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SMALL MOLECULE CROSSLINKABLE TRISCARBAZOLE
HOLE TRANSPORT MATERIALS

RELATED APPLICATIONS

This application claims priority to USprovisiona application 61/579,418 filed
December 22, 201 1, which is hereby incorporated by reference in its entirety.

BACKGROUND

The study of materials, processing, and devices of organic light-emitting diodes
(OLED) isarapidly developing field. OLED devices are of interest partly because of their
ability to be processed onto avariety of substrates, their potential for low cost fabrication,
and the possibility for fabricating energy-efficient displays and/or solid-state lighting sources.
Early OLED devices were based on fluorescent organic materials in which emission isonly
obtained from hole-electron recombination events that result in the formation of singlet
excited states, placing limitations on the maximum efficiency of devices. Use of
phosphorescent transition-metal-based emitters, enabling emission from both singlet and
triplet excited states, was first reported in 1995 and has since become common. Continuing
progress in increasing the performance and development of OLED devices has commonly
been the result of new material and new complex architectures employing avariety of
multilayers with different functions including: hole and electron injection and transport; hole,
electron, and exciton blocking; and acting as a host for phosphorescent emitters.

The highest efficiency devices in the prior art are generally those fabricated using
high-vacuum vapor deposition. This approach permits the fabrication of well-defined
multilayers with relative ease. However, vacuum-processing istime-consuming and
expensive, while fabrication on large-area substrates can also be problematic. In contrast,
solution-based approaches have the potential to facilitate rapid and low-cost processing and
can be extended to large area substrates, and to high-throughput reel-to-reel processing. At
the same time, higher molecular- weight materials that are difficult to be vapor-deposited,
such as polymers or oligomers, can show good morphological stability.

-1-
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One challenge of creating multilayer architectures using solution-processing is that
the deposition of a second layer from solution sometimes causes apartia dissolution of the
preceding layer if the solvent required for the second material also dissolves the first. The
"orthogonal solvent" approach for addressing this problem (i.e. careful selection of solvents
so that the solvent for the second layer does not dissolve the first layer) is often not practical
to implement. An alternative approach isto insolubilize by crosslinking the organic material
in the first layer following solution-processing and before depositing the second layer.

Therefore, aneed exists for solution-processable and crosslinking materias (e.g.,
small molecules and polymers) suitable for the hole-transport layer of OLED devicesthat are
capable of achieving high external quantum efficiency.

SUMMARY

Provided herein are small molecules that are solution processable and are capable of
crosslinking by the application of heat and/or light. These small molecules allow for solvent
resistant and allow solution processing of subsequent layers while maintaining good hole
transport abilities and device efficiencies. Using small molecule materials obviate the need
for polymerization and polymer purification prior to device fabrication.

Embodiments described herein include, for example, compositions, articles, devices,
and methods for making.

For example, provided is acomposition comprising one or more first compounds

represented by formula (1) or formula (11):
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wherein: Rl, R2, R3, and R4 are each independently a hydrogen, a halogen, an optionally

substituted alkyl group, an optionally substituted aryl group, an optionally substituted

heteroalkyl group, or an optionally substituted heteroaryl group; XL1, XL2, XL3, and XL4
D-
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are each independently a crosslinking group; ki, k2, k3, and k4 are each 0, 1or 2; Risan
organic group optionally comprising a least one crosslinking group; and wherein at least one
of the first compounds comprises at least two crosslinking groups.

Also provided is acomposition comprising one or more first compounds represented

by formula (X111) or formula (X1V):

R
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wherein Rl, R2, R3, R4, R5, R6, R7, R8, R9, RIO, RI |, R12, R13, R14, R15, R16, R17,
R18, R19, R20, R21, R22, and R23 are each independently selected from the group
consisting of hydrogen, halogen, optionally substituted alkyl, optionally substituted aryl,
optionally substituted heteroalkyl, optionally substituted heteroaryl, and crosslinking group;
wherein said crosslinking group comprises areactive group RG optionally linked to alinker
group L selected from the group consisting of optionally substituted alkylene, optionally
substituted arylene, optionally substituted heteroalkylene, oxyalkylene, oligo-oxyalkylene
and optionally substituted heteroarylene; and wherein at least one of the first compounds
comprises at least two crosslinking groups.

Moreover, also provided is ahole transport layer comprising the composition
discussed above, aswell as an electroluminescence device comprising the hole transport
layer. The electroluminescence device can additionally comprise an anode, a hole injection
layer, an emissive layer and a cathode. In one embodiment, the hole transport layer is
solution deposited on the anode. In another embodiment, the one or more first compounds in
the hole transport layer isthermally and/or photochemically crosslinked. Still in another
embodiment, ahole injection layer is obtained by p-doping the crosslinked hole transport

layer. In afurther embodiment, the emissive layer of the electroluminescence device
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comprises a least one phosphorescent emitter, and the external quantum efficiency of the
electroluminescence device at 1,000 cd/m” is at least 5% or least 10%.

Furthermore, also provided is amethod for making an electroluminescence device,
comprising: providing an anode layer; depositing the hole transport layer discussed above
from solution onto the anode layer; and crosslinking the one or more first compounds to
produce a crosslinked hole transport layer, wherein the crosslinked hole transport layer is
substantially insolubilized. In one embodiment, the method further comprises depositing an
emissive layer from solution onto the crosslinked hole transporting layer.

Still further, also provided isamethod for making an electroluminescence device,
comprising: (i)providing asubstrate; (ii) depositing the composition discussed above onto the
substrate to form alayer; and (iii) rapidly heating said layer at atemperature of 150 °C or
more for 60 minutes or less, wherein the one or more first compounds are crosslinked after
said heating step. In one embodiment, the deposited layer is heated a atemperature of 200
°C or more. In another embodiment, the deposited layer is heated a arate of 100 °C/minute
or more. In afurther embodiment, the deposited layer is heated at atemperature of 150 °C or

more for 40 minutes or less.
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1shows schematically how crosslinking permits solution processing of
multiplayer OLED devices. The process can be used to fabricate either devices in which the
active layers are entirely processed from solution, or hybrid devices containing both solution
and vacuum-deposited layers. Crosslinking can aso improve morphological stability of
OLED active layers, for example, by suppressing phase segregation or crystallization.

FIG. 2 shows three exemplary embodiments of the small molecule crosslinking
triscarbazole hole transport material described herein.

FIG. 3 shows performance of an exemplary OLED device with spin-coated
Compound 5.42 hole transport layer and evaporation-deposited emitting layer.

FIG. 4 shows performance of an exemplary OLED device with spin-coated

Compound 5.42 hole transport layer and spin-coated emitting layer.
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FIG. 5 shows temperature profile and performance of an exemplary OLED device
with spin-coated Compound 5.42 hole transport layer cured by rapid thermal processing and
evaporation-deposited emitting layer.

FIG. 6 shows temperature profile and performance of an exemplary OLED device
with spin-coated Compound 5.42 hole transport layer cured by rapid thermal processing and
spin-coated emitting layer.

FIG. 7 shows temperature profile and performance of an exemplary OLED device
with spin-coated hole injection layer, spin-coated Compound 5.42 hole transport layer cured
by rapid thermal processing and spin-coated emitting layer.

FIG. 8 shows performance of an exemplary OLED device with evaporation-deposited
hole injection layer, spin-coated Compound J hole transport layer and spin-coated emitting
layer.

FIG. 9 shows performance of an exemplary OLED device with spin-coated hole
injection layer, spin-coated Compound J hole transport layer and spin-coated emitting layer.

FIG. 10 shows performance of an exemplary OLED device with spin-coated hole
injection layer, spin-coated Compound J hole transport layer and spin-coated emitting layer.

FIG. 11 shows performance of an exemplary OLED device with spin-coated hole
injection layer, spin-coated Compound J hole transport layer and spin-coated emitting layer.

DETAILED DESCRIPTION

INTRODUCTION
All references described herein are hereby incorporated by reference in their

entireties.

