as used herein,
refers to molecules that are group symmetric or synthetic
symmetric. The tettn “group symmetric,” as used herein,
refers to molecules that have symmetry according to the
group theory of molecular symmetry. The term “synthetic
symmetric,” as used herein, refers to molecules that are
selected such that no regioselective synthetic strategy is
required.

[0020] The term “donor,” as used herein, refers to a
molecular fragment that can be used in organic light emitting
diodes and is likely to donate electrons from its highest
occupied molecular orbital to an acceptor upon excitation. In
an example embodiment, donors have an ionization poten-
tial greater than or equal to -6.5 eV.

[0021] The term “acceptor,” as used herein, refers to a
molecular fragment that can be used in organic light emitting
diodes and is likely to accept electrons into its lowest
unoccupied molecular orbital from a donor that has been
subject to excitation. In an example embodiment, acceptors
have an electron affinity less than or equal to 0.5 eV.
[0022] The term “bridge,” as used herein, refers to a
n-conjugated molecular fragment that can be included in a
molecule which is covalently linked between acceptor and
donor moieties. The bridge can, for example, be further
conjugated to the acceptor moiety, the donor moiety, or both.
Without being bound to any particular theory, it is believed
that the bridge moiety can sterically restrict the acceptor and
donor moieties into a specific configuration, thereby pre-
venting the overlap between the conjugated m system of
donor and acceptor moieties. Examples of suitable bridge
moieties include phenyl.

Principles of OLED

[0023] OLEDs are typically composed of a layer of
organic materials or compounds between two electrodes, an
anode and a cathode. The organic molecules are electrically
conductive as a result of delocalization of m electronics
caused by conjugation over part or all of the molecule. When
voltage is applied, electrons from the highest occupied
molecular orbital (HOMO) present at the anode flow into the
lowest unoccupied molecular orbital (LUMO) of the organic
molecules present at the cathode. Removal of electrons from
the HOMO s also referred to as inserting electron holes into
the HOMO. Electrostatic forces bring the electrons and the
holes towards each other until they recombine and form an
exciton (which is the bound state of the electron and the
hole). As the excited state decays and the energy levels of the
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electrons relax, radiation is emitted in the form of light with
a frequency in the visible spectrum. The frequency of this
radiation depends on the band gap of the material, which is
the difference in energy between the HOMO and the LUMO.
[0024] As electrons and holes are fermions with half
integer spin, an exciton may either be in a singlet state or a
triplet state depending on how the spins of the electron and
hole have been combined. Statistically, three triplet excitons
will be formed for each singlet exciton. Decay from triplet
states is spin forbidden, which results in increases in the
timescale of the transition and limits the internal efficiency
of fluorescent devices. Phosphorescent organic light-emit-
ting diodes make use of spin-orbit interactions to facilitate
intersystem crossing between singlet and triplet states, thus
obtaining emission from both singlet and triplet states and
improving the internal efficiency.

[0025] The prototypical phosphorescent material is
iridium tris(2-phenylpyridine) (Ir(ppy);) in which the
excited state is a charge transfer from the Ir atom to the
organic ligand. Such approaches have reduced the triplet
lifetime to about 1 ps, several orders of magnitude slower
than the radiative lifetimes of fully-allowed transitions such
as fluorescence. Ir-based phosphors have proven to be
acceptable for many display applications, but losses due to
large triplet densities still prevent the application of OLEDs
to solid-state lighting at higher brightness.

[0026] Further, recent research suggests that traditional
Iridium based OLEDs may have reached a physical perfor-
mance limit. As illustrated in FIG. 1, the brightness of an
OLED will decrease as the time of decay increases. Since
the highest energy triplet state is the origin of the lumines-
cent transition in the Ir-based materials of FIG. 1, increasing
the zero-field splitting through additional spin-orbit cou-
pling will eventually lengthen the effective lifetime of the
other two triplets. It is believed that this effect is responsible
for the asymptote empirically observed at about 1 ps.
[0027] The recently developed thermally activated
delayed fluorescence (TADF) seeks to minimize energetic
splitting between singlet and triplet states (A). The reduction
in exchange splitting from typical values of 0.4-0.7 eV 1o a
gap of the order of the thermal energy (proportional to kT,
where k;; represents the Boltzmann constant, and T repre-
sents temperature) means that thermal agitation can transfer
population between singlet levels and triplet sublevels in a
relevant timescale even if the coupling between states is
small.

