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CONJUGATED POLYMERIC SYSTEMS AND
APPLICATIONS THEREOF

RELATED APPLICATION DATA

[0001] The present application hereby claims priority
under 35 U.S.C. §119(e) to U.S. Provisional Application Ser.
No. 61/363,430, filed Jul. 12, 2010 and U.S. Provisional
Patent Application Ser. No. 61/444,967, filed Feb. 21, 2011,
each of which is hereby incorporated by reference in its
entirety.

STATEMENT OF GOVERNMENT LICENSE
RIGHTS

[0002] This invention was made through the support of the
Department of Defense—United States Air Force Office of
Scientific Research (AFOSR) Grant No. FA9550-04-1-0161.
The Federal Government retains certain license rights in this
invention.

FIELD

[0003] The present invention is related to conjugated poly-
meric systems and, in particular, to applications of conjugated
polymeric systems in optoelectronic apparatus.

BACKGROUND

[0004] Organic thin films have been heavily investigated in
recent years due to their application in optoelectronic devices
such as organic light emitting devices (OLEDs), photovoltaic
devices and organic photodetectors.

[0005] Optoelectronic devices based on organic materials,
including organic thin films, are becoming increasingly desir-
able in a wide variety of applications for a number of reasons.
Materials used to construct organic optoelectronic devices are
relatively inexpensive in comparison to their inorganic coun-
terparts, thereby providing cost advantages over optoelec-
tronic devices produced with inorganic materials. Moreover,
organic materials provide desirable physical properties, such
as flexibility, permitting their use in applications unsuitable
for rigid inorganic materials.

[0006] Light emitting polymeric species, for example, have
found general acceptance in various lighting applications,
such as consumer electronic devices. While finding general
acceptance, however, current light emitting polymeric spe-
cies have several disadvantages limiting their application in
certain fields. Similar to inorganic light emitting diodes com-
prising crystalline semiconductors, light emitting polymeric
species have relatively narrow emission bands, thereby pre-
cluding white light emission from single polymeric species.
As a result, organic light emitting devices are often con-
structed of a series of polymeric species having the desired
emission profiles that, when combined, provide white light
emission from the device.

[0007] Various light emitting polymeric species can be
physically combined in several ways to provide a source of
white light emission. In one construction, individual light
emitting polymeric species are provided in a layered format.
In one embodiment, for example. a layer of red light emitting
polymer is combined with a layer of green light emitting
polymer and a layer of blue emitting polymer to provide white
light emission. Layering individual polymeric species to
achieve white light emission has the inherent disadvantage of
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creating multiple interfaces in the device, thereby increasing
the likelihood of device failure due to interfacial instability
between the layers.

[0008] An alternative construction using multiple light
emitting polymeric species is to blend the polymeric species
to provide white light emission. Red light emitting, green
light emitting and blue light emitting polymeric species, for
example, can be blended into a single layer for achieving
white light emission. Blending polymeric species also has
inherent disadvantages that can lead to premature device fail-
ure. Polymeric blends are susceptible to spinodal decompo-
sition over time and various operating conditions resulting in
lost device performance or device failure.

SUMMARY

[0009] In one aspect, conjugated polymers and oligomers
are described herein which, in some embodiments, are suit-
able for use in optoelectronic devices, including organic light
emitting devices and/or organic photovoltaic devices. In
some embodiments, for example, a conjugated polymer or
oligomer described herein can demonstrate white light or
substantially white light emission, thereby reducing or pre-
cluding reliance on layered or blended polymer constructions
for organic white light emitting devices.

[0010] Insome embodiments, a conjugated polymer or oli-
gomer described herein comprises at least two repeating units
selected from the group consisting of repeating units A, B and
C:

)

N\ /N

o

®)

©

wherein { represents points of attachment in the polymer
chain or oligomer chain, X is selected from the group con-
sisting of S, O, Seand NR; and R, R,, R5, R, R,, Rgand R,
are independently selected from the group consisting of
hydrogen, C,_,, alkyl, C,_,, alkenyl. Cy_, alkyl and Cy_,
alkenyl and R, and R, are independently selected from the
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group consisting of aryl and heteroaryl, wherein the alkyl and
alkenyl of R}, R,, Rs, Ry, R, Rg and R and the aryl and
heteroaryl of R, and R, are optionally independently substi-
tuted one or more times with a substituent selected from the
group consisting of -alkyl, -alkenyl, -aryl, -heteroaryl, -alky]-
aryl, -alkyl-heteroaryl, -alkenyl-aryl and -alkenyl-heteroaryl.
[0011] Insomeembodiments, R, and R, are independently
selected from the group consisting of pyridyl, pyranyl, pyridi-
nyl, bipyridinyl, phenylpyridinyl, thienyl, furanyl, selenophe-
nyl, fluorenyl, carbazolyl, pyrrolyl, quinolinyl, isoquionoli-
nyl, purinyl, oxazolyl and isoxazolyl and oligomers thereof.
[0012] In some embodiments, a polymer or oligomer
described herein comprising repeating units A and B is a
conjugated polymer or oligomer of Formula (I):
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described herein, in some embodiments, repeating units A
and C ofa conjugated polymer oroligomer of Formula (IT) are
arranged to provide an alternating copolymer, a block copoly-
mer, statistical copolymer or a random copolymer.

[0015] In some embodiments, a conjugated polymer or oli-
gomer of Formula (IT) has a weight average molecular weight
(M,,) ranging from about 1,000 to about 1,000,000. In some
embodiments, a conjugated polymer or oligomer of Formula
(1I) has a number average molecular weight (M,,) ranging
from about 500 to about 500,000,

[0016] In some embodiments, a polymer or oligomer
described herein comprising repeating units B and C is a
conjugated polymer or oligomer of Formula (IIT):

M

wherein X, R, R,, R;, R, R and R, are defined above and x
andy are integers independently ranging from 1 to 10,000. As
described herein, in some embodiments, repeating units A
and B ofa conjugated polymer or oligomer of Formula () are
arranged to provide an alternating copolymer, a block copoly-
mer, statistical copolymer or a random copolymer.

[0013] Insomeembodiments, a conjugated polymer or oli-
gomer of Formula (I) has a weight average molecular weight
(M,,) ranging from about 1,000 to about 1,000,000. In some
embodiments, a conjugated polymer or oligomer of Formula
(D has anumber average molecular weight (M, ) ranging from
about 500 to about 500,000.

[0014] In some embodiments, a polymer or oligomer
described herein comprising repeating units A and C is a
conjugated polymer or oligomer of Formula (IT):

a

wherein X, R, R,, Ry and R, are defined above and x and y
are integers independently ranging from 1 to 10,000. As

(i

whereinR;, R,,R¢, R, Ry and R, are defined above and x and
y are integers independently ranging from 1 to 10,000. As
described herein, in some embodiments, repeating units B
and C of a conjugated polymer or oligomer of Formula (I1I)
are arranged to provide an alternating copolymer, a block
copolymer, statistical copolymer or a random copolymer.

[0017]
gomer of Formula (III) has a weight average molecular
weight (M,,) ranging from about 1,000 to about 1,000,000. In
some embodiments, a conjugated polymer or oligomer of

In some embodiments, a conjugated polymer or oli-

Formula (III) has a number average molecular weight (M, )
ranging from about 500 to about 500,000.

[0018]
described herein comprising repeating units A, B and C is a

In some embodiments, a polymer or oligomer

conjugated polymer or oligomer of Formula (IV):
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av)

wherein X, R, R, R4, R, Ry, R, Ry and R are defined above
and x, y and z are integers independently ranging from 1 to
10,000. As described herein, in some embodiments, repeating
units A, B and C of a conjugated polymer or oligomer of
Formula (IV) are arranged to provide an alternating copoly-
mer, a block copolymer, statistical copolymer or a random
copolymer.

[0019] Insome embodiments, a conjugated polymer or oli-
gomer of Formula (IV) has a weight average molecular
weight (M, ) ranging from about 1,000 to about 1,000,000. In
some embodiments, a conjugated polymer or oligomer of
Formula (IV) has a number average molecular weight (M,)
ranging from about 500 to about 500,000.

[0020] Insome embodiments, a conjugated polymer or oli-
gomer of Formula (I), Formula (IT), Formula (IIT) and/or
Formula (IV) has an electroluminescent (EL) emission hav-
ing coordinates in the white light region or substantially in the
white light region of the 1931 International Commission on
Hlumination (CIE) Chromaticity Diagram.

[0021] Insome embodiments, a conjugated polymer or oli-
gomer of Formula (I), Formula (IT), Formula (IIT) and/or
Formula (IV) is terminated with one or more aryl or het-
eroaryl moieties.

[0022] Inanother aspect, light emitting devices comprising
conjugated polymers or oligomers are described herein. In
some embodiments, a light emitting device described herein
comprises a radiation transmissive first electrode, a second
electrode and a light emitting layer disposed between the first
electrode and the second electrode, the light emitting layer
comprising a conjugated polymer or oligomer comprising at
least two repeating units selected from the group consisting of
repeating units A, B and C:

(A

N

o 0’0

-continued

(®

Rz
| R6 R7

©

wherein | represents points of attachment in the polymer
chain or oligomer chain, X is selected from the group con-
sisting of S, O, Se and NR5 and R, R,, R5, R, R, Rgand R,
are independently selected from the group consisting of
hydrogen, C, , alkyl, C, 5, alkenyl. Cy |, alkyl and Cs_,
alkenyl and R, and R, are independently selected from the
group consisting of aryl and heteroaryl, wherein the alkyl and
alkenyl of R, R,, Rs, Ry, R, Ry and Ry, and the aryl and
heteroaryl of R; and R, are optionally independently substi-
tuted one or more times with a substituent selected from the
group consisting of -alkyl, -alkenyl, -aryl, -heteroaryl, -alkyl-
aryl, -alkyl-heteroaryl, -alkenyl-aryl and -alkenyl-heteroaryl.
[0023] Insomeembodiments, R; and R, are independently
selected from the group consisting of pyridyl, pyranyl, pyridi-
nyl, bipyridinyl, phenylpyridinyl. thienyl, furanyl, selenophe-
nyl, fluorenyl, carbazolyl, pyrrolyl, quinolinyl, isoquionoli-
nyl, purinyl, oxazolyl and isoxazolyl and oligomers thereof.
[0024] In some embodiments, a polymer or oligomer of a
light emitting layer comprising at least two repeating units
selected from the group consisting of repeating units A, B and
C is a polymer or oligomer of Formula (I), Formula (I},
Formula (IIT) or Formula (IV) described hereinabove. In
some embodiments, a light emitting layer of a light emitting
device comprises a mixture of at least two polymers or oli-
gomers selected from the group consisting of polymers or
oligomers of Formula (I), Formula (II), Formula (III) and
Formula (IV) described herein.
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[0025] In some embodiments, a light emitting device
described herein comprising a light emitting layer comprising
a conjugated polymer or oligomer has an electroluminescent
emission having coordinates in the white light region or sub-
stantially in the white light region of the 1931 CIE Chroma-
ticity Diagram.