USProvisional Application 61/579,394 filed December 22, 201 1is hereby
incorporated by reference in its entirety.

USProvisiona Application 61/579,402 filed December 22, 201 1is hereby
incorporated by reference in its entirety.

Various terms are further described herein below:

"A", "an", and "the" refersto "at least one" or "one or more" unless specified

otherwise.
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"Optionally substituted" groups refers to, for example, functional groups that may be
substituted or unsubstituted by additional functional groups. For example, when agroup is
unsubstituted by an additional group it can bereferred to asthe group name, for example
alkyl or aryl. When agroup is substituted with additional functional groups it may more
generically bereferred to as substituted alkyl or substituted aryl.

"Alkyl" refersto, for example, straight chain and branched akyl groups having from
1to 20 carbon atoms, or from 1to 15 carbon atoms, or from 1to 10, or from 1to 5, or from 1
to 3 carbon atoms. This term isexemplified by groups such as for example methyl, ethyl, n-
propyl, iso-propyl, n-butyl, t-butyl, n-pentyl, ethylhexyl, dodecyl, isopentyl, and the like.

"Aryl" refers to, for example, an aromatic carbocyclic group of from 6 to 14 carbon
atoms having a singlering (e.g., phenyl) or multiple condensed rings (e.g., naphthyl or
anthryl) which condensed rings may or may not be aromatic provided that the point of
attachment is at an aromatic carbon atom. Preferred aryls include phenyl, naphthyl, and the
like.

"Heteroalkyl" refers to, for example, an alkyl group wherein one or more carbon atom
is substituted with aheteroatom. The heteroatom can be, for example, O, S, N, P, etc.

"Heteroaryl" refersto, for example, an aryl group wherein one or more carbon atom is
substituted with aheteroatom. The heteroatom can be, for example, O, S, N, P, etc. One
example of heteroaryl is carbazole.

"Alkoxy" refers to, for example, the group "akyl-O-" which includes, by way of
example, methoxy, ethoxy, n-propyloxy, iso-propyloxy, n-butyloxy, t-butyloxy, n-pentyloxy,
1-ethylhex-l-yloxy, dodecyloxy, isopentyloxy, and the like.

"Aryloxy" refers, for example, to the group "aryl-O-" which includes, by way of
example, phenoxy, naphthoxy, and the like.

"Alkylene" refers to, for example, straight chain and branched alkylene groups having
from 1to 20 carbon atoms, or from 1to 15 carbon atoms, or from 1to 10, or from 1to 5, or
from 1to 3 carbon atoms. Thisterm is exemplified by groups such as methylene, ethylene,
n-propylene, so-propylene, n-butylene, t-butylene, n-pentylene, ethylhexylene, dodecylene,
isopentylene, and the like.

"Arylene" refers to, for example, an aromatic carbocyclic group of from 6to 14

carbon atoms having a singlering (e.g., phenylene) or multiple condensed rings (e.g.,
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naphthylene or anthrylene) which condensed rings may or may not be aromatic provided that
the point of attachment is a an aromatic carbon atom. Preferred arylenes include phenylene,
naphthylene, and the like.

"Heteroalkylene" refers to, for example, an alkylene group wherein one or more
carbon atom is substituted with a heteroatom. The heteroatom can be, for example, O, S, N,
P, etc.

"Heteroarylene" refers to, for example, an arylene group wherein one or more carbon
atom is substituted with aheteroatom. The heteroatom can be, for example, O, S, N, P, etc.

"Oxyakylene" refersto, for example, the group "-akylene-O-", wherein the alkylene
can be optionally substituted.

"Oxyarylene" refersto, for example, the group "-arylene-O-", wherein the arylene can
be optionally substituted.

"Carbonyl alkylene" refers to, for example, the group "-alkylene-C(O)-", wherein the
alkylene can be optionally substituted.

"Carbonyl arylene" refers to, for example, the group "-arylene-C(O)-", wherein the
arylene can be optionally substituted.

"Carboxyl alkylene" refers to, for example, the group "-alkylene-C(0)-0-", wherein
the alkylene can be optionally substituted.

"Carboxyl arylene" refers to, for example, the group "-arylene-C(0)-0-", wherein the
arylene can be optionally substituted.

"Ether" refers to, for example, the groups "-alkylene-O-alkylene-", "-arylene-O-
alkylene-", and "-arylene-O-arylene-", wherein the alkylene and arylene can be optionally
substituted.

"Ester" refers to, for example, the groups "-alkylene-C(0)-0-alkylene-", "-arylene-
C(0)-0-dkylene-", "-arylene-C(0)-O-arylene-", wherein the alkylene and arylene can be
optionally substituted.

"Ketone" refers to, for example, the groups "-akylene-C(0)-alkylene-", "-arylene-
C(0)-alkylene-", and "-arylene-C(0)-arylene-", wherein the akylene and arylene can be
optionally substituted.

"Triscarbazole" refersto, for example, three or more carbazole groups connected to

each other through aryl carbon-nitrogen bond and/or aryl carbon-carbon bond.

-7-
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FIRST COMPOUND

Small molecules comprising one or more carbazole groups are known in the art and
described in, for example, Zuniga et al, Chem. Mater., 23:658-681 (201 1), US
2009/0278445, US2010/0184942, and WO 2009104488, all of which are incorporated herein
by reference in their entireties.

Many embodiments described herein relate to a composition comprising one or more

first compounds represented by formula (1) or formula (11):

R
\

R\1 \ Y, = = // Ry
\ ==
£|— " - R, Rs__\_\ N\<l>
(XL1)k1 WY /7 (X,
(L2} (X3), 5

m

wherein the first compound comprises at least two crosslinking groups; XL1, XL2,
XL3, and XL4 are each independently a crosslinking group; ki, k2, k3, and k4 areeach 0, 1
or 2; Risan organic group optionally comprising at least one crosslinking group; and
wherein Rl, R2, R3, and R4 are each independently a hydrogen, ahalogen, an optionally
substituted alkyl group, an optionally substituted aryl group, an optionally substituted
heteroalkyl group, or an optionally substituted heteroaryl group.

In some embodiments, only the R group of the first compound comprises crosslinking
groups, i.e, kl, k2, k3, and k4 are each 0. The R group can comprise, for example, two
crosslinking styrene groups.

-8-
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In other embodiments, the R group does not comprise any crosslinking group, while
the optionally substituted triscarbazole group comprises one or more crosslinking groups.
The optionally substituted triscarbazole group can comprise, for example, two vinyl groups
each directly linked to a carbocyclic ring of the optionally substituted triscarbazole group.
The synthesis of the optionally substituted triscarbazole group in formula (1) is described in
Jiang et a., J. Mater. Chem. 27:4918-26 (201 1), while the synthesis of the optionally
substituted triscarbazole group in formula (1) is described in Brunner et a, J. Am. Chem.
Soc. 726:6035-6042 (2004) including the supporting information thereof. Both references are
incorporated herein by reference in their entireties.

In some embodiments, the first compound can berepresented by, for example,

formula (VI1), formula (V111), formula (1X), or formula (X):

T R
N
;_1\_ 3 “N \ 3
s /) N N\ XL1 k1 )
X Ry~ . kd
(XL N N XL4) /\/ ’
/ JRZ R3 l\é\ k4 x|_z XL3)k3
(XLz)kZ (XL3)k3
(Vi) W

(1x) X)

In some embodiments, Rl, R2, R3, and R4 are each ahydrogen. In other
embodiments, at least one of RI, R2, R3, and R4 comprises an optionally substituted
carbazole group. In further embodiments, RI, R2, R3, and R4 each comprises an optionaly
substituted carbazole group.

When RI, R2, R3, and R4 are each ahydrogen, the first compound can be represented

by, for example, formula (X1):
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(X))
When RI, R2, R3, and R4 are each a carbazole group, the first compound can be

represented by, for example, formula (XI1):

R

|
N

NN

In some embodiments, the one or more first compounds do not comprise any 2-
phenyl-5-phenyl- 1,3,4-oxadiazole group. In other embodiments, the one or more first
compounds comprise no oxadiazole group.