[0028] Example TADF molecules consist of donor and
acceptor moieties connected directly by a covalent bond or
via a conjugated linker (or “bridge”), such as a phenyl ring.
A “donor” moiety is likely to transfer electrons from its
HOMO upon excitation to the “acceptor” moiety. An
“acceptor” moiety is likely to accept the electrons from the
“donor” moiety into its LUMO. The donor-acceptor nature
of TADF molecules results in low-lying excited states with
charge-transfer character that exhibit very low A. Since
thermal molecular motions can randomly vary the optical
properties of donor-acceptor systems, a rigid three-dimen-
sional arrangement of donor and acceptor moieties can be
used to limit the non-radiative decay of the charge-transfer
state by internal conversion during the lifetime of the
excitation.

[0029] It is desirable, therefore, to increase spin-orbital
coupling by creating a system with a low singlet-triplet gap
which increases reversed intersystem crossing (RISC) while
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decreasing phosphorescence emissions lifetimes. While tra-
ditional OLED systems rely on heavy metals, such as Ir, the
instability of the metal organic complex and high cost of raw
materials leaves room for improvement. Accordingly, with-
out being bound to any particular theory, it is believed that
use of non-metal, semimetal, and non-transition metal atoms
from the second, third, fourth, and fifth row of the periodic
table (e.g., N, O, S, Si, Ge, Sn, P, Se, or As), can be used to
increase the spin orbit-coupling. Relying on these atoms
instead of heavy metal atoms will avoid the problems recited
above.

Compounds of the Invention

[0030] The molecules of the present invention, when
excited via theinial or electronic means, can produce light in
the visible region of the spectrum such as blue or green. The
desired spin-orbit/thermally activated delayed fluorescence
(SO/TADF) materials proposed herein can be achieved by
incorporating or otherwise introducing functionalization of
donor and acceptor moieties with non-metal, semimetal, and
non-transition metal atoms from the second, third, fourth,
and fifth row of the periodic table. It has been discovered
that use of these atoms, such as Si, Se, Ge, Sn, P, or As,
achieve improved spin-orbit/thermally activated delayed
fluorescence over second and third row non-metals such as
N, O, or S.

[0031] Table 1 illustrates example moieties suitable to
function as either acceptor or donor moieties in SO/TADF
OLED materials, predicted HOMO and LUMO orbital enet-
gies, and predicted zero-field splitting (ZFS, D) for a local-
ized triplet state. The properties for a moiety with only a
second or third row non-metal, such as N, O, or S were
calculated first. Substitution of the second row or third row
atoms with non-metals, metalloids, and non-transition met-
als from the third, fourth, or fifth row showed a desirable
shift in the HOMO and LUMO values, as well as the ZFS.

TABLE 1

HOMO LUMO D
V) (V) (em™)

@ -5.00 -1.70  0.03
N
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TABLE 1-continued TABLE 1-continued
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TABLE 1-continued
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TABLE 1-continued

HOMO LUMO D
EV) V) (m?)

As
S S
\ /
CH; HiC

© -4.25 -1.52 -11.60
N

-5.25 -2.85 0.02

@]
=z

HiC

Q
~z

CH;

HOMO LUMO D
V) (V) (em™)

w2

O

w2

o O Z O
o =

v =3

)

[

v

=
o

A

®

-3.20 -3.01  -0.40

(<]

-0.02

-2.84  -1.23

-4.89 -1.84  -3.07
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TABLE 1-continued

HOMO LUMO D
(eV) (V) (em™)

Sep. 21,2017

TABLE 1-continued

S : -4.10 -1.70  -0.56
N

-4.49 -1.95 -0.74

Z &
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AN
a
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Ns)
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: Se. : -4.49 -1.95 944
P