[0026] In another aspect, composite organic layers are
described herein. In some embodiments, a composite organic
layer comprises a nanoparticle phase disposed in a polymeric
phase or oligomeric phase, the polymeric or oligomeric phase
comprising a polymer or oligomer comprising at least two
repeating units selected from the group consisting of repeat-
ing units A, B and C:

(A)

®

©

wherein } represents points of attachment in the polymer
chain or oligomer chain, X is selected from the group con-
sisting of S, O, Seand NR;andR |, R,, R, R, R, Rgand R,
are independently selected from the group consisting of
hydrogen, C, ,, alkyl, C,_,, alkenyl, Cy_,, alkyl and C,_,,
alkenyl and R, and R, are independently selected from the
group consisting of aryl and heteroaryl, wherein the alkyl and
alkenyl of R}, R,, Rs, Ry, R, Rg and R and the aryl and
heteroaryl of R, and R, are optionally independently substi-
tuted one or more times with a substituent selected from the
group consisting of -alkyl, -alkenyl, -aryl, -heteroaryl, -alky]-
aryl, -alkyl-heteroaryl, -alkenyl-aryl and -alkenyl-heteroaryl.
[0027] Insomeembodiments, R, and R, are independently
selected from the group consisting of pyridyl, pyranyl, pyridi-
nyl, bipyridinyl, phenylpyridinyl, thienyl, furanyl, selenophe-
nyl, fluorenyl, carbazolyl, pyrrolyl, quinolinyl, isoquionoli-
nyl, purinyl, oxazolyl and isoxazolyl and oligomers thereof.
[0028] In some embodiments, a polymer or oligomer of a
composite organic layer comprising at least two repeating
units selected from the group consisting of repeating units A,
B and C is a polymer or oligomer of Formula (I), Formula (IT),
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Formula (IIT) or Formula (IV) described hereinabove. In
some embodiments, the polymeric or oligomeric phase of a
composite organic layer comprises a mixture of at least two
polymers or oligomers selected from the group consisting of
polymers or oligomers of Formula (I), Formula (IT), Formula
(1IT) and Formula (TV) described herein.

[0029] Insome embodiments, a polymeric phase or oligo-
meric phase further comprises one or more conjugated or
semiconducting polymers in addition to at least one polymer
or oligomer selected from Formula (I), Formula (IT), Formula
(1IT) and Formula (IV) described herein.

[0030] As provided herein, composite organic layers com-
prise a nanoparticle phase disposed in the polymeric phase. In
some embodiments, the nanoparticle phase is dispersed in the
polymeric phase. The nanoparticle phase can comprise any
type of nanoparticle not inconsistent with the objectives of the
present invention.

[0031] In another aspect, methods of making conjugated
polymers or oligomers are described herein. In some embodi-
ments, a method of making a conjugated polymer or oligomer
comprises reacting at least three types of monomer selected
from the group consisting of monomer types A;, B;, C,, D,
and E,:

Al
X
7
N\ \/N
Ryo Rios
By
R3
Ry Ry,
Ry
C
R, R, Ry
Ri3 / Ry,
(6] B\
\
Ry3 B 0 Rpp,
O/ Rpp
Ry3
Ry3
D,

R Ry 0 Ry
Ry o B/ Ry,
\ h%
Ryj B Ry and
O/ Rpz
Ry3
Ris
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-continued
E

Reu

wherein X is selected from the group consisting of S, O, Se
andNR;andR,, R,, Ry, R, R, R, and R, are independently
selected from the group consisting of hydrogen, C, ,, alkyl,
C, o alkenyl, Cq_, alkyl and Cq , , alkenyl and Ry and R, are
independently selected from the group consisting of aryl and
heteroaryl and R, and R, are independently selected from
the group consisting of hydrogen and C,_¢ alkyl and wherein
thealkyland alkenyl of R , R,, R, R, R, R, R, R, andR 5
and the aryl and heteroaryl of R, and R, are optionally inde-
pendently substituted one or more times with a substituent
selected from the group consisting of -alkyl, -alkenyl, -aryl,
-heteroaryl, -alkyl-aryl, -alkyl-heteroaryl, -alkenyl-aryl and
-alkenyl-heteroaryl and R, R, ; and R are leaving groups.
[0032] As used herein, the term “leaving group” refers to a
chemical species that can be displaced from a carbon atom. In
some embodiments, leaving groups of R, R;; and R are
independently selected from the group consisting of halogen,
tosyl, azide, thiocyanate and nitro.

[0033] Insome embodiments, R, and Ry are selected to be
the same and R, and R, are selected o be the same, thereby
rendering monomers C and D, identical.

[0034] In some embodiments of methods described herein,
a conjugated polymer or oligomer comprising at least two
repeating units selected from the group consisting of repeat-
ing units A, B and C:

(A)
< \ K
B)
s Ry Ry
O O. | -

b

©
Rg Rg

0
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is provided by reacting at least three types of monomer
selected from the group consisting of monomer types A;, B,
C,, D, and E, defined above,

wherein } represents points of attachment in the polymer or
oligomerand X, R, R, R;, Ry, R¢, R, Rg and Ry are defined
above.

[0035] In some embodiments, for example, polymers or
oligomers of Formulas (I)-(IV) can be provided by reacting
monomer types A, B;, C,, D, and E, according to Table 1.

TABLE I

Monomer Reaction Scheme

Polymer/Oligomer Monomers Reacted

Formula (I) A, By, CL, Dy
Formula (1) AL CLE,
Formula (IIT) B;, D, E;
Formula (IV) AL BLCLDLE)

In some embodiments wherein monomers C, and D, have the
same structure, polymers or oligomers of Formulas (I)-(IV)
can be provided by reacting monomer types A,, B, C,, E,
according to Table I(A).

TABLE I(A)

Monomer Reaction Scheme

Polymer/Oligomer Monomers Reacted

Formula (I) ApBLC
Formula (IT) A, CLE,
Formula (IIT) B, C,E,
Formula (IV) A,B,CLE
[0036] Insomeembodiments of methods of making a con-

jugated polymer or oligomer, combinations of monomers A,
B,, C,, D, and E, as provided in Table I are polymerized
according to palladium catalyzed cross-coupling of organic
halides with organoboron derivatives. In some embodiments,
combinations of monomers of A, B, C;, D, and E, are
polymerized by Suzuki coupling reactions. Moreover, in
some embodiments, monomers A, B;, C;, D, and E, can be
provided in any desired ratio to provide a conjugated polymer
or oligomer described herein. In some embodiments, for
example, monomers A, B;, C,, D, and E, can be provided
according to the ratios disclosed in Table II for polymers or
oligomers of Formulas (I)-(IV).

TABLE II

Monomer Ratios

Polymer/Oligomer Monomer Ratio

Formula (I) 0.05<A,<09
0.05=<B,;<09

0.05<C; =09

0.05<D, =09

wherein A, +B;+C,+D, =1
0.05<A, <09

0.05<C; =09

0.05<E,; <09

whereinA; +C, +E,; =1

Formula (IT)
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TABLE II-continued

Monomer Ratios

Polymer/Oligomer Monomer Ratio

Formula (IIT) 0.05=B;=<09

005=<D,;=<09

0.05<E ;<09

wherein B, + D, +E, =1
0.05sA,s09

0.05<B;=0.9

0.05=C;=09

005D, =09

0.05<E;s09

wherein A + B, +C,+D, +E; =1

Formula (IV)

[0037] In some embodiments wherein monomers C,; and
D, have the same structure, monomers A,, B, C,,and E, can
be provided according to the ratios disclosed in Table II(A)
for polymers or oligomers of Formulas (I)-(IV).

TABLE II(A)

Monomer Ratios

Polymer/Oligomer Monomer Ratio

Formula (I) 005=A,=09
0.05=B;=0.9
005=C,;=09
whereinA; +B; +C; =1
0.05=A;=09
005=C;=09
0.05<E =09
whereinA; +C, +E, =1
0.05=B;=0.9
005=C,;=09
0.05<E; =09

wherein B, +C, +E, =1
0.05=A,;=09
0.05=B,;=09
005=C;=09
0.05<E; =09
whereinA; + B, +C; +E; =1

Formula (IT)

Formula (IIT)

Formula (IV)

[0038] In another aspect, methods of making a light emit-
ting device are described herein. In some embodiments, a
method of making a light emitting device comprises provid-
ing a radiation transmissive first electrode, providing a second
electrode and disposing a light emitting layer comprising a
conjugated polymer or oligomer between the first electrode
and the second electrode, the conjugated polymer comprising
at least two repeating units selected from the group consisting
of repeating units A, B and C:

{ o

A

N
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-continued
B)

R;
Re Ry

GOt

©

wherein } represents points of attachment in the polymer
chain or oligomer chain, X is selected from the group con-
sisting of 8, O, Seand NR; and R, R,, R5, R, R,, Rgand R,
are independently selected from the group consisting of
hydrogen, C, ,, alkyl, C,_,, alkenyl. Cy |, alkyl and Cy_,
alkenyl and R, and R, are independently selected from the
group consisting of aryl and heteroaryl, wherein the alkyl and
alkenyl of R}, R,, Ry, Ry, R,y Ry and R, and the aryl and
heteroaryl of R, and R, are optionally independently substi-
tuted one or more times with a substituent selected from the
group consisting of -alkyl, -alkenyl, -aryl, -heteroaryl, -alkyl-
aryl, -alkyl-heteroaryl, -alkenyl-aryl and -alkenyl-heteroaryl.

[0039] Insomeembodiments, R; and R, are independently
selected from the group consisting of pyridyl, pyranyl, pyridi-
nyl, bipyridinyl, phenylpyridinyl, thienyl, furanyl, selenophe-
nyl, fluorenyl, carbazolyl, pyrrolyl, quinolinyl, isoquionoli-
nyl, purinyl, oxazolyl and isoxazolyl and oligomers thereof.

[0040] In some embodiments, a polymer or oligomer of a
light emitting layer comprising at least two repeating units
selected from the group consisting of repeating units A, B and
C is a polymer or oligomer of Formula (I), Formula (I},
Formula (IIT) or Formula (IV) described hereinabove. In
some embodiments, a light emitting layer of a light emitting
device comprises a mixture of at least two polymers or oli-
gomers selected from the group consisting of polymers or
oligomers of Formula (I), Formula (II), Formula (III) and
Formula (IV) described herein. In some embodiments, a con-
jugated polymer or oligomer of a light emitting device has an
electroluminescent emission having coordinates in the white
light region or substantially in the white light region of the
1931 CIE Chromaticity Diagram.

[0041] Inanother aspect, methods of altering the electrolu-
minescent emission spectra of conjugated polymers and oli-
gomers are described herein. In some embodiments, a method
of altering the electroluminescent emission spectrum of a
conjugated polymer or oligomer comprises varying the ratio
of repeating units forming the conjugated polymer or oligo-
mer, wherein at least two repeating units of the conjugated
polymer oroligomer are selected from the group consisting of
repeating units A, B and C:
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&Y

®)

©

wherein | represents points of attachment in the polymer
chain, X is selected from the group consisting of S, O, Se and
NR; and R, R,, R, R, R, R; and R, are independently
selected from the group consisting of hydrogen, C, ,, alkyl,
C, 5o alkenyl, Cq 5 alkyl and Cq 5 alkenyl and R and R, are
independently selected from the group consisting of aryl and
heteroaryl, wherein the alkyl and alkenyl of R, R,, Rs, Ry,
R,, Rg and R, and the aryl and heteroaryl of R; and R, are
optionally independently substituted one or more times with
a substituent selected from the group consisting of -alkyl,
-alkenyl, -aryl, -heteroaryl, -alkyl-aryl, -alkyl-heteroaryl,
-alkenyl-aryl and -alkenyl-heteroaryl.

[0042] Insomeembodiments, R; and R, are independently
selected from the group consisting of pyridyl, pyranyl, pyridi-
nyl, bipyridinyl, phenylpyridinyl, thienyl, furanyl, selenophe-
nyl, fluorenyl, carbazolyl, pyrrolyl, quinolinyl, isoquionoli-
nyl, purinyl, oxazolyl and isoxazolyl and oligomers thereof.