In some embodiments, the one or more first compounds can comprise, for example,
one or more moieties such as electron transporters, solubilizing groups, and compatibilizing
groups.

Other embodiments of the first compound include, for example, formula (XI11) or

formula (XIV):

Rs
R, R,
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Ry Rg Ry
Re \Q—N Rq2
R R
9 10 R.] ; R20
(XIv)

wherein RI, R2, R3, R4, R5, R6, R7, R8, R9, RIO, Rl |, R12, R13, R14, R15, R16,
R17, R18, R19, R20, R21, R22, and R23 are each independently a hydrogen, a halogen, an
optionally substituted alkyl, an optionally substituted aryl, an optionally substituted
heteroalkyl, an optionally substituted heteroaryl, or a crosslinking group; wherein said
crosslinking group comprises areactive group optionally linked to alinker group; and at least
one of the first compounds comprises at least two crosslinking groups.

Specific examples of the one or more first compounds include the following:

-11-
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@
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I?

In one embodiment, the one or more first compounds include both compounds with
only one crosslinking group and compounds with two or more crosslinking groups. In
another embodiment, the one or more first compounds are a mixture of mono-vinyl

compounds and di-vinyl compounds.

R GROUP

In some embodiments, the R group of the first compound can be represented by, for
example, formula (111):

R. (ks

| VA
=
(). wherein XL5 is acrosslinking group; k5is0, 1, 2 or 3; and wherein R5 is

ahydrogen, a halogen, an optionally substituted alkyl group, an optionally substituted aryl

-12-
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group, an optionally substituted heteroalkyl group, or an optionally substituted heteroaryl
group.
In other embodiments, the R group of the first compound can be represented by, for

example, formula (1V):
RG; RG,

I_\\/1_2
| =
i (IV); wherein L1 and L2 are each independently alinker group; and wherein
RG1 and RG2 are each independently areactive group.
In further embodiments, the R group of the first compound can be represented by, for
example, formula (V):
Z X
X
1‘\4\/ 2
g
i ™. wherein L1 and L2 are each independently alinker group.
In yet further embodiments, the R group of the first compound can berepresented by,

for example, formula (VI):

X
&

(VD :wherein L1 and L2 are each independently a linker group.
In some embodiments, the R group can be an alkyl group and can be linear or

branched. R canbe, for example, aC3- C20 alkyl group. R can be, for example, ethylhexyl.

CROSSLINKING GROUP

Crosslinking groups are known in the art and described in, for example, Zuniga et a/.,
Chem. Mater., 23:658-681 (201 1), which isincorporated herein by reference in its entirety.

The crosslinking group can be, for example, areactive group RG optionaly linked to
alinker group L. Reactive groups are known in the art. Any reactive group that is capable of

crosslinking by heat, light, chemical treatment or a combination thereof are within the scope

-13-
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of this application. The reactive group can be, for example, styrene, acrylate, oxetane,
cinnamate, chalcone, trifluorovinylether (TFVE), benzocyclobutane, silane, etc.

Examples of the reactive group include the following:

I
(0]
/=>*OR | N fo} > o __
| 7 e N /\’ ~ \_7 — \ ‘.\/\
/ R' | ~ VS
3 o 3 /
R

9

R
OR"
Cl ] -
) —S’i\’CI ; —Si"OR
cl OR"

wherein X, Y and Z are each independently H, alkyl, F or fluoroalkyl; R' isa
hydrogen, ahalogen, an optionally substituted alkyl group, an optionally substituted aryl
group, an optionally substituted heteroalkyl group, or an optionally substituted heteroaryl
group; and R" isahydrogen, an optionally substituted alkyl group, an optionally substituted
aryl group, an optionally substituted heteroalkyl group, or an optionally substituted heteroaryl

group.

LINKER GROUP
Linker groups are known in the art and described in, for example, WO 2010149618,
WO 2010149620, and WO 2010149622, all of which are incorporated herein by reference in

thelr entireties.

The linker group can be, for example, an optionally substituted alkylene group, an
optionally substituted arylene group, an optionally substituted heteroalkylene group, or an
optionally substituted heteroaryl ene group.

-14-
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More specificaly, the linker group can be, for example, an akylene group, an
oxyalkylene group, an oligo-oxyalkylene group, an oxyarylene group, a carbonyl alkylene
group, a carbonyl arylene group, a carboxyl alkylene group, a carboxyl arylene group, an
ether group, an ester group, or aketone group.

In some embodiments, the linker group isresistant to oxidative, reductive, or thermal
destruction under normal operating conditions of OLED devices.

In some embodiments, the linker group does not comprise any 2-phenyl-5-phenyl-
1,3,4-oxadiazole group. In other embodiments, the linker group comprises no oxadiazole

group.

COMPOSITION COMPRISING FIRST COMPOUND

Compositions comprising the one or more first compounds described herein are

solution-processable and capable of crosslinking, and possess good hole transport ability.

In addition to the one or more first compounds, the composition can optionally
comprise one or more second compounds. The second compounds can comprise, for
example, one or more moieties such as electron transporters, solubilizing groups,
compatibilizing groups, or crosslinking groups. In aparticular embodiment, the second
compounds comprise a least one crosslinking group that comprises at least one reactive
group having similar reactivity to the reactive group of the first compounds.

In some embodiments, the composition does not comprise any 2-phenyl-5-phenyl-
1,3,4-oxadiazole group. In other embodiments, the composition comprises no oxadiazole
group.

Compositions and compounds described herein can be unexpectedly effective as hole
transport material, and can be used to make highly efficient and stable OLED devices.
Moreover, compositions and compounds described herein can have unexpectedly superior
physical properties, such as high solubility and processability, and/or high resistance to
crystallization and/or thermal degradation during normal OLED operation.

Further, compositions and compounds described herein can bereadily soluble in
common organic solvents. Optionally, they may be sublimable under high vacuum. These
compositions and compounds can be readily processed to form compositions useful in

organic electronic devices, especialy in the hole transport layer of OLED devices.
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HOLE TRANSPORT LAYER

Many embodiments described herein also relate to a hole transport layer. The hole

transport layer can comprise, for example, the solution-processable first crosslinking
compounds described herein. The hole transport layer can further comprise, for example, one
or more second crosslinking compounds.

The hole transport layer can be fabricated from a solution comprising the solution-
processable crosslinking compounds described herein. The solution can further comprise, for
example, an organic solvent such as cholorobenzene, aphotoacid generator such as PAG: 4-
((2-Hydroxytetradecyl)oxy)-phenyl) phenyliodonium hexafluoroantimonate, and/or a
thermoacid generator such as TAG: 4-isopropyl-4'-methyldiphenyl iodonium
tetrakis(pentafluorophenyl)borate.

The solution can comprise, for example, between 0.1-50 wt.% of the crosslinking
compound, or between 0.2-25 wt.% of the crosslinking compound, or between 0.5-10 wt.%
of crossinking compound, or between 1-5 wt.% of the crosslinking compound.

The hole transport layer can be fabricated by methods known in the art. Examples
include spin coating from solution and vacuum vapor deposition. If the hole transport layer is
afilm deposited from a solution, following solution processing, the film can be dried on a
hotplate and subjected to crosslinking. The film can be crosslinked by heating a a
temperature of, for example, 100-200 °C, or 150-250 °C, or 200-300 °C, or 250-350 °C, or
300-400 °C. The film can aso be crosslinked photochemically by, for example, UV.

HOLE-INJECTION LAYER

A hole injection layer can be formed from the solution-processable crosslinking

material described herein modified by soluble molecular p-dopants known in the art.
Examples of useful dopants are dithiol complexes of Cr(VI1) and Mo(VI) described in Qi et a,
J.Am. Chem. Soc. 131:12530-12531 (2009), incorporated herein by reference in its entirely.
Other examples are described in WO 2008/061517, incorporated herein by reference in its
entirety. Particularly useful are "Mo(tfd)3" and "Cr(tfd)3" as dopants:
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ELECTROLUMINESCENCE DEVICES

Electroluminescence devices such as OLED are well known in the art. For example,
the electroluminescence device can comprise a least an anode, a cathode, an emissive layer,
and ahole transport layer comprising the solution-processable crosslinking compounds
described herein. The electroluminescence device may also comprise an electron transport
layer.