: Se : -4.76 -1.96 -14.49
As

HOMO LUMO D
V) V) (em™
@ 5.81 -3.26 -0.27
0=8=0
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O0=Se=0
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TABLE 1-continued -continued

HOMO LUMO D A O
@) V) (em?
D

(VIID

H:C  CH; 407 277 072

H:C  CH; 399 -330 5437

es
O

(1X)

0%

D
A
X

D

&

|
[0.032.] G.iven'the calcula.tefl Vah}es for the example. moi- In formulas (T) through (X), each D and each A, indepen-
eties identified in Table 1, it is believed that construction of dently, are selected from the group consisting of:

a molecule comprising at least two moieties in Table 1
covalently bound, either directly or via a conjugated linker
(or “bridge”), will result in OLEDs that demonstrate that x #
desired properties described above. |

Q Q
[0033] Accordingly, in one embodiment, the present , ,
invention is a compound represented by any one of the
following structural formulas: X
* Y. *
I
- o
a N—N
A—A * *

(IID) . .

O-

O=N=—=0O

@]

I
=
N

k=
@]

av)

(V) with the understanding that when more than one A or more
A—A—A than one D are present, all As and, independently, all Ds are
(V) the same. Further, in formulas (I) through (X), the (*)
represents the point of attachment of the moieties A and D
A D in the structural formulas () through (X), and the compound
comprises at least one atom selected from Si, Se, Ge, Sn, P,
(VII) or As. For example, the compound comprises at least one
atom selected from Si, Se, or P. In an example embodiment,
A_< >_A the compound comprises at least one atom selected from. Si
or Se. In another example embodiment, the compound
comprises Si.
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[0034] The moiety A and the moiety D, for each occur-
rence independently, are optionally substituted with one or
more substituents selected from C,-Cy alkyl, —OCHS,,
—SCH,, —C(CH,),, —Si(CH,;);, —Ge(CH,),, or —Sn
(CH,),. For example, the moiety A and the moiety D, for
each occurrence independently, are optionally substituted
with one or more substituents selected from C,-C4 alkyl,
—OCH;, —C(CH;);, or —Si(CH;);. In an example
embodiment, the moiety A and the moiety D for each
occurrence independently, are optionally substituted with
one or more substituents selected from C,-C, alkyl or
—Si(CH;); In another example embodiment, the moiety A
and the moiety D for each occurrence independently, are
optionally substituted with —Si(CHj,)s.

[0035] In structural formulas (I)-(X) of the present inven-
tion:
[0036] Qis N, P, or As. For example Q is N or P. In an

example embodiment, Q is N.

[0037] X is O. S, Se, C(CH,),, or Si(CH,),. For
example, X is O, C(CH,), , or Si(CHj,),. In an example
embodiment, X is O or C(CH,),. In another example
embodiment, X is O.

[0038] Y is O, S, or Se. For example, Y is O or Se. In
an example embodiment, Y is Se.

[0039] 7 is S or Se. For example, Z is Se.
[0040] In another example embodiment, the compound is
represented by any one of the following structural foiniulas:

()

D—A
| or
A
(VIIN)
| @7]),

wherein the values and examples values of the remaining
variables are defined above with respect to formulas (T)-(X).

[0041] In another example embodiment, each moiety D
and each moiety A, independently, are selected from the
group consisting of:

* ®

9201080

>~

O=N=—=0O
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optionally substituted with one or more substituents selected
from C,-C, alkyl, —OCH,, —CH,, —C(CHj,);, —Si(CH;)
3, —Ge(CHs);, or —Sn(CHs,),, and wherein the values and
example values of the remaining variables are defined above
with respect to structural founulas (I)-(X).

[0042] In another example embodiment, at least one of the
moieties A or D is

*

|
O Y

optionally substituted with one or more substituents selected
from C,-C, alkyl, —OCH,, —CH,, —C(CH,),, —Si(CH,)
3, —Ge(CH,);, or —Sn(CHs,),, and wherein the values and
example values of the remaining variables are the defined
above with respect to structural formulas (I)-(X).