[0043] In another aspect, methods of producing a compos-
ite organic layer are described herein. In some embodiments,
a method of producing a composite organic layer comprises
providing a nanoparticle phase comprising a plurality of
nanoparticles, providing a polymeric phase or an oligomeric
phase and disposing the nanoparticle phase in the polymeric
phase or the oligomeric phase, the polymeric phase or oligo-
meric phase comprising a polymer or oligomer comprising at
least two repeating units selected from the group consisting of
repeating units A, B and C:
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R;

| Rs Ry
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wherein } represents points of attachment in the polymer
chain, X is selected from the group consisting of S, O, Se and
NR; and R}, R,, Rs, R, R, Ry and R, are independently
selected from the group consisting of hydrogen, C, _,, alkyl,
C, o alkenyl, Cq ;5 alkyl and Cg , , alkenyl and Ry and R, are
independently selected from the group consisting of aryl and
heteroaryl, wherein the alkyl and alkenyl of R;, R,, Rs, Ry,
R., R; and R, and the aryl and heteroaryl of R, and R, are
optionally independently substituted one or more times with
a substituent selected from the group consisting of -alkyl,
-alkenyl, -aryl, -heteroaryl, -alkyl-aryl, -alkyl-heteroaryl,
-alkenyl-aryl and -alkenyl-heteroaryl.

[0044] Insomeembodiments, R, and R, are independently
selected from the group consisting of pyridyl, pyranyl, pyridi-
nyl, bipyridinyl, phenylpyridinyl. thienyl, furanyl, selenophe-
nyl, fluorenyl, carbazolyl, pyrrolyl, quinolinyl, isoquionoli-
nyl, purinyl, oxazolyl and isoxazolyl and oligomers thereof.
[0045] In some embodiments, a polymer or oligomer of a
composite layer comprising at least two repeating units
selected from the group consisting of repeating units A, B and
C is a polymer or oligomer of Formula (I), Formula (I},
Formula (IIT) or Formula (IV) described hereinabove. In
some embodiments, a composite organic layer comprises a
mixture of at least two polymers or oligomers selected from
the group consisting of polymers or oligomers of Formula (I),
Formula (II), Formula (IIT) and Formula (IV) described
herein. In some embodiments, a conjugated polymer or oli-
gomer of a composite layer has an electroluminescent emis-
sion having coordinates in the white light region or substan-
tially in the white light region of the 1931 CIE Chromaticity
Diagram. These and other embodiments are described in
greater detail in the detailed description which follows.

B

BRIEF DESCRIPTION OF THE DRAWINGS

[0046] FIG. 1 illustrates a light emitting device according
to one embodiment described herein.
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[0047] FIG. 2 illustrates a light emitting device according
to one embodiment described herein.

[0048] FIG. 3 illustrates a method of producing a conju-
gated polymer or oligomer according to one embodiment
described herein.

[0049] FIG. 4 illustrates absorbance and emission spectra
of a conjugated oligomer according to one embodiment
described herein relative to polyfluorene.

[0050] FIG. 5 illustrates a cyclic voltammogram of a con-
jugated oligomer according to one embodiment described
herein relative to a cyclic voltammogram of polyfluorene.
[0051] FIG. 6 illustrates an electroluminescent emission
spectrum of a light emitting device comprising a conjugated
oligomer according to one embodiment described herein in
comparison with an electroluminescent emission spectrum of
a light emitting device comprising polyfluorene.

[0052] FIG. 7 illustrates the coordinates of light emission
from electroluminescent devices on the 1931 CIE Chroma-
ticity Diagram according to one embodiment described
herein.

[0053] FIG. 8 illustrates current-voltage (I-V) and lumi-
nance-voltage (L-V) characteristics of a light emitting device
comprising a conjugated oligomer according to one embodi-
ment described herein in comparison with the I-V and L-V
characteristics of a light emitting device comprising poly-
fluorene.

[0054] FIG. 9 illustrates absorbance and emission spectra
of conjugated oligomers according to one embodiment
described herein relative to polyfluorene.

[0055] FIG. 10 illustrates electroluminescent emission
spectra of light emitting devices comprising conjugated oli-
gomers according to one embodiment described herein in
comparison with an electroluminescent spectrum of a light
emitting device comprising polyfluorene.

DETAILED DESCRIPTION

[0056] Embodiments described herein can be understood
more readily by reference to the following detailed descrip-
tion and examples and their previous and following descrip-
tions. Elements, apparatus and methods described herein,
however, are not limited to the specific embodiments pre-
sented in the detailed description and examples. It should be
recognized that these embodiments are merely illustrative of
the principles of the present invention. Numerous modifica-
tions and adaptations will be readily apparent to those of skill
in the art without departing from the spirit and scope of the
invention.

[0057] The term “alkyl” as used herein, alone or in combi-
nation, refers to a straight or branched chain saturated hydro-
carbon radical having from 1-20 carbon atoms. In some
embodiments, for example, alkyl is Cg_;, alkyl.

[0058] Theterm “alkenyl” as used herein, alone or in com-
bination, refers to a straight or branched chain hydrocarbon
radical containing from 2-20 carbon atoms and at least one
carbon-carbon double bond. In some embodiments, for
example, alkenyl comprises Cg_;, alkenyl.

[0059] The term “ary]l” as used herein, alone or in combi-
nation, refers to an aromatic ring system radical. Arvl is also
intended to include partially hydrogenated derivatives of car-
boceyclic systems.

[0060] The term “heteroaryl” as used herein, alone or in
combination, refers to an aromatic ring radical with for
instance 5 to 7 member atoms, or to a aromatic ring system
radical with for instance from 7 to 18 member atoms, con-
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taining one or more heteroatoms selected from nitrogen, oxy-
gen, ot sulfurheteroatoms, wherein N-oxides and sulfur mon-
oxides and sulfur dioxides are permissible heteroaromatic
substitutions; such as e.g. furanyl, thienyl, thiophenyl, pyrro-
lyl, imidazolyl, pyrazolyl, triazolyl, tetrazolyl, thiazolyl,
oxazolyl, isoxazolyl, oxadiazolyl, thiadiazolyl, isothiazolyl,
pyridinyl, pyridazinyl, pyrazinyl, pyrimidinyl, quinolinyl,
isoquinolinyl, benzofuranyl, benzothiophenyl, indolyl, and
indazolyl, and the like. Heteroaryl is also intended to include
the partially hydrogenated derivatives of the heterocyclic sys-
tems.

[0061] In one aspect, conjugated polymers and oligomers
are described herein which, in some embodiments, are suit-
able for use in optoelectronic devices, including organic light
emitting devices and/or organic photovoltaic devices. In
some embodiments, for example, a conjugated polymer or
oligomer described herein can demonstrate white light or
substantially white light emission, thereby reducing or pre-
cluding reliance on layered or blended polymer constructions
for organic white light emitting devices.

[0062] Insome embodiments, a conjugated polymer or oli-
gomer described herein comprises at least two repeating units
selected from the group consisting of repeating units A, B and
C:

< R A)
1R
N/ \N
O
®
R;

| Rs Ry

I

©

Rg Rg

0

wherein i represents points of attachment in the polymer
chain or oligomer chain, X is selected from the group con-
sisting of S, O, Seand NR; and R, R,, R5, R, R,, Rgand R,
are independently selected from the group consisting of
hydrogen, C,_,, alkyl, C,_,, alkenyl. Cy_,, alkyl and Cy_,
alkenyl and R, and R, are independently selected from the
group consisting of aryl and heteroaryl, wherein the alkyl and
alkenyl of R, R,, Rs, Rg, Ry, Ry and Ry and the aryl and
heteroaryl of R, and R, are optionally independently substi-
tuted one or more times with a substituent selected from the

B



US 2014/0103303 A1

group consisting of -alkyl, -alkenyl, -aryl, -heteroaryl, -alky]-
aryl, -alkyl-heteroaryl, -alkenyl-aryl and -alkenyl-heteroaryl.
[0063] Insomeembodiments, R, and R, are independently
selected from the group consisting of pyridyl, pyranyl, pyridi-
nyl, bipyridinyl, phenylpyridinyl, thienyl, furanyl, selenophe-

CsHyy  Celyy

CipHas  CroHas

HyC— H,C— H,C — H,C(H;C — H,0)HC— H,C

CgHyy  Cely7

Cppys Cpolys
\ /

O~

HyC— H,C— H,C — H,C(H;C— H,C)HC— H,C

\ /

o

Ciafs Ciolas

ose
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nyl, fluorenyl, carbazolyl, pyrrolyl, quinolinyl, isoquionoli-
nyl, purinyl, oxazolyl and isoxazolyl and oligomers thereof.
[0064] In some embodiments, repeating unit A of a conju-
gated polymer or oligomer described herein is selected from
the group consisting of:

— CH(CH,—CH;)CH, — CH, — CH,—CHj;

— CH(CH,—CH;)CH,— CH, — CH,—CHj;




US 2014/0103303 A1 Apr. 17,2014
10

-continued
H;C— HyC—H,C — H,C(H;,C— IO HC— LG

Se CH, —CH(CH,—CH;)CH,—CH, —CH, —CHj;

N CsHyz  CsHyr

N Crpls Cipolps

H;C—H,C—H,C— H,C(H;C—H,C)HC—H,C
Rs—N CH, —CH(CH,—CH3)CH;—CH, —CH,—CHja,

wherein R, is defined hereinabove.

[0065] In some embodiments, repeating unit B of a conju-
gated polymer or oligomer described herein is selected from
the group consisting of:




US 2014/0103303 Al Apr. 17,2014
11

-continued




US 2014/0103303 Al Apr. 17,2014
12

-continued




US 2014/0103303 A1 Apr. 17,2014
13
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In some embodiments, repeating unit C of a conjugated poly-
mer or oligomer described herein is selected from the group
consisting of:

CgHy7 CroHal CraHs

CgHy7 CioHay CpaHs

CAT AT

1, B0 HyC— (H,C — H,C)HC— H,C CH, — CH(CH, —CH;)CH, —CH,— CH,—CHj;
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14

[0066] In some embodiments, a polymer or oligomer

described herein comprising repeating units A and B is a
conjugated polymer of Formula (I):

M

wherein X, R}, R,, R3, R, R¢ and R, are defined above and x
andy are integers independently ranging from 1 to 10,000. As
described herein, in some embodiments, repeating units A
and B ofa conjugated polymer or oligomer of Formula () are
arranged to provide an alternating copolymer, a block copoly-
met, statistical copolymer or a random copolymer.

[0067] Insome embodiments, a conjugated polymer or oli-
gomer of Formula (I) has a weight average molecular weight

(M,,) ranging from about 1,000 to about 1,000,000. In some
embodiments, a conjugated polymer or oligomer of Formula
(1) has a number average molecular weight (M, ) ranging from
about 500 to about 500,000,

[0068] Insome embodiments, a conjugated polymer or oli-
gomer of Formula (I) described herein is selected from the
group consisting of:
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-continued

wherein X, R}, R,, R and R, are defined above and x and y
are integers independently ranging from 1 to 10,000.

[0069] Insome embodiments, a conjugated polymer or oli-
gomer of Formula (I) described herein is selected from the
group consisting of:
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-continued
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-continued
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-continued
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H3;C— H,C—H,C—H,C(H3C—H,C)HC—H,C
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-continued
CH, — CH(CH,—CHj)CH,—CH,—CH,—CIH,

CH, —CH(CH,— CH;)CH, — CH,—CH,—CTI;
CH,—CH(CH, — CHL)CH, — CH, —CH, —CHj;
HyC—HyC—HyC—H,C(H;C—~HoCHC - HiC,

CH, —CH(CH,— CH3)CH, —CH, —CH, —CHj

—CH(CH,— CH;)CH, — CH, —CH, —CH,
CH,—CH(CH,—CH;)CH,— CH, —CH,—CHj;
H;C—H,C—H,C— HyC(H3C— HOHC-H,C

CH2 _CH(CHZ_ CH;)CHZ - CH2 - CH2 - CH3

—CH(CH,— CH;)CH, — CH, —CH, —CH;
CH,—CH(CH,—CH;)CH,—CH,—CH,—CH;
H;C—H,C—H,C — HyC(H;C— HyO)HC-TL,C
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-continued
CH,— CH(CH, — CH3)CH, — CH, —CH, —CH;

H;C—H>C—H,C = H,C(H;C— H,OJHC - H:C CH,—CH(CH,— CH;)CH, —CH, — CH,—CHj;
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-continued




US 2014/0103303 A1 Apr. 17,2014
29
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H;C— HyC—H,C— HC (H3C — HoC)HC—HaC
CH, -CH(CH, —CHz)CH,~CH, - CH, - CH;

H;C— H>C—H,C—H,C(H;C - H,O)HC - HoC

H3C - HzC— Hzc —H2C (ch - ch)HC _HZC
CH, - CH(CH,—CH,)CH,~CH, - CH, - CHj;

H;C—H,C—H,C— H,C(H;C - H,C)HC-H,C
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-continued
H3C— H,C— H,C —H,C(H;C — H,C)HC —H,C

H,C— H,C—H,C— H,C(H;C - H,O)HC-H,C

CH, - CH(CH, —CH;)CH, - CH, - CH, -CHj

wherein R; is defined hereinabove and x and y are integers
independently ranging from 1 to 10,000.