Many suitable materials for anode in electroluminescence devices are known in the art
and include, for example, 1TO, which can be applied by vacuum deposition in alayer over an
inert and transparent substrate such as glass.

Many suitable materials for cathode in electroluminescence devices are known in the
art and include, for example, a combination of LiF as electron injecting material coated with
avacuum deposited layer of Al.

Many suitable materials for electron transport layer in electroluminescence devices
are known in the art and include, for example, 2,9-Dimethyl-4,7-diphenyl-1,10-
phenanthroline (BCP) and 3-(4-Biphenyl)-4-phenyl-5-tert-butylphenyl-1,2,4-triazole  (TAZ),
aswell asthose described in WO 2009080796 and WO 2009080797, both of which are
incorporated herein by reference in their entireties.

Many suitable materials for emissive layer in electroluminescence devices are known
in the art. Host materials for the emissive layer include, for example, 4,4'-Bis(carbazol-9-
yl)biphenyl (CBP) and ambipolar materials described in WO 2010149618, W O 2010149620,
and WO 2010149622, all of which are incorporated herein by reference in their entireties.
Guest materials for the emissive layer include, for example, Iridium complexes such as
Tris(2-phenylpyridine)iridium(lI1)  (Ir(ppy) 5), Tris(5-phenyl- 10,10-dimethyl-4-aza-
tricycloundeca-2,4,6-trieng)lridium(l11)  (Ir(pppy) 5) and Bis(3,5-difluoro-2-(2-pyridyl)phenyl-
(2-carboxypyridyl)iridium (I11) (Flr(pic)), aswell as Platinum complexes such as
platinum(11)[2-(4',6-difluorophenyl)pyridinato-N,C  *)](2,4-pentanedionato) (F-Pt) and those
described in WO 201 1000873, which isincorporated herein by reference in its entirety.
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Ir(ppPPY)3 Fir(pic) F-Pt

Ir(ppy)3

The hole transport layer can be deposited on the anode from a solution. Alternatively,
the hole transport layer can be formed from solution on ahole injection layer. The emissive
layer can be deposited on the hole transport layer from a solution. The emissive layer can be
vacuum vapor deposited on the hole transport layer.

The electroluminescence device can comprises a crosslinked hole transport layer,
wherein the first compound in the hole transport layer can be, for example, thermally
crosslinked or photochemically crosslinked. The crosslinking of the first compound in the
hole transport layer can result in, for example, an insoluble organic layer resistant to
degradation by solution processing of a subsequent layer.

In some embodiments, the electroluminescence device comprises an emissive layer
comprising Ir(ppy)s. The external quantum efficiency of such electroluminescence device a
1,000 cd/m? can be, for example, at least 5%, or at least 8%, or at least 10%, or at least 12%,
or a least 15%, or a least 18%, or & least 20%.

RAPID THERMAL PROCESSING (RTP)

RTP enables the fast curing of films. For example, after afilm of the solution-
processable crosslinking compounds described herein is solution deposited, said film can be
heated at atemperature of 150 °C or more for 60 minutes or less, wherein the crosslinking
compound is crosslinked during the heating step. The RTP heating step can comprise, for
example, heating the film a atemperature of 150 °C or more, or 200 °C or more, or 250 °C or
more, or 300 °C or more, or 350 °C or more, or 400 °C or more. The RTP heating step can
comprise, for example, ramping the temperature at arate of 50 °C/minute or more, or 100
°C/minute or more, or 150 °C/minute or more, or 200 °C/minute or more, or 250 °C/minute or

more. Further, the film can be cured by RTP a atemperature of 150 °C or more for, for
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example, 60 minutes or less, or 50 minutes or less, or 40 minutes or less, or 30 minutes or
less, or 20 minutes or less.

Advantages of RTP include, for example, increasing throughput and minimizing the
time that the material is subjected to high temperature.

In some embodiments, RTP allowed the films to be cured in only afew minutes. For
example, films cured via the RTP process may only require about 10 minutes of heating time.
Even when both the ambient purge and the cooling steps are taken into account, the total
processing time for the process may be under 20 minutes, which ismuch faster than the four-
hour hotplate bakes done previously. The RTP cured films have adequate solvent resistance
to withstand typical spin coating conditions of upper layers (e.g., layers deposited directly on
top of the RTP processed layer) of organic electronic devices. In one embodiment, the RTP
process includes the following steps: 1) the compounds was spun-coated and dried on 90 °C
hotplate for 5 min; 2) the RTP sample areawas purged with N, for 3 min; 3) the temperature
was ramped a 150 °C/min for 1.57 min; 4) the temperature was ramped at 50 °C/min. for
0.87 min; 5) the sample was maintained at 300 °C for 5 min; and 6) the sample was cooled
from 300 °C to 180 °C for 2.25 min and from 180 °C to 100 °C for 9 min. The total

processing time in said embodiment is 19.43 minutes.

ADDITIONAL EMBODIMENTS OF FIGURE 2

Asshown in Figure 2, a small molecule isprovided with amulticarbazole like
structure |, where R isamoiety having at least two reactive groups that can form a
crosslinked matrix and R can be other carbazole units. The R group may have two styrene
groups that can form a crosslinked matrix. Each carbazole ring can be further substituted
with halogens, alkyl, heteroalkyl groups (e.g., functional groups), aryl, or heteroaryl groups.
Examples are a "triscarbazole’ such as structure Il or a"heptakiscarbazole” such as such as
structure I11. The multicarbazole pendant groups can sometimes be referred to as
"dendrimers," where, for example, structure Il would be a second generation dendrimer and
structure 111 would be athird generation dendrimer. Each carbazole substituent may be
substituted in the ortho, either meta, and/or para position relative to the nitrogen of the parent
carbazole. Each dendrimer generation maybe have different ortho, meta, and/or para

substitutions relative to the nitrogens of their parent compared to the substitution pattern of
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carbazoles in previous generations (e.g., the second generation carbazoles are substituted para
to the first carbazole's nitrogen and the third generation's carbazoles are substituted meta to
the second generation's nitrogens). The size of the multicarbazoles (e.g., the generation of
dendrimer) may be varied to change properties such as solubility, processability, viscosity of
deposition solvents, mechanical strength, etc. The multicarbazoles can be combined with
other molecules such as electron transporters, solubilizing groups, compatibilizing groups,
crosslinker groups, etc. The other molecules may have reactive groups that are the same or
similar in reactivity to the reactive groups on multicarbazole so that they are incorporated into
the multicarbazole matrix. Devices having multicarbazoles with crosslinking groups show

good efficiency and can have solution deposition of subsequent devices layers.