[0043] In another example embodiment, at least one of the
moieties A or D 1s

0O

optionally substituted with one or more substituents selected
from C,-Cy alkyl, —OCH,, —CH,, —C(CH,),, —Si(CH3)
5. —Ge(CH,);, or —Sn(CH,),, and wherein the values and
example values of the remaining variables are the same as
those defined above with respect to structural formulas
(D-X).

[0044] In another example embodiment, at least one of the
moieties A or D 1s

* \g_?/* ,

optionally substituted with one or more substituents selected
from C,-C, alkyl, —OCH,, —CHj;, —C(CH,),, —Si(CH;)
3, —Ge(CH,);, or —Sn(CH,),, and wherein the values and
example values of the remaining variables are the same as
those defined above with respect to structural formulas
(D-(X).

[0045] In another example embodiment, at least one of the
moieties A or D is
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optionally substituted with one or more substituents selected
from C,-C; alkyl, —OCH,, —CHj;, —C(CH,);, —Si(CH;)
5, —Ge(CH,);, or —Sn(CH;),, and wherein the values and
example values of the remaining variables are the same as
those defined above with respect to structural formulas
D-X).

[0046] In another example embodiment, at least one of the
moieties A or D is

(HsC)3Si X Si(CHz)s,

wherein the values and example values of the remaining
variables are the same as those defined above with respect to
structural formulas (I)-(X).

[0047] In another example embodiment, at least one of the
moieties A or D is

O=N=0O

optionally substituted with one or more substituents selected
from C,-C; alkyl, —OCH,, —CH,, —C(CH,),, —Si(CH,)
3, —Ge(CH,;);, or —Sn(CHj;);, and wherein the values and
example values of the remaining variables are the same as
those defined above with respect to structural formulas
D-X).

[0048] In another example embodiment of the present
invention, Z is Se, and the values and example values of the
remaining variables are the same as those defined above
with respect to structural formulas (I)-(X).

[0049] In another example embodiment of the present
invention, Q is N or P, and the values and example values of
the remaining variables are the same as those defined above
with respect to structural formulas (I)-(X).

[0050] In another example embodiment of the present
invention, Q is N, and the values and example values of the
remaining variables are the same as those defined above
with respect to structural formulas (I)-(X).

[0051] In another example embodiment of the present
invention, X is O, C(CH,),, or Si(CH;),, and the values and
example values of the remaining variables are the same as
those defined above with respect to structural formulas
D-X).

[0052] In another example embodiment of the present
invention, X is O or C(CH,;),, and the values and example
values of the remaining variables are the same as those
defined above with respect to structural formulas (I)-(X).
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[0053] 1In another example embodiment of the present
invention, X is O, and the values and example values of the
remaining variables are the same as those defined above
with respect to structural formulas (T)-(X).

[0054]
invention, Y is O or Se, and the values and example values

In another example embodiment of the present

of the remaining variables are the same as those defined
above with respect to structural formulas (I)-(X).

[0055]
invention, Y is Se, and the values and example values of the

In another example embodiment of the present

remaining variables are the same as those defined above
with respect to structural formulas (I)-(X).

[0056]

invention, the compound of structural formulas (I)-(X) com-
prises at least one atom selected from Si. Se, or P, and

In another example embodiment of the present

wherein the values and example values of the remaining
variables are defined above with respect to structural for-

mulas (I)-(X).
[0057]
invention, the compound of structural formulas (I)-(X) com-

In another example embodiment of the present

prises at least one atom selected from Si or Se, and wherein
the values and example values of the remaining variables are
defined above with respect to structural formulas (I)-(X).

[0058]
invention, the compound of structural formulas (I)-(X) com-

In another example embodiment of the present

prises Si, and wherein the values and example values of the
remaining variables are defined above with respect to struc-
tural formulas (I)-(X).

[0059]
invention, the moiety A and the moiety D, for each occur-

In another example embodiment of the present

rence independently, are substituted with C,-C, alkyl,
—OCH,, —C(CH,;);, or —Si(CH,);, and wherein the val-
ues and example values of the remaining variables are the

same as those defined above with respect to structural
formulas (1)-(X).