[0070] In some embodiments, a polymer or oligomer
described herein comprising repeating units A and C is a
conjugated polymer or oligomer of Formula (II):

an

wherein X, R}, R,, Rg and Ry, are defined above and x and y
are integers independently ranging from 1 to 10,000. As
described herein, in some embodiments, repeating units A
and C ofa conjugated polymer or oligomer of Formula (II) are
arranged to provide an alternating copolymer, a block copoly-
mer, statistical copolymer or a random copolymer.

[0071] Insome embodiments, a conjugated polymer or oli-
gomer of Formula (IT) has a weight average molecular weight
(M,,) ranging from about 1,000 to about 1,000,000. In some
embodiments, a conjugated polymer or oligomer of Formula
(II) has a number average molecular weight (M,)) ranging
from about 500 to about 500,000.

[0072] Insome embodiments, a conjugated polymer or oli-
gomer of Formula (IT) described herein is selected from the
group consisting of:




US 2014/0103303 A1

31

-continued
Csllj7 Cslliy

i Csllj7 Csllyy

y

O
O
O

O
O
O
O

N/ \N

\ l N
DaUas
[ o CioHar CioHa) ]
N/ \N

\ / N
A
i Se Ciotay Crolay }
N

N/ / N
)AL

Rs

GO0
OO

2y
dj@@y
O

¥
¥y
>
¥y
¥y
¥y

Apr. 17,2014



US 2014/0103303 A1 Apr. 17,2014
32

-continued

> 2.2.¢C
%ﬁé
] \/MI
=

- —x

HyC—HyC—H,C—H,C(H;C—H,OHC—H,C  CH,—CH(CH, = CHz)CH,— CH,— CH,— CH;

HyC— H,C—H,C— IL,C(H;C— H,QHC—T,C  CH,—CH(CH, —CH,)CH,—CH,—CH,—CHj;

H;C—H,C—HC-HC(H,C-LOHC-L,C  CH,~CH(CH,—CH;)CH~CH,—CH,—CHj3; and

CH,~CH(CH,—CH;)CH,—CH>~CH,-CHj
H;C—H,C—H,C- H,C(H;C-H,CHC —H,C
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-continued

H,C— H,C — H,C ~H,C(H;C— H,C)HC— H,C

H,C—H,C — HyC —IL,O(HC— H,OHC — HyC

CH,—CH(CH, —CH;)CH,—CH, —CH,—CH;

CH,— CH(CH,—CH3)CH, —CH, — CH,—CI;

wherein R is defined hereinabove and x and vy are integers
independently ranging from 1 to 10,000.

[0073] In some embodiments, a polymer or oligomer
described herein comprising repeating units B and C is a
conjugated polymer or oligomer of Formula (I11):

(I

wherein R;, R, R, R, Ry and R, are defined above and x and
y are integers independently ranging from 1 to 10,000. As
described herein, in some embodiments, repeating units B
and C of a conjugated polymer or oligomer of Formula (I1I)
are arranged to provide an alternating copolymer, a block
copolymer, statistical copolymer or a random copolymer.

[0074] In some embodiments, a conjugated polymer or oli-
gomer of Formula (IIT) has a weight average molecular

weight (M,,) ranging from about 1,000 to about 1,000,000. In
some embodiments, a conjugated polymer or oligomer of
Formula (IIT) has a number average molecular weight (M,)
ranging from about 500 to about 500,000.

[0075] Insomeembodiments, a conjugated polymer or oli-
gomer of Formula (IIT) described herein is selected from the
group consisting of:
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wherein Ry, R, R, and R, are defined above and x and y are
integers independently ranging from 1 to 10,000,

[0076] Insome embodiments, a conjugated polymer or oli-
gomer of Formula (IIT) described herein is selected from the
group consisting of:
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-continued

H;C—-H,C—H,C—H,C(H;C—H,C)HC-H,;C CH,—CH(CH,—CH;3)CH,—CH,—CH,—CHj;

H;C-HyC— FsC— HyC(H;C-TL,OHC-IL,C  CHy—CH(CH,—CH;3)CH; —CH, ~CH,—CHj;

| O
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-continued
H;C —H,C— H,C — L, C(H,C — H,O)HC— H,C

CH,—CH(CH,—CH3)CH,—CH,-CH,—CH;

CH, —CH(CH, — CH;)CH, —CH, —CH, —CHj;

CH,—CH(CH, —CH,)CH, — CH,— CH,— CH;

L\_/ OO
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-continued

H;C—HC— 0 — IO —ILOHC-TL,C CH,— CH(CH,— CH3)CH, —CHy— CHy — CH;

H;C-H,C~H,C—H,C(H;C-IL,OHC-IL,C  CH,—CH(CH,—CH;)CH, —CH,-CH,—CHj;

W L\_ &

wherein x and y are integers independently ranging from 1 to
10,000.

[0077] In some embodiments, a polymer or oligomer
described herein comprising repeating units A, B and C is a
conjugated polymer or oligomer of Formula (IV):

av)
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whereinX, R, R,,R;, R4, R4, R, Ry and R, are defined above
and x, y and z are integers independently ranging from 1 to
10,000. As described herein, in some embodiments, repeating
units A, B and C of a conjugated polymer or oligomer of
Formula (IV) are arranged to provide an alternating copoly-
mer, a block copolymer, statistical copolymer or a random
copolymer.

Apr. 17,2014

[0078] Insome embodiments, a conjugated polymer or oli-
gomer of Formula (IV) has a weight average molecular
weight (M,,) ranging from about 1,000 to about 1,000,000. In
some embodiments, a conjugated polymer or oligomer of
Formula (IV) has a number average molecular weight (M,)
ranging from about 500 to about 500,000.

[0079] Insome embodiments, a conjugated polymer of oli-

gomer of Formula (IV) described herein is selected from the
group consisting of:
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wherein X, R, R,. Rg, R, Rg and R, are defined above and x,
y and 7 are integers independently ranging from 1 to 10,000.
[0080] In some embodiments, a conjugated polymer or oli-
gomer of Formula (IV) described herein is selected from the
group consisting of:

CgHy7 CeHy7

CioHar CyHay,;

CIZHZS C12H25
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H,C— H,C— I, —L,C(H,C—L,COHC-H,C  CHy—CH(CH,~CH;)CH,~CH,—CH,—CHj

CH, - CH(CH,—CH;)CH,— CH, — CH, — CH;
H;C=H,C=H,C=H,C(H;C=H,C)HC—H,C CH,—CH(CH,—CH;)CH,—CH,—CH, —CH;

H;C-H,C- HyC- H>C(H;C - H,OHC-HoC

CsHy7 CsHys

Ci2Has CppHys
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-continued

H,C— 0,0~ I,C—L,C(H,C—H,CQ)HC—-H,C  CHy—CH(CH,—CHz)CH—CHy—CH,—CHs

CH,—CH(CH,—CH;)CH,—CH,—CH,—CH;
H;C=H,C—HC~ HC(H;C - Hh,OHC—H,C CH,—CH(CH,—CH;3)CH,—CH,—CH,—CH;

H;C—H>C- HaC- HoC(H3C - HhC)HC - H,C

Ciothr CyoHay

CiHys CppHas
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-continued

H,C— H,C— I, —L,C(H,C—L,COHC-H,C  CHy—CH(CH,~CH;)CH,~CH,—CH,—CHj

CH, - CH(CH,—CH;)CH,— CH, — CH, — CH;
H;C=H,C=H,C=H,C(H;C=H,C)HC—H,C CH,—CH(CH,—CH;)CH,—CH,—CH, —CH;

H;C-H,C- HyC- H>C(H;C~ H,OHC-HoC

Ciothr CjoHyy

CiHys CppHas
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-continued
H;C—H,C—H,C—H,C(H;C—H,O)HC-H,C  CHy—CH(CH,—CH;)CH,~CH,—CH,—CH;

CH, — CH(CH, —CH;)CH,—CH,—CH,—CH;
H3C=H,C—HyC—HaC(H3C—HOHC—H,C CH,—CH(CH,—CH3)CH,—CH,—CH,;—CH;

¢ -0 -0~ HL,C(H;C - ILCHC-1,C

Cellj7 CeHyy

CioHa1 CoHyy
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CIZHZS C12H25

H;C = HoC=H,C = H3C(H3C—H>O)HC— HoC CH,—CH(CH, —CH;)CH,—CH,—CH, —CH;

CH,—CH(CH,—CH;)CH,—CH, — CH, —CH,

HyC—Hy,C— H>C— HoC(H3C—~ H,C)HC — H,C CH,—CH(CH, — CH;)CH, — CHy — CH; —CHjy
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CIOHZI C10H21

Cioos CppHas

H;C=H,C=H,C = H;C(H;C~H,C)HC = H,C CH,—CH(CH,~CH;)CH,~CH,—CH,—CH;

CH,—CH(CH,—CH;)CH,—CH,— CH, —CH;

H;C=H,C—Hy,C-HyC(H;C~ HOHC— HyC CH,—CH(CH,—CH3)CH,—CH, —CH,—CHj
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H;C=H,C=H,C = H;C(H;C— L0 HC - H,C CH,—CH(CH,~CH3)CH,—CH,—CH, —CH;,

CH, —CH(CH, —CH3)CH,—CH,—CH, — CH,

H;C—H,C—H,C—H,C(H;C— H,C)HC—H,C CH,—CH(CH,—CH3)CH,—CH,—CH;—CHj

Cslly7 CeHys

CioHa1 Cjolyy
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CioHas CpoHas

H,C— H,C —H,C— H,C(H;C~H,CHC - H,C CH,—CH(CH,—CH,)CH, —CH,—CH, —CIi,

CH,—CH(CH,—CH;)CH,—CH, — CH, —CH;
1,0 = HyC— HyC = HyC(H;C~ HyC)HC— HyC CH,—CH(CH, — CH,)CH, — CH, —CH, —CI,

H;C-H,C- HyC- H>C(H;C- H,OHC - HoC
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CioHa1 CoHay

CIZHZS C12H25

H;C=H,C=H,C = H;C(H;C—H>O)HC - H,C CH,—CH(CH,~CH;)CH,~CH,—CH,—CH;

CH,—CH(CH,—CH;)CH,—CH, — CH,—CHj
H;C=H,C = H,C = H>C(H;C= H>OHC—H,C CH,—CH(CH,—CH;)CH,—CH,—CH,—CHj,

0,0 IL,C - ILC-TLCHLC- ILOHC- H,C
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CgHy7 CsHys

CroHar CyoHyg

Ciolas CpoHas
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-continued
H3C— HyC—HyC = HyC(H;C—TL,OHC - 1,C CH,—CH(CH,~CH;)CH,—CH,—CH,—CH;

CH, —CH(CH,—CH;3)CH,—CH, —CH, —CH,
H;C-HyC~HC—HC(H;C- HOHC—H,C CH,—CH(CH,—CH;)CH,— CH, —CH, —CH;

30— 1,0~ H,C-H,O(H,C - H,OHC - HyC
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CIZHZS C12H25
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-continued

H;C— HyC—HyC = HyC(H;C—TL,OHC - 1,C

H;C-H,C—H,C - By C(H;C—~ H,OHC—H,C

H,C- ,C - IL,C- ILC(H;C- ILOHC-H,C

wherein R is defined hereinabove and x, y and z are integers
independently ranging from 1 to 10,000.