WORKING EXAMPLES
EXAMPLE 1- Materials Synthesis

MeO i OMe

S5.7: Synthesized according to the literature (Mariampillai, B.; Alberico, D.; Bidau, V.;
Lautens, M. J. Am. Chem. Soc. 2006, 128, 14436-14437). H NMR was consistent with the

TOSARSy
O d

S5.8: S5.7 (2.415, 9.14 mmol), 3,6-bis(carbazol-9-yl)carbazole (3.507 g, 7.03 mmol), 18-

literature.

crown-6 ether (0.059 g, 0.21 mmol), copper powder (5.849 g, 920 mmol), and o-
dichlorobenzene (75 mL) combined in flask under nitrogen atmosphere. Postassium
carbonate (11.532 g, 83.4 mmol) was added and reaction heated to 180 °C for 24 h. After
cooling, solids were filtered and washed and the filtrate solvents were removed in vacuo. The

crude was purified by column chromatography (silica gel; hexanes.ethyl acetate = 8:2) to
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afford an off-white powder after recrystallization from hot dichloromethane/methanol (3.199
g, 71.7%). H (300 MHz, CDC1;): & 8.27-8.26 (m, 2H), 8.16 (dt, J = 7.7 Hz, 4H), 7.75-7.70
(m, 2H), 7.64-7.59 (m, 2H), 7.42-7.37 (m, 8H), 7.31-7.26 (m, 4H), 6.88 (d, J = 2.2 Hz, 2H),
6.66 (t, J = 2.2 Hz, 1H), 3.92 (s, 6H). C{1H} (75 MHz, CDC1l;): & 162.1, 141.8, 140.6,
138.8, 130.5, 126.3, 125.9, 124.0, 123.2, 120.2, 119.7, 1115, 109.7, 105.5, 100.3, 55.7. M'S
(El) m/z = 633.2 [M+]. Anal. calcd. for C,,H4,N;0,: C, 83.39; H, 4.93; N, 6.63. Found: C,

82.42; H, 4.71; N, 6.49.
HO. ; OH

o B0
g

S5.9: S5.8 (4.01 19, 6.33 mmol) was dissolved in anhydrous dichloromethane (40 mL) under
nitrogen atmosphere and cooled to -78 °C (dry-ice/acetone bath). Boron tribromide (50 mL,
1.0 M in DCM) added dropwise to cooled solution and cooling bath removed. After ~4 h,
mixture was added into ice-water (150 mL) with stirring. The biphasic mixture was separated
and the agueous phase was extracted with dichloromethane (2 x 100 mL). The combined
organic phase was dried over magnesium sulfate, filtered, and solvents removed in vacuo.
The crude was purified by column chromatography (silica gel; toluene = 100%) and
recrystallized from acetone/methanol to afford an grayish white powder (1.551 g, 40.6%). H
(300 MHz, DM SO-ds): 8 9.91 (s, 2H), 8.66 (d, J = 1.9 Hz, 2H), 8.27-8.21 (m, 4H), 7.82-7.75
(m, 2H), 7.72-7.66 (m, 2H), 7.46-7.36 (m, 8H), 7.30-7.22 (m, 4H), 6.66 (d, J = 2.1 Hz, 2H),
6.51 (t,J = 2.1 Hz, 1H). PC{1H} (75 MHz, DMSO-"): & 160.3, 141.5, 140.2, 138.3, 129.9,
126.6, 126.4, 124.0, 122.9, 120.9, 120.7, 120.2, 112.1, 110.2, 105.1, 102.8. M S (El) m/z =
605.2 [M+]605.2. Anal. calcd. for C,,H ;N ,0,: C, 83.29; H, 4.49; N, 6.94. Found: C, 82.64;
H,4.29; N, 6.81.
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/\©\O OKO/\
N
faze

542: S59 (1.002 g, 1.65 mmol), DMF (25 mL), and potassium carbonate (2.775 g, 20.1
mmol) combined in a flask. I-(chloromethyl)-4-vinylbenzene (0.607 g, 3.98 mmol) added
dropwise to mixture. After 24h, deionized water (100 mL) added to flask and white
precipitate formed. The crude material was isolated by filtration and purified by column
chromatography (silica gel ; hexanes: ethyl acetate = 8:2). The resulting oil was precipitated
into methanol, collected by filtration, and dried to afford a white powder (0.559 g, 40.5%).
H (300 MHz, DM SO-dg): 6 8.64 (d, J = 1.5 Hz, 2H), 8.23 (d, J = 7.7 Hz, 4H), 7.58-7.31 (m,
20H), 7.26 (t, J = 7.4 Hz, 4H), 6.99 (d, J = 2.2 Hz, 2H), 6.91 (t, J = 2.0 Hz, 1H), 6.71 (dd, J =
17.7, 11.0 Hz, 2H), 5.83-5.77 (d, J = 17.6 Hz, 2H), 5.25 (s, 4H), 5.18 (d, J = 10.9 Hz, 2H).
PC{1H} (75 MHz, DMSO-dy): & 162.1, 160.8, 141.4, 140.0, 137.2, 136.9, 136.7, 130.0,
128.4, 128.2, 126.8, 126.6, 124.1, 122.9, 120.9, 120.2, 115.0, 110.1, 105.9, 69.8. M S (El) m/z
= 837.2 [M+]. Anal. cacd. for ceoH43N302: C, 86.00; H, 5.17; N, 5.01. Found: C, 85.76; H,
5.14; N, 5.08

H
i

OO Cl

(6-(9H-carbazol-9-yl)-9-(4-vinylbenzyl)-
9H-3,9'-bicarbazole)
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Triscarbazole monomer (6-(9H-carbazol-9-yl)-9-(4-vinylbenzyl)-9H-3,9'-bicar bazole):
To a solution of Triscarbazole (3.0 g, 6.03 mmol) and I-(chloromethyl)-4-vinylbenzene (1.5
g, 9.83 mmol) in DMF (40.0 ml) was added K,CO4 (10 g, 72.36 mmol) at room temperature
under stirring. The reaction was carried out a room temperature for 52 h. Water (200.0 ml)
was added. The white solid product was obtained by filtration, washed with water and
methanol. After dry, the crude product was purified by silica gel column chromatography
using dichloromethane/hexanes (6:4) as eluent. After removal of solvent, the white solid
product was obtained and collected from hexanes by filtration. After vacuum dry, the product
was collected as awhite solid in 3.55 g (95.9%) yield.

# NMR (400 MHz, CDCI 5) 58.25 (s, 2 H), 8.17 (d, J = 8.0 Hz, 4 H), 7.63 (d, J= 1.2
Hz, 4 H), 7.44-7.37 (m, 10 H), 7.30-7.26 (m, 6 H), 6.72 (dd, J; = 17.6 Hz, J, = 10.8 Hz, 1H,
C=C-H), 5.76 (d, J = 17.6 Hz, 1H, C=C-H), 5.68 (s, 2H,NCH,), 5.27 (d, J = 10.8 Hz, 1H,
C=C-H) ppm. PC NMR (100 MHz, CDC1,) & 141.76, 140.34, 137.32, 136.16, 135.99,
129.79, 126.86, 126.79, 126.16, 125.84, 123.62, 123.10, 120.26, 119.83, 119.64, 114.33,
110.33, 109.71, 46.96 ppm. MS-El (m/z): [M]* calcd for C,H,4 N4, 613.3, 614.3, 615.3,
616.3, found 613.2, 614.2, 615.2, 616.2. Ana. Calcd for C,;H, N4 C, 88.06; H, 5.09; N,
6.85. Found: C, 87.15; H, 5.03; N, 6.50.

N

0 © R

Poly(6-(9H-car bazol-9-yl)-9-(4-
vinylbenzyl)-9/-/-3,9'-bicar bazol €)

Poly(triscarbazole) (Polymer A, Poly(6-(9H-carbazol-9-yl)-9-(4-vinylbenzyl)-9H-3,9'-
bicarbazole)): A Schlenk flask was charged with tris-carbazole monomer 6-(9H-carbazol-9-
y)-9-(4-vinylbenzyl)-9H-3,9'-bicar bazole (1.0 g, 1.6 mmol), AIBN (7.0 mg, 0.042 mmol)
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and dry THF (20.0 ml). The polymerization mixture was purged with nitrogen (removal of
oxygen), securely sealed under nitrogen, and heated to 60°C. The polymerization was carried
out a 60°C with stirring for 7 days. After cooling to room temperature, the polymer was
precipitated with acetone. The white polymer precipitate was collected by filtration, dissolved
in dichloromethane, and precipitated with acetone again. This dissolution/precipitation
procedure was repeated three more times. The collected polymer was dried under vacuum.

After vacuum dry, the polymer aswhite solid in 0.93 g (93.0 %) was obtained.