[0060] In another example embodiment of the present
invention, the moiety A and the moiety D, for each occur-
rence independently, are substituted with C,-C4 alkyl or
—Si(CH,),, and wherein the values and example values of
the remaining variables are the same as those defined above
with respect to structural formulas (I)-(X).

[0061] In another example embodiment of the present
invention, the moiety A and the moiety D, for each occur-
rence independently, are optionally substituted with —Si
(CH,);, and wherein the values and example values of the
remaining variables are the same as those defined above
with respect to structural formulas (I)-(X).

[0062] In another example embodiment of the present
invention, the compound is represented by a structural
formula selected from Compounds 1-20 as represented in
Table 2.
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TABLE 2
;:: Compound No. 1
: O
N
—N
X
%

Compound No. 2
:< O

Compound No. 3
:< O
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TABLE 2-continued

Compound No. 4
j O

.
X
L0

Compound No. 5

2
:

T\

Y

N
N
k
4
P
Compound No. 6
N

O

Sep. 21,2017
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TABLE 2-continued

12

Compound No. 7

Compound No. 8

Compound No. 9
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TABLE 2-continued

13

rand

N
N
\
o_ LN

Compound No. 10

Compound No. 11

Compound No. 12
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TABLE 2-continued

Si(CHz)z Compound No. 13

@
:

(H30)35i Si(CHz)3

(H50)s8i Q

Si(CH3)3 Compound No. 14

(H3C)381
N

—N
\
Y

(-0

(HC)sSi Si(CH;)

yand

[0)

-z

Si(CHjz)3 Compound No. 13

O

(H3C)38i
N
N
\

S N

b

N,

(ILC)3Si Si(CHj)s

\l/
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TABLE 2-continued
Si(CHs)s Compound No. 16
(H3C)3S1
N
=N
q; \
NG N
o0
(H3C)3S1 Si(CH;3)3
(H3C)381 Si(CHj); Compound No. 17

N

;
:

N

(H3C)381 Si(CHg)3

Dad,

Dl
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TABLE 2-continued

2

(H3C)3Si Si(CHz); Compound No. 18

O0=Se=—=0

:

(308 Si(CHy);

Compound No. 19

)
ﬂ;

0=8e=0

&
;M
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TABLE 2-continued

17
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e
g

0=8e=—=0

%@

Compound No. 20

[0063] In another embodiment, the present invention is an
organic light-emitting device comprising a first electrode, a
second electrode, and an organic layer between the first
electrode and the second electrode. The organic layer com-
prises at least one light-emitting molecule represented by
structural folinulas (I)-(X).

Combinatorial Assembly and Screening

[0064] Example molecules of the present invention having
desirable properties, such as color of visible emission, can
be constructed from the moieties described above using a
combinatorial process described below. While only two
compounds are illustrated below, it is understood that dif-
ferent combinations of different moieties can be used to
create a combinatorial library of compounds. The example
moieties below are intended only to illustrate the concepts
described herein, and are not intended to be limiting.

[0065] In the first step, a library of chemical moieties are
screened for their abilities to function as an acceptor or
donor moiety. Example properties examined include desir-
able quantum mechanical computations such as the ioniza-
tion potential of the highest occupied molecular orbital (i.e.,
a “donor” moiety) and the electron affinity of the lowest
unoccupied molecular orbital (i.e., an “acceptor” moiety).
An example donor moiety selected after screening could be:

Ed
|
N

-

(H3C)s8i Si(CHz)s,

and an example acceptor moiety selected after screening
could be:

ho g

N—N

wherein (*) represents a point of attachment for the donor
and acceptor moieties to each other or to an optional bridge
moiety. The example acceptor moiety has two points of
attachment in the present example. The same moieties will
be attached at each point of attachment on the acceptor
moiety, so that the resulting compound will be group sym-
metric.