[0081] Inanother aspect, light emitting devices comprising
conjugated polymers or oligomers are described herein. In
some embodiments, a light emitting device comprises aradia-
tion transmissive first electrode, a second electrode and a light
emitting layer disposed between the first electrode and the
second electrode, the light emitting layer comprising a con-
jugated polymer or oligomer comprising at least two repeat-
ing units selected from the group consisting of repeating units
A, Band C:
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CH,—CH(CH, =CH;)CH,=CH,—CH,—CH;

CH,—CH(CH,—CE;)CH,—CH, —CH,—CHj

CH,—CH(CH, — CH3)CH,— CH, —CH; —CH;
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wherein | represents points of attachment in the polymer
chain or oligomer chain, X is selected from the group con-
sisting of 8, O, Seand NR; andR |, R,, R5, R, R, Rgand R,
are independently selected from the group consisting of
hydrogen, C,_,, alkyl, C,_,, alkenyl, Cy_,, alkyl and Cy_,,
alkenyl and R, and R, are independently selected from the
group consisting of aryl and heteroaryl, wherein the alkyl and
alkenyl of R, R,, Rs, R, R, Ry and R, and the aryl and
heteroaryl of R, and R, are optionally independently substi-
tuted one or more times with a substituent selected from the
group consisting of -alkyl, -alkenyl, -aryl, -heteroaryl, -alkyl-
aryl, -alkyl-heteroaryl, -alkenyl-aryl and -alkenyl-heteroaryl.
[0082] Insomeembodiments, R; and R, are independently
selected from the group consisting of pyridyl, pyranyl, pyridi-
nyl, bipyridinyl, phenylpyridinyl, thienyl, furanyl, selenophe-
nyl, fluorenyl, carbazolyl, pyrrolyl, quinolinyl, isoquionoli-
nyl, purinyl, oxazolyl and isoxazolyl and oligomers thereof.
[0083] In some embodiments, a polymer or oligomer of a
light emitting layer comprising at least two repeating units
selected from the group consisting of repeating units A, B and
C is a polymer or oligomer of Formula (I), Formula (II),
Formula (IIT) or Formula (IV) described hereinabove. In
some embodiments, for example, a polymer or oligomer of a
light emitting layer can comprise any specific example or
species of a polymer or oligomer of Formula (I), Formula (IT),
Formula (I1I) or Formula (IV) described or illustrated herein.
In some embodiments, a light emitting layer of a light emit-
ting device comprises a mixture of at least two polymers or
oligomers selected from the group consisting of polymers or
oligomers of Formula (I), Formula (II), Formula (III) and
Formula (IV). In some embodiments, conjugated polymers or
oligomers described herein can be mixed into a single layer.
In some embodiments, conjugated polymers or oligomers of
varying structure described herein can be separated into indi-
vidual layers to provide a light emitting layer of a light emit-
ting device.

[0084] In some embodiments, a light emitting layer can
have any thickness not inconsistent with the objectives of the
present invention. A light emitting layer, in some embodi-
ments, has a thickness ranging from about 5 nm to about 10
pm. In some embodiments, a light emitting layer has a thick-
ness ranging from about 10 nm to about to about 1 um. In
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some embodiments, a light emitting layer has a thickness
ranging from about 20 nm to about 750 nm or from about 50
nm to about 500 nm. A light emitting layer, in some embodi-
ments, has a thickness ranging from about 5 nm to about 200
nm. In some embodiments, a light emitting layer has a thick-
ness ranging from about 10 nm to about 150 nm. In some
embodiments, a light emitting layer has a thickness ranging
from about 20 nm to about 100 nm.

[0085] A radiation transmissive first electrode of a light
emitting device described herein can comprise any material
not inconsistent with the objectives of the present invention.
Radiation transmissive, as used herein, refers to the ability to
at least partially pass radiation in the visible, infrared and/or
ultraviolet region of the electromagnetic spectrum. In some
embodiments, radiation transmissive materials can pass vis-
ible electromagnetic radiation with minimal absorbance or
other interference.

[0086] A radiation transmissive first electrode, in some
embodiments comprises a radiation transmissive conducting
oxide. A radiation transmissive conducting oxide, in some
embodiments, comprises indium tin oxide (ITO), gallium
indium tin oxide (GITO) or zinc indium tin oxide (ZITO).
[0087] Insome embodiments, a radiation transmissive first
electrode of a light emitting device comprises a radiation
transmissive polymeric material. A radiation transmissive
polymeric material, in some embodiments, comprises poly-
analine (PAn) and/or its chemical relatives. In some embodi-
ments, a radiation transmissive polymeric material comprises
3,4-polyethylenedioxythiophene (PEDOT). In some embodi-
ments, a radiation transmissive first electrode comprises a
metal or carbon nanotube layer having a thickness operable to
at least partially pass visible electromagnetic radiation.
[0088] A radiation transmissive first electrode can have any
thickness not inconsistent with the objectives of the present
invention. In some embodiments, a radiation transmissive
first electrode has a thickness of at least about 10 nm. In some
embodiments, a radiation transmissive first electrode has a
thickness ranging from about 10 nm to about 1 pm. A radia-
tion transmissive first electrode, in some embodiments, has a
thickness ranging from about 20 nm to about 750 nm. In some
embodiments, a radiation transmissive first electrode has a
thickness ranging from about 50 nm to about 500 nm. In some
embodiments, a radiation transmissive first electrode has a
thickness ranging from about 30 nm to about 200 nm or from
about 50 nm to about 150 nm.

[0089] As described herein, a light emitting device com-
prises a second electrode. A second electrode can comprise
any material not inconsistent with the objectives of the
present invention. In some embodiments, a second electrode
is non-radiation transmissive. In some embodiments, a sec-
ond electrode comprises a metal. In some embodiments, a
metal comprises elementally pure metals as well as metal
alloys. In some embodiments, a second electrode comprises
aluminum, copper, gold, silver, platinum, palladium or other
transition metals or alloys thereof. In some embodiments, a
second electrode is radiation transmissive. In some embodi-
ments wherein a second electrode is radiation transmissive,
the second electrode comprises any radiation transmissive
material described herein for the radiation transmissive first
electrode.

[0090] A second electrode can have any thickness not
inconsistent with the objectives of the present invention. In
some embodiments, a second electrode has a thickness rang-
ing from about 10 nm to about 10 um. In some embodiments,
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a second electrode has a thickness ranging from about 50 nm
about 750 nm. A second electrode, in some embodiments, has
a thickness ranging from about 100 nm to about 500 nm.
[0091] A layer comprising lithium fluoride (LiF), in some
embodiments, is disposed between the light emitting layer
and the second electrode. The LiF layer, in some embodi-
ments, has a thickness ranging from about 5 Angstroms to
about 3 nm. In some embodiments, the LiF layer has a thick-
ness ranging from about 1 nm to about 2 nm.

[0092] The light emitting layer of a light emitting device
described herein, in some embodiments, is electrically con-
nected to the radiation transmissive first electrode and the
second electrode. Electrically connected, in some embodi-
ments, refers to the ability ofthe light emitting layer to receive
charge carriers, including electrons and holes, from the radia-
tion transmissive first electrode and second electrode.

[0093] Insome embodiments, a hole transport layer is dis-
posed between the radiation transmissive first electrode and
the light emitting layer. In some embodiments, a hole trans-
port layer is disposed between the second electrode and the
light emitting layer. In some embodiments, a hole transport
layer comprises polethylenedioxythiophene:polystyrene-
sulfonate (PEDOT:PSS).

[0094] In some embodiments, an electron transport layer is
disposed between the second electrode and the light emitting
layer. In some embodiments, an electron transport layer is
disposed between the radiation transmissive first electrode
and the light emitting layer. In some embodiments, an elec-
tron transport layer comprises tris(8-hydroxyquinolinato)
aluminum (Algs).

[0095] In some embodiments, an electrically insulating
layer or dielectric layeris disposed between the first electrode
and the light emitting layer. In some embodiments, an elec-
trically insulating layer or dielectric layer is disposed
between the second electrode and the light emitting layer. In
some embodiments, a first dielectric layer is disposed
between the first electrode and the light emitting layer, and a
second dielectric layer is disposed between the second elec-
trode and the light emitting layer. In some embodiments, a
dielectric layer disposed between the light emitting layer and
the radiation transmissive first electrode and/or second elec-
trode is radiation transmissive. In some embodiments, an
electrically insulating layer or dielectric layer comprises one
or more inorganic oxides. In some embodiments, an inorganic
oxide comprises a transition metal oxide, alumina (Al,O;),
silica (Si0O,) or mixtures thereof.

[0096] In some embodiments, an electrically insulating
layer or dielectric layer comprises one or more polymeric
materials. In some embodiments, suitable polymers for use in
an electrically insulating or dielectric layers comprise fluori-
nated polymers such as polyvinylidene fluoride (PVDF), poly
(vinyl fluoride) (PVF), polytetrafluoroethylene (PTFE), per-
fluoropropylene, polychlorotrifluoroethylene (PCTFE), or
copolymers and combinations thereof. In some embodi-
ments, an electrically insulating or dielectric polymeric mate-
rial comprises polyacrylates including polyacrylic acid
(PAA), poly(methacrylate) (PMA), poly(methylmethacry-
late) (PMMA), or copolymers and combinations thereof. In
some embodiments, an electrically insulating or dielectric
polymeric material comprises polyethylenes, polypropy-
lenes, polystyrenes, poly(vinylchloride), polycarbonates,
polyamides, polyimides, or copolymers and combinations
thereof. Polymeric dielectric materials, according to some
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embodiments described herein, contemplate any suitable
molecular weight (M, ) and polydispersity as understood by
one of skill in the art.

[0097] FIG. 1 illustrates a light emitting device according
to one embodiment described herein. The light emitting
device of FIG. 1 comprises a radiation transmissive first elec-
trode (11) and a second electrode (12). A light emitting layer
(13) comprising one or more conjugated polymers or oligo-
mers described herein is disposed between the radiation
transmissive first electrode (11) and the second electrode (12)
and electrically connected to the radiation transmissive first
electrode (11) and the second electrode (12).

[0098] FIG. 2 illustrates a light emitting device according
to one embodiment described herein. The light emitting
device (20) of FIG. 2 comprises a radiation transmissive first
electrode (21) and a second electrode (22). A light emitting
layer (23) comprising one or more conjugated polymers or
oligomers described herein is disposed between the radiation
transmissive first electrode (21) and the second electrode (22)
and electrically connected to the radiation transmissive first
electrode (21) and the second electrode (22). A hole transport
layer (24) is disposed between the radiation transmissive first
electrode (21) and the light emitting layer (23), and a LiF
layer (25) is disposed between the second electrode (22) and
the light emitting layer (23).

[0099] In some embodiments, a light emitting layer of a
light emitting device described herein emits light having
coordinates in the white light region or substantially in the
white light region of the 1931 CIE Chromaticity Diagram. In
some embodiments, a light emitting layer of a light emitting
device described herein emits light having coordinates in any
desired region of the 1931 CIE Chromaticity Diagram includ-
ing, but not limited to, the green, blue, purple or red regions.