EXAMPLE 2

— LiVAI/Ag (2.5/60 nim/1QOnm)

J—
/-« BCP (50 nm}
A— CBPisippy); 6 vol.% (20 nm)
s
/««- Compound 5.42 (35 nm)
AAAAAAA Y |TO
T Glass

Indium tin oxide (ITO)-coated glass slides (Colorado Concept Coatings LLC) with a
sheet resistivity of -15 Q/sq were used as substrates for the OLEDs fabrication. The ITO
substrates were masked with kapton tape and the exposed ITO was etched in acid vapor (1:3
by volume, HNO ;: HC1) for 5min at 60 °C. The substrates were cleaned in an ultrasonic bath
in the following solutions: detergent water, distilled water, acetone, and isopropanol for 20
min in each step. At the end the substrates were blown dry with nitrogen. Subsequently, ITO
substrates were 0 , plasma treated for 2 min.

Compound 5.42 was processed in the glove box under nitrogen. 10 mg of Compound
5.42 was dissolved in 1ml of anhydrous chlorobenzene (Aldrich). 35 nm thick films of the
hole-transport material were spin-coated at 1000 rpm, acceleration 1540 rpm/sec for 60 sec.
The films were then dried on ahot plate at 110 °C for 30 minutes followed by thermal curing
at 200 °C for 30 min. A watch glass was used during the curing process over the samples in
order to avoid excessive heat loses.

Emissive layer, consisting of a host - CBP (Aldrich) and an emitter - Ir(ppy),
(Lumtec) was deposited by co-evaporation of the two components at 0.94 A/s and 0.06 A/s
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respectively. The electron transport layer, BCP (Aldrich), the electron-injection layer, LiF
(Aldrich), aluminum and silver were thermally evaporated at 1A/s, 0.2 A/s, 2 A/s and 2 A/s
respectively. The pressure in the vacuum chamber was IxIO 7 Torr. The active area of the
tested devices was about 0.1 cm”. The devices were tested in a glove box under nitrogen.
Asshown in Figure 3, OLED devices with Compound 5.42 spin-coated as the hole
transport layer, aswell as evaporation-deposited CBP: Ir(ppy)3 emitting layer, are capable of

achieving high external quantum efficiencies.

EXAMPLE 3

- LiFJA Ag 2.5/60 ran/100 nim
¥

- BCPASO i)

o
b 101 Polvmer APolymer B - fr{pppy), 6
a
/-»» Comypound 5.42 {35 nm)

1O

v

e Glass

Indium tin oxide (ITO)-coated glass sides (Colorado Concept Coatings LLC) with a
sheet resigtivity of -15 Q/sgq were used as substrates for the OLEDs fabrication. The ITO
substrates were masked with kapton tape and the exposed ITO was etched in acid vapor (1:3
by volume, FINOs: HC1) for 5min at 60 °C. The substrates were cleaned in an ultrasonic bath
in the following solutions: detergent water, distilled water, acetone, and isopropanol for 20
min in each step. At the end the substrates were blown dry with nitrogen. Subsequently, ITO
substrates were 0 , plasma treated for 2 min.

Compound 5.42 was processed in the glove box under nitrogen. 10 mg of Compound
5.42 was dissolved in 1ml of anhydrous chlorobenzene (Aldrich). 35 nm thick films of the
hole-transport material were spin-coated at 1000 rpm, acceleration 1540 rpm/sec for 60 sec.
The films were then dried on a hot plate at 110 °C for 30 minutes followed by thermal curing
a 200 °C for 30 min. A watch glass was used during the curing process over the samples in
order to avoid excessive heat loses.

Emissive layer, consisting of a polymer blend and emitter was prepared in the

following way in the glove box: 10 mg of Polymer A in 1 ml chlorobenzene, 10 mg of
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Polymer B in 1 ml of chlorobenzene and 10 mg of Ir(pppy); (Solvay) in 1 ml of
chlorobenzne. The solutions of the polymers were then mixed together (1Iml of each) to
which 128 i of Ir(pppy); was added. The mixture was spin-coated at 2000 rpm, 1000 rpm /
sec, 60 sec and dried on hot plate a 120 °C for 10-15 min.

The electron transport layer, BCP (Aldrich), the electron-injection layer, LiF
(Aldrich), aluminum and silver were thermally evaporated at 1A/s, 0.2 A/s, 2 A/s and 2 A/s
respectively. The pressure in the vacuum chamber was IxIO” Torr. The active area of the

tested devices was about 0.1 cm?. The devices were tested in a glove box under nitrogen.

y yyOO
@) @)
(Polymer B)

Asshown in Figure 4, OLED devices with the Compound 5.42 spin-coated asthe hole
transport layer, aswell as spinning-coated emitting layer, are capable of achieving high
external quantum efficiencies. In summary, devices having hole transport layers comprising
the small molecule crosslinking hole transport material with triscarbazole like groups are
suitable as HTLs for solution processing of subsequent layers. Based on the respective hole
mobility, various small molecules can be suitable in different device architectures and/or with
different materials in the other devices layers to modify the balance of charge and increase

efficiency.

EXAMPLE 4
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- LiFAI/Ag {2.5/60 nm/100 nim)

t— BCP {50 nm}

b CBP:ir(ppy)4 6 vol. % {20 nm)

L Compound 5.42 {35 nm)

NASA

ITO

]

Indium tin oxide (ITO)-coated glass dides (Colorado Concept Coatings LLC) with a
sheet resigtivity of -15 Q/sgq were used as substrates for the OLEDs fabrication. The ITO
substrates were masked with kapton tape and the exposed ITO was etched in acid vapor (1:3
by volume, HNO ;: HC1) for 5 min a 60 °C. The substrates were cleaned in an ultrasonic bath
in the following solutions: detergent water, distilled water, acetone, and isopropanol for 20
min in each step. At the end the substrates were blown dry with nitrogen. Subsequently, ITO
substrates were 0 , plasma treated for 2 min.

Compound 5.42 was processed in the glove box under nitrogen. 10 mg of Compound
5.42 was dissolved in 1 ml of anhydrous chlorobenzene (Aldrich). 35 nm thick films of the
hole-transport material were spin-coated at 1000 rpm, acceleration 1540 rpm/sec for 60 sec.
The films were then dried on a hot plate at 110 °C for 30 minutes followed by thermal curing
by RTP a 200 °C for 30 min. The RTP procedure temperature profile is presented in Figure
5(A).

Emissive layer, consisting of a host - CBP (Aldrich) and an emitter - Ir(ppy)3
(Lumtec) was deposited by co-evaporation of the two components at 0.94 A/s and 0.06 A/s
respectively. The electron transport layer, BCP (Aldrich), the electron-injection layer, LiF
(Aldrich), aluminum were thermally evaporated a 1 A/s, 0.2 A/s, 2 A/s and 2 Als
respectively. The pressure in the vacuum chamber was IxIO 7 Torr. The active area of the
tested devices was about 0.1 cm”. The devices were tested in a glove box under nitrogen. The

performance of the device is shown in Figure 5(B)-(C).

EXAMPLE 5
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— LIF/'AS/Ag (2.5/60 niTy/100 nivi)

b BCP {5 1um1}

Wit

T
b 1:1 Polymer A:Polymer B - Sr{pppy}; 6
P
/-»» Compound 5.42 {35 nim1)

iTO

v

Glass

Indium tin oxide (ITO)-coated glass slides (Colorado Concept Coatings LLC) with a
sheet resigtivity of -15 Q/sgq were used as substrates for the OLEDs fabrication. The ITO
substrates were masked with kapton tape and the exposed ITO was etched in acid vapor (1:3
by volume, HNO ;: HC1) for 5min at 60 °C. The substrates were cleaned in an ultrasonic bath
in the following solutions: detergent water, distilled water, acetone, and isopropanol for 20
min in each step. At the end the substrates were blown dry with nitrogen. Subsequently, 1TO
substrates were 0 , plasma treated for 2 min.

Compound 5.42 was processed in the glove box under nitrogen. 10 mg of Compound
5.42 was dissolved in 1 ml of anhydrous chlorobenzene (Aldrich). 35 nm thick films of the
hole-transport material were spin-coated at 1000 rpm, acceleration 1540 rpm/sec for 60 sec.
The films were then dried on a hot plate at 110 °C for 30 minutes followed by thermal curing
by RTP a 200 °C for 30 min. The RTP procedure temperature profile is presented in Figure
6(A).