[0066] In a second, optional, step the donor moiety is
combined with a “bridge” moiety and an acceptor moiety is
combined with a bridge moiety. The bridge moiety has two
points of attachment, as illustrated below:

While the bridge moiety has two points of attachment, it
only attaches to either a donor moiety or an acceptor moiety
at one point of attachment during this step. The resulting
combination of the example moieties would be:
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N.
(H;0)Si Si(CHy);, and
o .
N—N
[0067] In a third step, the unattached point on the bridge

moieties combine only with either a donor moiety or an
acceptor moiety that does not have a bridge moiety currently
attached. Donor moieties with a bridge moiety, therefore,
will only attach to acceptor moieties. Acceptor moieties with
a bridge moiety, therefore, will only attach to donor moi-
eties. Using the examples above, the donor moiety with a
bridge attached is represented by:

N
(H3C)s81 Si(CHz)s.

The acceptor without a bridge is represented by:

Combination of these moieties will result in the following
complete molecule:

(H,C),Si
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[0068] 1In a fourth step, the donor moiety without a bridge
and an acceptor moiety without a bridge are combined.
Using the example donor moiety and the example acceptor
moiety identified above, combining the two moieties at their
respective points of attachment would result in the following
complete molecule:

(H3C)38i Si(CHy)s

N\g_Z/ N

(HyC)sSi Si(CH);

[0069] In the fifth step, the combined potential donors,
acceptors, and bridges are screened based on quantum
mechanical computations such as desired HOMO and
LUMO values, as well as ZFS, vertical absorption (the
energy required to excite the molecule from the ground state
to the excited state), rate of decay (S1 to SO oscillator
strength, e.g., how fast and/or how bright the molecule’s
emission after excitation), estimated color of visible light
emission in nanometers, and the singlet-triplet gap (the
energy difference between the lowest singlet excited state,
S1, the lowest triplet excited state, T1). Examples of these
calculations for molecules embodied in the present invention
are provided in Table 3.

TABLE 3

Vertical S1-T1  S1-S0

Compound HOMO LUMO Absorption Emission gap  oscillator

No. (eV) (eV) (eV) (nm) (eV) strength
3 -584 -1.86 3.49 406 0.732 0.002
4 =599  -1.23 4.06 365 0.584 0.002
5 -5.8 -1.79 348 407 0.729 0.117
6 -6.09 -0.94 438 345 0.798 0.001
9 -6 -1.91 3.67 392 0914 0.504
10 -6.17  -1.28 434 348 1315 0.006
11 =519 -1.98 2.7 480 0.008 0.001
12 =552  -0.6 4.28 352 0.784 0.196
13 -544 -19 3.08 441 0.5 0.865
14 -5.53 -1.02 3.93 374 0.779 0.492
16 -541 -2.17 2.82 468 0.485 0.901

Si(CHz);

(HgC)gSl}\Q\( YO/&\&(CH%
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Exemplification

Synthesis of Compound No. 13

[0070] Compound No. 13 can be synthesized by a person
of ordinary skill following Scheme 1 illustrated in FIG. 2.
The starting materials S1-1 and S1-3 are available for
purchase from Acros Organics (S1-1: CAS No. 619-58-9;
S1-3: CAS No. 6825-20-3). In the first step, compound S1-1
is combined with hydrazine to form compound S1-2. In the
second step, compound S1-3 is combined with n-butyl
lithium (nBuLi) in hexanes at —=78° C. prior to the addition
of trimethylsilylchloride (TMSC1). The reaction is allowed
to warm to room temperature and stir for 3 hours to form
compound S1-4. Compounds S1-2 and S1-4 are combined in
the presence of potassium phosphate (K,PO,), copper iodie
(Cue, and toluene at 80° C. for 6 hours to create Compound
No. 13. It is understood that steps 1, 2, and 3 can be
performed and optimized by a person having ordinary skill
in the art without undue experimentation.