[0100] In another aspect, composite organic layers are
described herein. In some embodiments, a composite organic
layer comprises a nanoparticle phase disposed in a polymeric
phase or oligomeric phase, the polymeric phase or oligomeric
phase comprising a polymer or oligomer comprising at least
two repeating units selected from the group consisting of
repeating units A, B and C:
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wherein } represents points of attachment in the polymer
chain or oligomer chain, X is selected from the group con-
sisting of S, O, Seand NRy;and R |, R, R, R, R, Ry and R,
are independently selected from the group consisting of
hydrogen, C, ,, alkyl, C,_,, alkenyl, Cy_,, alkyl and C,_,,
alkenyl and R; and R, are independently selected from the
group consisting of aryl and heteroaryl, wherein the alkyl and
alkenyl of R, R,, R, R, R, Ry and Ry and the aryl and
heteroaryl of R, and R, are optionally independently substi-
tuted one or more times with a substituent selected from the
group consisting of -alkyl, -alkenyl, -aryl, -heteroaryl, -alkyl-
aryl, -alkyl-heteroaryl, -alkenyl-aryl and -alkenyl-heteroaryl.
[0101] Insomeembodiments, R, and R, are independently
selected from the group consisting of pyridyl, pyranyl, pyridi-
nyl, bipyridinyl, phenylpyridinyl, thienyl, furanyl, selenophe-
nyl, fluorenyl, carbazolyl, pyrrolyl, quinolinyl, isoquionoli-
nyl, purinyl, oxazolyl and isoxazolyl and oligomers thereof.
[0102] In some embodiments, a polymer or oligomer of a
composite organic layer comprising at least two repeating
units selected from the group consisting of repeating units A,
B and Cis a polymer or oligomer of Formula (I), Formula (II),
Formula (IIT) or Formula (IV) described hereinabove. In
some embodiments, for example, a polymer or oligomer of a
composite organic layer can comprise any specific example
or species of a polymer or oligomer of Formula (I), Formula
(1), Formula (II) or Formula (IV) described or illustrated
herein. In some embodiments, the polymeric or oligomeric
phase of a composite organic layer comprises a mixture of at
least two polymers or oligomers selected from the group
consisting of polymers or oligomers of Formula (T), Formula
(1), Formula (III) and Fornwla (IV) described herein.
[0103] Insome embodiments, a polymeric phase or oligo-
meric phase of a composite organic layer described herein
further comprises one or more conjugated or semiconducting
polymers in addition to at least one polymer or oligomer
selected from Formula (I), Formula (II), Formula (III) and
Formula (IV). In some embodiments, a polymeric phase or
oligomeric phase of a composite organic layer further com-
prises poly(2-vinylpyridine) (P2VP), poly(N-vinylcarba-
zole) (PVCZ), polypyrrole (PPy), polyaniline (PAn), poly-
thiophenes including, but not limited to, poly(3-
hexylthiophene) (P3HT), poly(3-octylthiophene) (P30T),
polythiophene (PTh) and polyphenylene vinlylenes includ-
ing, but not limited to, poly(phenylene vinlylene), poly(p-
phenylene vinylene) (PPV) or mixtures thereof. In some
embodiments, a polymeric phase or oligomeric phase further
comprises  poly[2-(3-thienyl)-ethoxy-4-butylsulphonate]
(PTEBS),  2-methoxy-5-(3',7'-dimethyloctyloxy)-1,4-phe-
nylene-vinylene (MDMO-PPV), poly(styrene-b-paraphe-
nylene], poly[2-methoxy-5-(2'-ethylhexyloxy)-p-phenylene-
vinylene] (MEH-PPV) or mixtures thereof.

[0104] In some embodiments, a nanoparticle phase is dis-
persed throughout the polymeric phase or oligomeric phase
of a composite organic layer described herein. In some
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embodiments, for example, nanoparticles are uniformly or
substantially uniformly distributed throughout the polymeric
phase or oligomeric phase of a composite organic layer. In
some embodiments, nanoparticles are heterogeneously dis-
persed in the polymeric phase or oligomeric phase of a com-
posite organic layer.

[0105] A nanoparticle phase disposed in a polymeric phase
or oligomeric phase of a composite organic layer described
herein can comprise any type of nanoparticle not inconsistent
with the objectives of the present invention. In some embodi-
ments, nanoparticles of the nanoparticle phase comprise car-
bon nanoparticles including, but not limited to, fullerenes,
carbon nanotubes, carbon quantum dots, grapheme particles
or mixtures thereof. Fullerenes suitable for use in the nano-
particle phase, in one embodiment, can comprise 1-(3-meth-
oxycarbonyl)propyl-1-phenyl(6,6)C,, (PCBM), higher order
fullerenes (C,, and higher), and endometallofullerenes
(fullerenes having at least one metal atom disposed therein).
Carbon nanotubes for use in the nanoparticle phase, accord-
ing to some embodiments, can comprise single-walled nano-
tubes (SWNT), multi-walled nanotubes (MWNT), cut nano-
tubes, nitrogen and/or boron doped carbon nanotubes or
mixtures thereof.

[0106] In some embodiments wherein the nanoparticle
phase comprises carbon nanotubes, the carbon nanotubes
have a length ranging from about 5 nm to about 1 um.
[0107] Insome embodiments, the carbon nanotubes have a
length ranging from about 10 nm to about 600 nm or from
about 20 nm to about 500 nm. In some embodiments, the
carbon nanotubes have a length ranging from about 50 nm to
about 300 nm or from about 100 nm to about 200 nm. In some
embodiments, the carbon nanotubes have a length shorter or
substantially shorter than the thickness of the composite
organic layer.

[0108] In some embodiments, nanoparticles of the nano-
particle phase comprise metal nanoparticles such as gold
nanoparticles, silver nanoparticles, copper nanoparticles,
nickel nanoparticles, and other transition metal nanoparticles.
In some embodiments, nanoparticles comprise semiconduc-
tor nanoparticles such as I1I/V and II/VI semiconductor nano-
particles, including cadmium selenide (CdSe) nanoparticles,
cadmium telluride (CdTe) nanoparticles, gallium nitride
(GaN) nanoparticles, gallium arsenide (GaAs) nanoparticles,
indium phosphide (InP) nanoparticles or mixtures thereof. In
some embodiments, semiconductor nanoparticles comprise
quantum dots including, but not limited to, II/VT and/or TII/V
quantum dots.

[0109] Insome embodiments, the nanoparticle phase com-
prises at least one nanowhisker. Carbon nanoparticles oper-
able to form nanowhiskers, according to some embodiments,
can comprise single-walled carbon nanotubes, multi-walled
carbon nanotubes, and fullerenes. In one embodiment, nano-
whiskers comprise crystalline PCBM.

[0110] In some embodiments, a nanoparticle phase of a
composite organic layer comprises any combination or mix-
ture of nanoparticle species described herein. In some
embodiments, for example, a composite organic layer com-
prises a mixture of carbon nanotubes (SWNT and/or MWNT)
with semiconductor nanocrystals, such as 1I/VI and/or ITI/V
quantum dots.

[0111] In some embodiments, a nanoparticle phase is
present in a composite organic layer in an amount up to about
20 weight percent. In some embodiments, a nanoparticle
phase is present in a composite organic layer in an amount
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ranging from about 0.01 weight percent to about 15 weight
percent. In some embodiments, a nanoparticle phase is
present in a composite organic layer in an amount ranging
from about 0.1 weight percent to about 10 weight percent or
from about 0.5 weight percent to about 5 weight percent. In
some embodiments, a nanoparticle phase is present in a com-
posite organic layer in an amount ranging from about 1
weight percent to about 4 weight percent or from about 0.1
weight percent to about 3 weight percent. In some embodi-
ments, a nanoparticle phase is present in a composite organic
layer in an amount ranging from about 0.1 weight percent to
about 0.5 weight percent or from about 0.5 weight percent to
about 1 weight percent.

[0112] A composite organic layer, according to some
embodiments, has thickness ranging from about 10 nm to
about 1 pm. In some embodiments, a composite organic layer
has a thickness ranging from about 80 nm to about 800 nm. In
some embodiments, a composite organic layer has a thickness
ranging from about 100 nm to about 500 nm or from about
150 nm to about 400 nm. In some embodiments, a composite
organic layer has a thickness ranging from about 50 nm to
about 300 nm or from about 40 nm to about 200 nm. In one
embodiment, a composite organic layer has a thickness rang-
ing from about 80 nm to about 150 nm. In some embodiments,
acomposite organic layer has a thickness greater than about 1
uM.

[0113] In another aspect, methods of making conjugated
polymers or oligomers are described herein. In some embodi-
ments, a method of making a conjugated polymer or oligomer
comprises reacting at least three types of monomer selected
from the group consisting of monomer types A,, B,, C,, D,
and E,:

N/X\N
\
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wherein X is selected from the group consisting of S, O, Se
and NRsand R, R, Rs, R, R, Ry, and R, are independently
selected from the group consisting of hydrogen, C, ,, alkyl,
C, o alkenyl, Cq ;5 alkyl and Cq , , alkenyl and Ry and R, are
independently selected from the group consisting of aryl and
heteroaryl and R, and R 5 are independently selected from
the group consisting of hydrogen and C,_ alkyl and wherein
thealkyland alkenyl of R;, R, R5, R, R, Rg, Ro, Ry, andR 5
and the aryl and heteroaryl of R, and R, are optionally inde-
pendently substituted one or more times with a substituent
selected from the group consisting of -alkyl, -alkenyl, -aryl,
-heteroaryl, -alkyl-aryl, -alkyl-heteroaryl, -alkenyl-aryl and
-alkenyl-heteroaryl and R |, R, ; and R are leaving groups.
[0114] In some embodiments, leaving groups of R,,, R,
and R 5 are independently selected from the group consisting
of halogen, tosyl, azide, thiocyanate and nitro.

[0115] Insome embodiments, R, and R are selected to be
the same and R, and R, are selected to be the same, thereby
rendering monomers C, and D, identical.

[0116] Insome embodiments of methods described herein,
a conjugated polymer or oligomer comprising at least two
repeating units selected from the group consisting of repeat-
ing units A, B and C:

(A)

®

and
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is provided by reacting at least three types of monomer
selected from the group consisting of monomer types A, B,

C,,D, and E, defined above, wherein } represents points of
attachment in the polymer chain or oligomer chainand X, R,
R,, R;, Ry, Rg, R, Rg and Ry are defined above.

[0117] In some embodiments, for example, polymers or
oligomers of Formulas (I)-(IV) can be provided by reacting
monomers types A, B,, C,, D; and E, according to Table 1.

TABLE I

Monomer Reaction Scheme

Polymer/Oligomer Monomers Reacted
Formula (I) ApBLCL D
Formula (IT) Ay, CLE)
Formula (IIT) B, D1, Ey
Formula (IV) ApBLCLDLE)

In some embodiments wherein monomers C, and D, have the
same structure, polymers or oligomers of Formulas (I)-(IV)
can be provided by reacting monomer types A, B,, C,, E;
according to Table I(A).

TABLE I(A)

Monomer Reaction Scheme

Polymer/Oligomer Monomers Reacted
Formula () A, B, Cy
Formula (IT) A, CLE,
Formula (I1T) B,,C,,E;

Formula (IV) A, B, CLE,

[0118] Insome embodiments of methods of making a con-
jugated polymer or oligomer, combinations of monomers A,
B,, C,, D, and E, as provided in Table I are polymerized
according to palladium catalyzed cross-coupling of organic
halides with organoboron derivatives. In some embodiments,
combinations of monomers of A}, B;, C;, D, and E, are
polymerized by Suzuki coupling reactions. FIG. 3 illustrates
amethod of producing a polymer or oligomer of Formula (IV)
according to one embodiment described herein.

[0119] Moreover, in some embodiments, monomers A,
B,, C,, D, and E, can be provided in any desired ratio to
provide a conjugated polymer or oligomer described herein.
In some embodiments, for example, monomers A, B,,C,, D,
and E, can be provided according to the ratios disclosed in
Table II for polymers or oligomers of Formulas (I)-(IV).
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TABLE II

Monomer Ratios

Polymer/Oligomer Monomer Ratio

Formula (I) 0.05<A,; =09
0.05sB;s09
0.05<C; =09
0.05<D, <09
wherein A, +B;+C,+D, =1
0.05sA,;s09
0.05<C; =09

0.05<E; <09

Formula (IT)

whereinA; +C, +E,; =1
0.05=B;=09
005D, <09
0.05<E; =09

wherein B, + D, +E, =1
0.05sA,s09
0.05=B;=09
0.05=C; =09
005D, <09
0.05=E;=0.9
wherein A +B, +C,+D; +E; =1

Formula (I17)

Formula (IV)

[0120] In some embodiments wherein monomers C, and
D, have the same structure, monomers A, B, C,,and E, can
be provided according to the ratios disclosed in Table II(A)
for polymers or oligomers of Formulas (I)-(IV).