Emissive layer, consisting of apolymer blend and emitter was prepared in the following
way in the glove box: 10 mg of Polymer A in 1 ml chlorobenzene, 10 mg of Polymer B in 1
ml of chlorobenzene and 10 mg of Ir(pppy)3 (Solvay) in 1 ml of chlorobenzene. The solutions
of the polymers were then mixed together (1 ml of each) to which 128 ui of Ir(pppy) ; was
added. The mixture was spin-coated a 2000 rpm, 1000 rpm / sec, 60 sec and dried on hot
plate a 120°C for 10-15 min.

The electron transport layer, BCP (Aldrich), the electron-injection layer, LiF (Aldrich),
auminum and silver were thermally evaporated a 1 A/s, 0.2 A/s, 2 A/s and 2 Als
respectively. The pressure in the vacuum chamber was IxIO 7 Torr. The active area of the
tested devices was about 0.1 cm”. The devices were tested in a glove box under nitrogen. The

performance of the device is shown in Figure 6(B)-(C).
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EXAMPLE 6

L UF/AH A 12.5/60 nim 100 nm}

L BCE {50 nmj

wikh

Jm—
et 1:1 Polymer A: Polvmer B - Ir{pppy); 6
~
/_..._, Compound 5.42 {35 nmj}

e FEDOT: PSS AL 4083 {50 nim}

e {TED
-1

~tr~— {zlass

A device isfabricated in substantially the same way asin Example 5, except that a
PEDOT:PSS hole injection layer was deposited between the ITO substrate and the
Compound 5.42 hole transport layer - Immediately after 0, plasma treatment of the ITO
slides, PEDOT:PSS AI14083 (Clevios) was spin-coated at 5000 rpm, acceleration - 928 rpm/s
for 60 sec. Subsequently, the films were heated on ahot plate & 140°C for 15 min.
PEDOT:PSS was deposited in air.

The RTP procedure temperature profile ispresented in Figure 7(A). The performance of
the device is shown in Figure 7(B)-(C).

EXAMPLE 7 -Compound J

Triscarbazole compound J, below, was prepared by organic synthetic and purification

methods. The compound has abranched R group and two vinyl crosslinking groups.

Compound J

9.
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EXAMPLE 8

L LiFfAl/Ag (2.5/60 nm /100 nm)

— Compound Fir{pppyl; 6 wt. % (20
nm)

L Compound J {35 nm)

-~ MoO, {15 nm}

NAASNE

- —— {TO

T Glass

Indium tin oxide (ITO)-coated glass dlides (Colorado Concept Coatings LLC) with a
sheet resistivity of -15 Q/sq were used as substrates for the OLEDs fabrication. The ITO
substrates were masked with kapton tape and the exposed 1TO was etched in acid vapor (1:3
by volume, HNO 5: HC1) for 5min at 60 °C. The substrates were cleaned in an ultrasonic bath
in the following solutions: detergent water, distilled water, acetone, and isopropanol for 20
min in each step. At the end the substrates were blown dry with nitrogen. Subsequently, 1TO
substrates were 0 , plasma treated for 2 min.

The hole injection layer, M0OO 5 (Aldirch) was thermally evaporated a 0.2 A/s. The
pressure in the vacuum chamber was 1x 107 Torr.

Compound J was processed in the glove box under nitrogen. 10 mg of Compound J
was dissolved in 1.5 ml of toluene. Around 35 nm thick films of the hole-transport material
were spin-coated at 2000 rpm, acceleration 1000 rpm/sec for 60 sec. The films were then
dried on ahot plate a 110 °C for 3 minutes followed by thermal curing at 150 °C for 15 min.
A watch glass was used during the curing process over the samples in order to avoid
excessive heat loses.

Emissive layer, consisting of a Compound F host (an oxadiazole compound) and
emitter was prepared in the following way in the glove box: 10 mg of Compound F was
dissolved in 1.5 ml toluene and 10 mg of Ir(pppy) 5 (Solvay) in 1.5 ml of toluene. 64 pi of
Ir(pppy) ; Was added to 1 ml of the solution of XH-1-163a. The solution was then spin-coated
onto the HTL at 2000 rpm, 1000 rpm / sec, 60 sec. The films were dried a 100 °C for 2 min.
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The electron transport layer, BCP (Aldrich), the electron-injection layer, LiF
(Aldrich), aluminum, silver were thermally evaporated at 1A/s, 0.2 A/s, 2 A/sand 2 A/s
respectively. The pressure in the vacuum chamber was 1x 107 Torr. The active area of the
tested devices was about 0.1 cm?”. The devices were tested in a glove box under nitrogen. The

performance of the device is shown in Figure 8.

EXAMPLE 9

L. LiF/AlfAg {2.5/60 nm/180 nm)

— BCP {5C nm)

L Compound Fiir{pppy), 6 wt. % {20
7

— Campound | {35 nm)

L. PEDOT: PSS Al 4083 (50 nm)

NMNASE

e {TO

-1

+——— Glass

A deviceisfabricated in substantially the same way asin Example 8, except that the
hole injection layer comprises PEDOT:PSS instead of MOO,. Immediately after 0, plasma
treatment of the ITO dides, PEDOT:PSS A14083 (Clevios) was spin-coated a 5000 rpm,
acceleration - 928 rpm/s for 60 sec. Subsequently, the films were heated on a hot plate at
140°C for 15 min. PEDOT:PSS was deposited in air.

The performance of the device is shown in Figure 9.

EXAMPLE 10
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L LiF/AI/Ag (2.5/60 nm/ 100 nm)

L. TmPyPB (50 nm)

— Compound Fir( pppy), 6 wt. % (20
nm)

L Compound J (35 nm)}

. PEDOT: Pss Al 4083 {50 nm)

NAAS'A

- ITO

A deviceisfabricated in substantially the same way asin Example 9, except that the
electron transport layer comprises TmPyPB instead of BCP.

e TmPyPB

The performance of the deviceis shown in Figure 10.

EXAMPLE 11

— LiF/Al/Ag (2.5/60 nm/100 nm)

L. TpPyPB (50 nm)

— Compound Fir(pppy). 6 wt. % (20
nm}

— Compound J(35 nm)

L. PEDOT: pss A14083 (50 nm)

NAMASA

| sTO

Glass

A deviceisfabricated in substantially the same way asin Example 9, except that the
electron transport layer comprises TpPyPB instead of BCP.
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The performance of the deviceis shownin Figure 11.

-33-

PCT/US2012/071363



WO 2013/096832 PCT/US2012/071363

WHAT ISCLAIMED IS

1 A composition comprising one or more first compounds represented by

formula (1) or formula (11):

I
N
/\ /\
Ry \//\O_Q\// R,

\

/NN

?% I
1 (xL2),, (XL3)k3

an

wherein:

RI, R2, R3, and R4 are each independently a hydrogen, ahalogen, an
optionally substituted alkyl group, an optionally substituted aryl group, an optionally
substituted heteroalkyl group, or an optionally substituted heteroaryl group;

XLI, XL2, XL3, and XL4 are each independently a crosslinking group;

kl, k2, k3, and k4 are each 0, 1or 2;

R is an organic group optionally comprising at least one crosslinking group;
and

wherein at least one of the first compounds comprises a least two crosslinking

groups.

2. The composition of claim 1, wherein RI, R2, R3, and R4 are each ahydrogen.
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3. The composition of claim 1, wherein & least one of RI, R2, R3, and R4

comprises an optionally substituted carbazole group.

4. The composition of claim 1, wherein Rl, R2, R3, and R4 each comprises an

optionally substituted carbazole group.
5. The composition of claim 1, wherein ki, k2, k3, and k4 are each 0.

6. The composition of claim 1, wherein ki, k2, k3, and k4 are each 0, and

wherein R comprises a least two crosslinking groups.