Synthesis of Compound No. 9

[0071] Compound No. 9 can be synthesized by a person of
ordinary skill following Scheme 2 illustrated in FIG. 3.
Compound S2-1 is available for purchase from Acros
Organics (CAS No. 619-58-9). Compound S2-3 is available
for purchase from Strem Chemicals, Inc. (CAS No. 244-87-
1). In the first step, compound S2-1 is combined with
hydrazine to form compound S2-2. In a second step, com-
pound S2-2 is combined with compound S2-3 in the pres-
ence of Pd(OAc),, DMAP, Ph,P(CH,);PPH,, and AcNMe,
at 80° C. for 6 hours to form Compound No. 9. It is
understood that steps 1 and 2 can be performed and opti-
mized by a person having ordinary skill in the art without
undue experimentation.

Synthesis of Compound No. 20

[0072] Compound No. 20 can be synthesized by a person
of ordinary skill following Scheme 3 illustrated in FIG. 4.
Compounds S3-1 and S3-4 can be purchased from Acros
Organics (S3-1: CAS No. 589-87-7; S3-4: CAS No. 86-74-
8). In the first step, compound S3-1 is combined with
selenium in the presence of aluminum, magnesium chloride,
copper iodide and DMF to produce compound S3-2. In the
second step, compound S3-2 can be oxidized in the presence
of sodium hypochlorite (NaOCl) to create compound S3-3.
In the fourth step, compound S3-3 is combined with n-butyl
lithium (nBul.i) in hexanes at =78° C. prior to the addition
of iodine. The reaction is allowed to warm to room tem-
perature and stir for 1 hour. The intermediate can be taken,
without purification, and combined with compound S3-4 in
the presence of potassium carbonate (K,COs), copper iodide
(Cul), and toluene at 80° C. for 6 hours to create Compound
No. 20. It is understood that steps 1, 2, and 3 can be
performed and optimized by a person having ordinary skill
in the art without undue experimentation.

[0073] The teachings of all patents, published applications
and references cited herein are incorporated by reference in
their entirety.
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[0074] While this invention has been particularly shown
and described with references to example embodiments
thereof, it will be understood by those skilled in the art that
various changes in form and details may be made therein
without departing from the scope of the invention encom-
passed by the appended claims.

1. A compound represented by any one of the following
structural formulas:

O

A—D
1D
A—A
(i
1|3—A
A
av
A—D
|
A
V)
A—A—A

VD
(VI

o
5
5"
5

D
A

X
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wherein each moiety D and each moiety A, independently,
are selected from the group consisting of:

®

| |

GO o

AN GUON
g

o]
l
|Z and

o]

with the understanding that when more than one A or more
than one D are present, all As and, independently, all Ds are
the same,

wherein:

the (*) represents the point of attachment of the moieties
A and D in the structural formulas (I) through (X);

Qis N, P, or As,

X is O, S, Se, —C(CHs;),, or —Si(CH,),,
Yis O, S, or Se,

7 1s S or Se,

wherein the moiety A and the moiety D, for each occur-
rence independently, are optionally substituted with
one or more substituents selected from C,-C, alkyl,
—OCH,, —SCH,, —C(CH,);, —Si(CH,),, —Ge
(CHs)s, or —Sn(CHy);. and

wherein the molecule comprises at least one atom selected
from Si, Se, Ge, Sn, P, or As,

2. The compound of claim 1, wherein the compound is
represented by any one of the following structural formulas:

a

D—A
| or
A
(VIID)
A 4®7D.

3. The compound of claim 1, wherein each moiety D and
each moiety A, independently, are selected from the group
consisting of:

Sep. 21,2017
| ’i
Q Q
(L

0
% Y. % I

wherein the moiety A and the moiety D, for each occur-
rence independently, are optionally substituted with
one or more substituents selected from C,-C; alkyl,
—OCH,, —SCH,, —C(CH,),, —Si(CH;),, —Ge
(CH,),, or —Sn(CH,),.

4. The compound of claim 3, wherein at least one of the
moieties A or D is

wherein the moiety A and the moiety D, for each occur-
rence independently, are optionally substituted with
one or more substituents selected from C,-Cg alkyl,
—OCH,, —SCH,, —C(CH,);, —Si(CH;);, —Ge
(CH,)s, or —Sn(CH,),.