TABLE II(A)

Monomer Ratios

Polymer/Oligomer Monomer Ratio

Formula (T) 0.05<A, =09
005<B; =09
005<C; =09
wherein A + B, +C, =1
005<A; =09
005<C; =09
005<E; =09
wherein A, +C, +E, =1
005<B; =09
005<C; =09
005<E ;<09

wherein B, +C; +E; =1
005<A; =09
0.05<B; =09
005<C,; =09
005<E; =09
wherein A +B;+C, +E; =1

Formula (II)

Formula (III)

Formula (IV)

[0121] In another aspect, methods of making a light emit-
ting device are described herein. In some embodiments, a
method of making a light emitting device comprises provid-
ing a radiation transmissive first electrode, providing a second
electrode and disposing a light emitting layer comprising
conjugated polymer or oligomer between the first electrode
and the second electrode, the conjugated polymer or oligomer
comprising at least two repeating units selected from the
group consisting of repeating units A, B and C:
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(A)
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wherein | represents points of attachment in the polymer
chain or oligomer chain, X is selected from the group con-
sisting of S, O, Seand NR; and R |, R,, R5, R4, R, Rgand R,
are independently selected from the group consisting of
hydrogen, C,_,, alkyl, C,_,, alkenyl, C,_,, alkyl and C,_,,
alkenyl and R, and R, are independently selected from the
group consisting of aryl and heteroaryl, wherein the alkyl and
alkenyl of R, R,, R;, Ry, R, Rg and R and the aryl and
heteroaryl of R, and R, are optionally independently substi-
tuted one or more times with a substituent selected from the
group consisting of -alkyl, -alkenyl, -aryl, -heteroaryl, -alky]-
aryl, -alkyl-heteroaryl, -alkenyl-aryl and -alkenyl-heteroaryl.
[0122] Insomeembodiments, R, and R, are independently
selected from the group consisting of pyridyl, pyranyl, pyridi-
nyl, bipyridinyl, phenylpyridinyl, thienyl, furanyl, selenophe-
nyl, fluorenyl, carbazolyl, pyrrolyl, quinolinyl, isoquionoli-
nyl, purinyl, oxazolyl and isoxazolyl and oligomers thereof.
[0123] In some embodiments, a polymer or oligomer of a
light emitting layer comprising at least two repeating units
selected from the group consisting of repeating units A, B and
C is a polymer or oligomer of Formula (I), Formula (II),
Formula (I1T) or Formula (IV) described hereinabove. In
some embodiments, a light emitting layer of a light emitting
device comprises a mixture of at least two polymers or oli-
gomers selected from the group consisting of polymers or
oligomers of Formula (I), Formula (II), Formula (I1I) and
Formula (IV) described herein. In some embodiments, a con-
jugated polymer or oligomer of a light emitting device has an
electroluminescent emission having coordinates in the white
light region or substantially in the white light region of the
1931 CIE Chromaticity Diagram.

[0124] In another aspect, methods of altering the electrolu-
minescent emission spectra of conjugated polymers and oli-
gomers are described herein. In some embodiments, a method
of altering the electroluminescent emission spectrum of a
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conjugated polymer or oligomer comprises varying the ratio
of repeating units forming the conjugated polymer or oligo-
mer, wherein at least two repeating units of the conjugated
polymer oroligomer are selected from the group consisting of
repeating units A, B and C:

)

®)

©

Rg Ryg

wherein } represents points of attachment in the polymer
chain or oligomer chain, X is selected from the group con-
sisting of S, O, Seand NRyand R, R,, R5, R, R,, Rgand R,
are independently selected from the group consisting of
hydrogen, C, ,, alkyl, C,_,, alkenyl, C,_,, alkyl and C,_,
alkenyl and R, and R, are independently selected from the
group consisting of aryl and heteroaryl, wherein the alkyl and
alkenyl of R, R,, Rs, Ry, R;, Ry and Ry, and the aryl and
heteroaryl of R, and R, are optionally independently substi-
tuted one or more times with a substituent selected from the
group consisting of -alkyl, -alkenyl, -aryl, -heteroaryl, -alkyl-
aryl, -alkyl-heteroaryl, -alkenyl-aryl and -alkenyl-heteroaryl.

[0125] Insomeembodiments, R; and R, are independently
selected from the group consisting of pyridyl, pyranyl, pyridi-
nyl, bipyridinyl, phenylpyridinyl. thienyl, furanyl, selenophe-
nyl, fluorenyl, carbazolyl, pyrrolyl, quinolinyl, isoquionoli-
nyl, purinyl, oxazolyl and isoxazolyl and oligomers thereof.

[0126] In another aspect, methods of producing a compos-
ite organic layer are described herein. In some embodiments,
a method of producing a composite organic layer comprises
providing a nanoparticle phase comprising a plurality of
nanoparticles, providing a polymeric phase or an oligomeric
phase and disposing the nanoparticle phase in the polymeric
phase or the oligomeric phase, the polymeric phase or oligo-
meric phase comprising a polymer or oligomer comprising at
least two repeating units selected from the group consisting of
repeating units A, B and C:
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AN R, R
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©

Apr. 17,2014

group consisting of -alkyl, -alkenyl, -aryl, -heteroaryl, -alkyl-
aryl, -alkyl-heteroaryl, -alkenyl-aryl and -alkenyl-heteroaryl.
[0127] Insomeembodiments, R; and R, are independently
selected from the group consisting of pyridyl, pyranyl, pyridi-
nyl, bipyridinyl, phenylpyridinyl. thienyl, furanyl, selenophe-
nyl, fluorenyl, carbazolyl, pyrrolyl, quinolinyl, isoquionoli-
nyl, purinyl, oxazolyl and isoxazolyl and oligomers thereof.
[0128] In some embodiments, a polymer or oligomer of a
composite layer comprising at least two repeating units
selected from the group consisting of repeating units A, B and
C is a polymer or oligomer of Formula (I), Formula (I},
Formula (IIT) or Formula (IV) described hereinabove. In
some embodiments, a composite organic layer comprises a
mixture of at least two polymers or oligomers selected from
the group consisting of polymers or oligomers of Formula (I),
Formula (II), Formula (IIT) and Formula (IV) described
herein. In some embodiments, a conjugated polymer or oli-
gomer of a composite layer has an electroluminescent emis-
sion having coordinates in the white light region or substan-
tially in the white light region of the 1931 CIE Chromaticity
Diagram.

[0129] Theseand other embodiments are further illustrated
by the following non-limiting examples.

Example 1

Conjugated Oligomer of Formula (IV)

[0130] A conjugated oligomer of Formula (IV):

O

[PE-BT-QL]

wherein } represents points of attachment in the polymer
chain or oligomer chain, X is selected from the group con-
sisting of S, O, Seand NR; and R |, R,, R5, Ry, R,. Ry and R,
are independently selected from the group consisting of
hydrogen, C,_,, alkyl, C,_,, alkenyl, Cy_,, alkyl and Cy_,,
alkenyl and R; and R, are independently selected from the
group consisting of aryl and heteroaryl, wherein the alkyl and
alkenyl of R, R, Rs, Rg, R, Rg and Ry and the aryl and
heteroaryl of R; and R, are optionally independently substi-
tuted one or more times with a substituent selected from the

was synthesized according to the reaction scheme provided in
FIG. 3, wherein 1,4-dibromo-2,5-bis(2-quinolinyl)benzene
4), 2,7-dibromo-9,9-di-n-octylfluorene (5), 2,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-y1)-9,9-dioctylfluorene

(7), 4,7-dibromo-2,1,3-benzothiadiazole (8) were synthe-
sized. Suzuki coupling polymerization reactions with (4), (5),
(7) and (8) were conducted in biphasic system (toluene/aque-
ous Na,CO,) with Pd(PPh,), as a catalyst precursor. The
reactions were kept stirring at reflux temperature for 3 days.
Phenyl boronic was subsequently added to reduce the heavy
atom affecting which quenched fluorescence. Polyfluorene
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[PF] was additionally synthesized according to known
Suzuki coupling methods for comparison with the PF-BT-QL
oligomer.

[0131] The synthesized PF-BT-QL oligomer and PF poly-
mer were soluble in common organic solvents, such as chlo-
roform, toluene and tetrahydrofuran (THF). Crude PF-BT-
QL oligomer was dissolved in THF, which was added
dropwise to methanol so as to precipitate the high molar mass
oligomers. The fractioned high molar mass oligomers were
separated by filtration and dried in a vacuum oven. The weight
average molecular weight (M, ) and number average molecu-
lar weight (M,)) of the PF-BT-QL oligomer and polyfluorene
polymer were determined by gel permeation chromatography
(GPC) and are summarized in Table I1I.

TABLE III

Conjugated Oligomer and Polymer Properties

Polymer M,, M, Polydispersity (PDI)
PF-BT-QL 1600 1100 1.4
PF 40000 20000 2.0

[0132] The optical properties of absorption (UV-Vis), fluo-

rescence (FL) and photoluminescence (PL) for PF-BT-QL
oligomer and PF polymer are illustrated in FIG. 4. The optical
band gaps were 2.95, and 2.50 eV corresponding to PF, and
PF-BT-QL, respectively, which were calculated from the
onset of UV-vis spectra.

[0133] From the FL spectra obtained upon excitation at 390
nm of'the polymer, the PF displayed a strong emission band at
404 nm and flat after 430 nm. It is possible that the shoulder
in the PF spectrum arises earlier due to the coupling reaction
between the fluorene and vinylene units to form a new elec-
tronic state with a lower energy, while PF-BT-QL exhibited a
broad peak at about 520 nm.

[0134] From the PL spectra, the major emission band of PF
appeared at 436 nm with a strong shoulder at a slightly longer
wavelength (+30 nm). Again, the shoulder likely arose from
electronic coupling between the fluorene and vinylene moi-
eties, while PF-BT-QL exhibited a broad peak at about 540
nm showing red-shifted emission in comparison to the
homopolymer.

[0135] The electrochemical properties and HOMO and
LUMO energy levels of PF and PF-BT-QL were investigated
using cyclic voltammetry (CV). The measurements were per-
formed in a solution of n-Bu,NPF (0.1 M), polymer (20 mg)
[PF], [PF-BT-QL] and dried CH,Cl, at ascan rate of 50 mV/s
at room temperature under the protection of argon. A glassy
carbon electrode, a platinum electrode and an Ag/Ag* elec-
trode were used as the working electrode, the counter elec-
trode and the quasi-reference electrode respectively. As
shown in FIG. 5, PF and PF-BT-QL exhibit quasi-irreversible
oxidation processes. The E,;,,o Was calculated according to
an empirical equation as follows:

Erronio™(444+E . )(€V)

and the B, was estimated from absorption onset of the
polymers, thus, E, , ., was calculated using the equation,

Ervmo=EgomotEgay

The onset oxidation potential (E,,,..,), Ezonrco, band gap
energy (E,,,), and E; ;5,0 are summarized in Table IV. The
oxidation process at about 1.21 V corresponds to the removal

of electrons from the fluorene core thereby generating radical
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dications. B4, decreased and E; , , ,, increased for PF-BT-
QL, which indicated more difficulty in hole or electron
(charge) injection.