5. The compound of claim 4, wherein at least one of the
moieties A or D is

O

wherein the moiety A and the moiety D, for each occur-
rence independently, are optionally substituted with
one or more substituents selected from C,-C, alkyl,
—OCH,, —SCH,, —C(CH,),, —Si(CH;),, —Ge
(CH,);, or —Sn(CH;);.

6. The compound of claim 4, wherein at least one of the
moieties A or D is

wherein the moiety A and the moiety D, for each occur-
rence independently, are optionally substituted with
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one or more substituents selected from C,-Cq alkyl,
—OCH,, —SCH;, —C(CH,);, —Si(CH;);, —Ge
(CH,);, or —Sn(CH,);.
7. The compound of claim 3, wherein at least one of the
moieties A or D is

*

Q

X

wherein the moiety A and the moiety D, for each occur-
rence independently, are optionally substituted with
one or more substituents selected from C,-Cq alkyl,
—OCH,, —SCH;, —C(CH,);, —Si(CH;);, —Ge
(CH,),, or —Sn(CH,),.
8. The compound of claim 7, wherein at least one of the
moieties A or D 1s

8

/C[ Q:O\
(H;C)38i X Si(CHy)s.

9. The compound of claim 3, wherein at least one of the
moieties A or D is

0
|

7
I

o]

wherein the moiety A and the moiety D, for each occur-
rence independently, are optionally substituted with
one or more substituents selected from C,-C, alkyl,
—OCH,, —SCH,, —C(CH,),, —Si(CH,),, —Ge
(CH,);, or —Sn(CH;);.

10. The compound of claim 1, wherein Z is Se.

11. The compound of claim 1, wherein Q is N or P.

12. The compound of claim 11, wherein Q is N.

13. The compound of claim 1, wherein X is O, —C(CH,)
5, or —Si(CH,),.

14. The compound of claim 13, wherein X is O or
—C(CHs,),.

15. The compound of claim 14, wherein X is O.

16. The compound of claim 1, wherein Y is O or Se.

17. The compound of claim 16, wherein Y is Se.

18. The compound of claim 1, wherein the compound
comprises at least one atom selected from Si, Se, or P.

19. The compound of claim 1, wherein the compound
comprises at least one atom selected from Si or Se.

20. The compound of claim 1, wherein the compound
comprises Si.

21. The compound of claim 1, wherein the moiety A and
the moiety D, for each occurrence independently, are option-
ally substituted with C,-C, alkyl, —OCH;, —C(CH,);, or
—Si(CH,),.

22. The compound of claim 21, wherein the moiety A and
the moiety D, for each occurrence independently, are option-
ally substituted with C,-C; alkyl or —Si(CH;)s.

Sep. 21,2017

23. The compound of claim 22, wherein the moiety A and
the moiety D, for each occurrence independently, are option-
ally substituted with —Si(CH;);.

24. A molecule represented by a structural formula
selected from the group consisting of:

0

400
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-continued -continued
e ¢
O >

>= N

\
OYN
—N
\

P.
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-continued -continued
Si(CHs)3

(H;0)55i Q

)

(H30)35i Si(CHz)s,

ynd

2

o

—

Z

Si
/\

{H3C)381

%
@

— J
Z,

O

\ (H;C)sSi Si(CHy)s,
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-continued

(H3C)38i Si(CHz)s

D

0=8e=0

~ 0

0

(HsCl3Si Si(CHs)s,

¢

0=8e=0

:

(H30)351 Si(CHs)s,

Si(CHz)s
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-continued

)

ﬂ;
-
{%;

0=S8e=0

0=8e=0

(
;ﬂ
(3

;O

Si(CHjz)3

e
by

=N
\

S N

b

N

(H;0)551 Si(CH;);,  and
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-continued
Si(CHz)3

(H;C)3Si Q

N
—N
; \
S; Y N
690
(H3C)3Si Si(CHz)3.
25. An organic light-emitting device comprising:
a first electrode;

a second electrode; and

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

wherein the organic layer comprises at least one molecule
of claim 1.
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