TABLE IV

Polymer Electrochemical Properties

Polymer Egnser (V) Erono (€V) Egap (eV) Eromo (€V)
PF-BT-QL 1.26 570 2.50 3.20
PF 1.20 5.64 2.95 2.69
Example 2
Light Emitting Devices
[0136] A light emitting device comprising a light emitting

layer comprising the PF-BT-QL conjugated oligomer of
Example 1 was fabricated. The overall construction of the
light emitting device was ITO/PEDOT:PSS/PF-BT-QL/LiF/
Al

[0137] Indium tin oxide (ITO)-coated glass was ultrasoni-
cally cleaned sequentially for 15 min in 2% sonicating solu-
tion, water, acetone, and 2-propanol. The ITO had a thickness
ofabout 150 nm. A hole-transporting PEDOT:PSS layer of 40
nm was spin-coated onto the ITO anode. PF-BT-QL oligomer
solution was then spin-coated onto the PEDOT:PSS layer at a
thickness of 80 nm. The PF-BT-QL polymer solution for
spin-coating was prepared by dissolving the oligomer (5 wt
%) in tetrahydrofuran. LiF (0.5 nm) and aluminum (150 nm)
contacts were formed by vacuum deposition at pressures
below 107° Torr. The active section of the light emitting
device was subsequently covered with an epoxy resin and
allowed to dry so that the active regions were shielded from
oxygen exposure during device testing. The light emitting
device was tested using photospectrometer to a Keithley 238
and Minolta L.S-100 as the luminance detector.

[0138] A light emitting device comprising the PF conju-
gated polymer of Example 1 was also constructed according
to the foregoing procedure for comparison purposes.

[0139] FIG. 6 shows EL spectra of the PF-BT-QL and PF
light emitting devices. The EL spectrum of PF device exhib-
ited blue peaks at 440 nm and extra peaks at about 465 nm.
This indicated a radiative decay process of singlet excitons in
PF molecules providing the 440 nm emission.

[0140] The EL spectrum of PF-BT-QL was similar to its
photoluminescent (PL) spectrum, which indicated that the
same energy transfer was involved in EL and PL. The EL
intensity of PF was higher than that of PF-BT-QL at the same
applied voltage. The lower luminance in PF-BT-QL was
probably due to the efficient energy transfer from PF to quino-
line and benzothiadiazole unit.

[0141] The performance parameters of the light emitting
devices are provided in Table V. Moreover, the CIE coordi-
nates of devices and their respective emission colors are illus-
trated in FIG. 7. By changing the molar ratios of the repeating
units as described herein, the electroluminescence spectra
can be adjusted to white-light emission.
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TABLEV

Light Emitting Device Performance Characteristics

EL Emission CIE of EL Emission Turn on
Device Wavelength (x,9) Voltage (V)
PF 440, 465 0.17,0.11 10
PF-BT-QL 517 0.28,0.44 5
[0142] Current-voltage (I-V) and luminance-voltage (L-V)

curves for the PF-BT-QL and PF light emitting devices are
provided in FIG. 8. These are indicative of the rates at which
the currentand brightness are increasing. FIGS. 8(a) and 8(5),
both current and electroluminescence versus voltage data
exhibited readily observable increases in the slopes of PF-BT-
QL from PF. A higher slope indicates either efficient charge
injection, higher charge mobility, or a combination of both.
The threshold voltage of PF-BT-QL was lower than that of PF.

Example 3

Conjugated Polymers of Formula (IV) and Light
Emitting Devices Comprising the Same

[0143]

Conjugated oligomers of Formula (IV):
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were synthesized according to the scheme provided in
Example 1 above. The weight average molecular weight (M)
and number average molecular weight (M) of the oligomers
were determined by gel permeation chromatography (GPC)
and are summarized in Table V1.

TABLE VI

Conjugated Polymer Properties

Polymer M,, M, Polydispersity (PDI)
PF-BT-PD 3300 2200 1.5
PF-BT-TP 1900 1600 1.2

The absorption and emission spectra of PF-BT-PD and PF-
BT-TP in comparison to PF and PF-BT-QL of Example 1 are
illustrated in FIG. 9. As illustrated in FIG. 9, the absorption/
emission spectra of PF-BT-PD and PF-BT-TP are similar to
the absorption/emission spectrum of PF-BT-QL.

[0144] Moreover, light emitting devices comprising PF-
BT-PD and PF-BT-TP respectively were constructed in
accordance with the light emitting device of Example 2, FIG.
10 illustrates the electroluminescence emission spectra of the
light emitting device comprising PF-BT-PD and the light

[PF-BT-TP]
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emitting device comprising PF-BT-TP in comparison to the
light emitting devices of Example 2 comprising PF-BT-QL
and PF, As illustrated in FIG. 10, the EL spectra of PF-BT-PD
and PF-BT-TP are similar to the EL spectrum of PF-BT-QL.

[0145] Various embodiments of the invention have been
described in fulfillment of the various objects of the inven-
tion. It should be recognized that these embodiments are
merely illustrative of the principles of the present invention.
Numerous modifications and adaptations thereof will be
readily apparent to those skilled in the art without departing
from the spirit and scope of the invention.

That which 1s claimed is:

1-30. (canceled)

31. A white light emitting device comprising:
(1) a radiation transmissive first electrode;

(11) a second electrode;

(iii) a light emitting layer disposed between the first elec-
trode and the second electrode, the light emitting layer
comprising a conjugated polymer or oligomer capable
of white light emission and comprising repeating units
A, Band C:

&Y

®)

s and
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-continued

©
Rg R

oSO

wherein { represents points of attachment in the polymer
chain or oligomer chain, X is selected from the group
consisting of S, O, Seand NRsand R |, R,, R, R, R;, Ry
and R, are independently selected from the group con-
sisting of hydrogen, C, ,, alkyl, C, 5, alkenyl, Cg |5
alkyland Cq_, , alkenyl and R, and R, are independently
selected from the group consisting of pyridyl, pyranyl,
pyridinyl, bipyridinyl, phenylpyridinyl, thienyl, furanyl,
selenophenyl, fluorenyl, carbazolyl, pyrrolyl, quinoli-
nyl, isoquionolinyl, purinyl, oxazolyl and isoxazolyl and
oligomers thereof, wherein the alkyl and alkenyl of R,
R, Rs, R, R, Ry and R, and aryl and heteroaryl of R
and R, are optionally independently substituted one or
more times with a substituent selected from the group
consisting of -alkyl, -alkenyl, -aryl, -heteroaryl, -alkyl-
aryl, -alkyl-heteroaryl, -alkenyl-aryl and -alkenyl-het-
eroaryl; and
(iv) a dielectric layer disposed between the light emitting
layer and the first electrode and/or the second electrode.
32. The light emitting device of claim 31, wherein R, and
R, are independently selected from the group consisting of
pyranyl, pyridinyl, bipyridinyl, phenylpyridinyl, thienyl,
furanyl, selenophenyl, fluorenyl, carbazolyl, pyrrolyl, quino-
linyl, isoquionolinyl, purinyl, oxazolyl and isoxazolyl and
oligomers thereof.
33. The light emitting device of claim 31, wherein R and
R, are independently selected from the group consisting of

34. The light emitting device of claim 31, wherein the
polymer or oligomer of the light emitting layer is of Formula
vy
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wherein x, y, and z are integers independently ranging from 1
to 10,000.

35. The light emitting device of claim 34, wherein the
conjugated polymer or oligomer of the light emitting layer is
an alternating copolymer, statistical copolymer or a random
copolymer.

36. The light emitting device of claim 34, wherein the
conjugated polymer or oligomer of Formula (IV) has a weight
average molecular weight (M) ranging from about 1,000 to
about 1,000,000.

37. The light emitting device of claim 34, wherein the
conjugated polymer or oligomer of Formula (IV) is:
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wherein x, y, and z are integers independently ranging from 1
to 10,000.

38. The light emitting device of claim 37, wherein X is S.

39. The light emitting device of claim 38, wherein R,, R,,
Re, R, Ry, and R, are each —CH, ;.

40. The light emitting device of claim 34, wherein the
conjugated polymer or oligomer of Formula (IV) is:

wherein x, y, and z are integers independently ranging from 1
to 10,000.

41. The light emitting device of claim 40, wherein X is S.

42. The light emitting device of claim 41, wherein R, R,,
Re, R, Ry, and R, are each —CH, ;.

43. The light emitting device of claim 31, wherein the
dielectric layer is disposed between the light emitting layer
and the second electrode.

44. The light emitting device of claim 31, wherein the
dielectric layer is disposed between the light emitting layer
and the first electrode.

45. The light emitting device of claim 31, wherein the
dielectric layer comprises one or more inorganic oxides.

46. The light emitting device of claim 45, wherein the
inorganic oxide is silica or alumina.
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47. The light emitting device of claim 31, wherein the
dielectric layer comprises one or more polymeric materials.

48. The light emitting device of claim 47, wherein the one
or more polymeric materials comprise fluorinated polymers
or polyacrylates.

49. The light emitting device of claim 47, wherein the one
or more polymeric materials comprise polyethylenes,
polypropylenes, polystyrenes, poly(vinylchloride), polycar-
bonates, polyamides, polyimides, or copolymers and combi-
nations thereof.

50. The light emitting device of claim 47, wherein the
device has an electroluminescent emission having coordi-
nates in the white light region of the 1931 CIE Chromaticity
Diagram.

51. The light emitting device of claim 31 further compris-
ing a hole transport layer disposed between the first electrode
and the light emitting layer.

52. The light emitting device of claim 31 further compris-
ing a nanoparticle phase disposed in the conjugated polymer
or oligomer of the light emitting layer.

53. The light emitting device of claim 52, wherein the
nanoparticle phase comprises carbon nanoparticles.

54. The light emitting device of claim 53, wherein the
carbon nanoparticles comprise single-walled carbon nano-
tubes, multi-walled carbon nanotubes or mixtures thereof.

55. The light emitting device of claim 54, wherein the
carbon nanotubes are doped with boron or nitrogen or com-
binations thereof.

56. The light emitting device of claim 52, wherein the
nanoparticle phase is present in the light emitting layer in an
amount ranging from about 0.1 weight percent to about 2
weight percent.

57. A light emitting device comprising:
(1) a radiation transmissive first electrode;
(i) a second electrode;

(111) a light emitting layer disposed between the first elec-
trode and the second electrode, the light emitting layer
comprising a conjugated polymer or oligomer formed of
two repeating units selected from the group consisting of
repeating units A, B and C:
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X Ry Ry W
N/ \N
CHATT
%, (B)
| R¢ R;
> and

©
Rs Rg

-

wherein { represents points of attachment in the polymer
chain or oligomer chain, X is selected from the group
consisting of S, O,Seand NRsandR |, R,,R5, R, R, R,
and R, are independently selected from the group con-
sisting of hydrogen, C, ,, alkyl, C, ,, alkenyl, Cg |,
alkyland C,_ , alkenyl and R, and R, are independently
selected from the group consisting of aryl and het-
eroaryl, wherein the alkyl and alkenyl of R;, R, Rs, R,
R,, Ry and Ry and the aryland heteroarylof R, and R, are
optionally independently substituted one or more times
with a substituent selected from the group consisting of
-alkyl, -alkenyl, -aryl, -heteroaryl, -alkyl-aryl, -alkyl-
heteroaryl, -alkenyl-aryl and -alkenyl-heteroaryl; and
(iv) a dielectric layer disposed between the light emitting
layer and the first electrode and/or the second electrode.
58. The light emitting device of claim 57, wherein the
polymer or oligomer of the light emitting layer is of Formula

O:
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wherein x and y are integers independently ranging from 1 to
10,000.

59. The light emitting device of claim 57, wherein the
polymer or oligomer of the light emitting layer is of Formula

1.

wherein x and y are integers independently ranging from 1 to
10,000.
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60. The light emitting device of claim 57, wherein the
polymer or oligomer of the light emitting layer is of Formula
(1I):

wherein x and y are integers independently ranging from 1 to
10,000.
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