7. The composition of claim 1, wherein R does not comprise any crosslinking

group.

8. The composition of claim 1, wherein R does not comprise any crosslinking
group, and at least two of XL1, XL2, XL3 or XL4 arevinyl.

9. The composition of claim 1, wherein the crosslinking group comprises a

reactive group RG optionally linked to alinker group L .

10. The composition of claim 1, wherein the crosslinking group comprises a
reactive group RG optionally linked to alinker group L, wherein the linker group L is an
optionally substituted alkylene group, an optionally substituted arylene group, an optionally
substituted heteroalkylene group, or an optionally substituted heteroarylene group.

11.  The composition of claim 1, wherein the crosslinking group comprises a
reactive group RG optionally linked to alinker group L, wherein the linker group L is an
alkylene group, an oxyalkylene group, an oligo-oxyalkylene group, an oxyarylene, or an

ether group.

12. The composition of claim 1, wherein the crosslinking group comprises a
reactive group RG optionally linked to alinker group L, wherein the reactive group RGis
selected from the group consisting of:
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\ | ~ ~ ~
(o] > | P
I R'
(o}
R
OR’
cl ] "
R AL
cl OR"

wherein:

X,Y and Z are each independently H, alkyl, F or fluoroalkyl;

R' isahydrogen, ahalogen, an optionally substituted alkyl group, an
optionally substituted aryl group, an optionally substituted heteroalkyl group, or an
optionally substituted heteroaryl group;

R'"isH, an optionally substituted alkyl group, an optionally substituted aryl
group, an optionally substituted heteroalkyl group, or an optionally substituted
heteroaryl group.

13. The composition of claim 1, wherein R isrepresented by formula (I11):

R (XLS)ks
&

=
|

wherein:
R5 isahydrogen, ahaogen, an optionally substituted alkyl group, an
optionally substituted aryl group, an optionally substituted heteroalkyl group, or an optionally
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substituted heteroaryl group;
XL5 isacrosslinking group; and
k5is0, 1,2 o0r 3.

14. The composition of claim 1, wherein R isrepresented by formula (1V):
RG; RG,

I_\ \/I:I 2
| Z
Lav)
wherein L1 and L2 are each independently an optionally substituted alkylene group,
an optionally substituted arylene group, an optionally substituted heteroalkylene group, or an
optionally substituted heteroarylene group, and wherein RGI and RG2 are each

independently areactive group.

15. The composition of claim 1, wherein R srepresented by formula (V):
= =

\ &

| x I/ _

wherein L1 and L2 are each independently an alkylene group, an oxyalkylene group,

an oligo-oxyalkylene group, an oxyarylene, or an ether group.

16. The composition of claim 1, wherein R isrepresented by formula (V1):
ES E;
L1\©/L2
b (VD

wherein L1 and L2 are each independently an alkylene group, an oxyalkylene group,
an oligo-oxyalkylene group, an oxyarylene, or an ether group.

17. The composition of claim 1, wherein the one or more first compounds are

represented by formula (VI1), formula (VI11), formula (1X), or formula (X):
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T R
OSSN 53,
b N N—Q\ XL1 Jit Ry~ , )k4
(XDic //\\/"R Ry I (XL4)k4 xéd (>\<L3
(xLz),, (X|_3)k3 ks

vy (v

%) X)

18. The composition of claim 1, wherein the one or more first compounds are

represented by formula (X1) or formula (XI1):
R

% is2e’t

19. The composition of claim 1, wherein the one or more first compounds are

selected from the group consisting of:
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o, o T
o\@/o (P

,,

20. The composition of claim 1, wherein the one or more first compounds do not

comprise a 2-phenyl-5-phenyl-l,3,4-oxadiazole group.

21. The composition of claim 1, further comprising one or more second

compounds.

22. The composition of claim 1, further comprising one or more second
compounds comprising one or more moieties selected from the group consisting of electron
transporter, solubilizing groups, compatibilizing groups, and crosslinking groups.

23. The composition of claim 9, further comprising one or more second

compounds comprising a least one crosslinking group, said crosslinking group comprises at
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least one reactive group RG having similar reactivity to the reactive group RG of the one or

more first compounds.

24. The composition of claim 1, wherein the one or more first compounds
comprise one or more moieties selected from the group consisting of electron transporter,

solubilizing groups, and compatibilizing groups.

25. The composition of claim 1, wherein the one or more first compounds are

represented by formula (1).

26. A composition comprising one or more first compounds represented by

formula (XI11) or formula (XI1V):

R;
R, R,
Rs R,
Rig
Ri3 R1
Riz Rys
xiny
R;
R, R,
Rs R,
N
R
\ y 22
Ri2
R2o
Ri2
(XIV)

wherein RI, R2, R3, R4, R5, R6, R7, R8, R9, RIO, RI |, R12, R13, R14, R15,
R16, R17, R18, R19, R20, R21, R22, and R23 are each independently selected from the
group consisting of hydrogen, halogen, optionally substituted alkyl, optionally substituted
aryl, optionally substituted heteroalkyl, optionally substituted heteroaryl, and crosslinking

group;
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wherein said crosslinking group comprises areactive group RG optionally
linked to alinker group L selected from the group consisting of optionally substituted
alkylene, optionally substituted arylene, optionally substituted heteroalkylene, oxyalkylene,
oligo-oxyalkylene and optionally substituted heteroarylene; and

wherein at least one of the first compounds comprises a least two crosslinking

groups.

27. A hole transport layer, comprising the composition of claim 1, wherein the

first compound is crosslinked.

28. A holeinjection layer, comprising the composition of claim 1 and ap-dopant,

wherein the first compound is crosslinked.

29. The hole injection layer of claim 28, wherein the dopant is a soluble complex
ofMo(VI) or Cr(VI).

30. An electroluminescence device, comprising a least an anode, a cathode, an

emissive layer, and the hole transport layer of claim 27.

31 An electroluminescence device, comprising a least an anode, a cathode, an
emissive layer, the hole injection layer of claims 28-29 and the hole transport layer of claim
27.

32. The electroluminescence device of claim 30, wherein the hole transport layer

is solution deposited on the anode.

33. The electroluminescence device of claim 31, wherein the hole injection layer
and the hole transport layer are solution deposited on the anode.

34. The € ectroluminescence device of claims 30-31, wherein the one or more first
compounds in the hole injection layer and in the hole transport layer are thermally
crosslinked.
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35. The electroluminescence device of claims 30-31, wherein the one or more first
compounds in the hole injection layer and in the hole transport layer are photochemically
crosslinked.

36. The electroluminescence device of claims 30-31, wherein the emissive layer
comprises a least one phosphorescent emitter, and wherein the external quantum efficiency

of the electroluminescence device at 1,000 cd/m? is a least 5%.

37. The electroluminescence device of claims 30-31, wherein the emissive layer
comprises a least one phosphorescent emitter, and wherein the external quantum efficiency

of the electroluminescence device at 1,000 cd/m? is a least 10%.

38. A method for making a electroluminescence device, comprising:
providing an anode layer;
depositing the hole transport layer of claim 27 from solution onto the anode
layer; and
crosslinking the one or more first compounds to produce a crosslinked hole

transport layer, wherein the crosslinked hole transport layer is substantially insolubilized.

39. A method for making an electroluminescence device, comprising:

providing an anode layer;

depositing the hole injection layer of claims 28-29 from solution onto the
anode layer;

crosslinking the first compounds of the hole injection layer to produce a
crosslinked hole injection layer, wherein the crosslinked hole injection layer is substantially
insolubilized,;

depositing the hole transport layer of claim 27 from solution onto the hole
injection layer; and

crosslinking the first compounds of the hole transport layer to produce a
crosslinked hole transport layer, wherein the crosslinked hole transport layer is substantially

insolubilized.
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40. The method of claims 38-39, further comprising depositing an emissive layer
from solution onto the crosslinked hole transporting layer.

41. A method for making an electroluminescence device, comprising:
@) providing a conductive substrate;
(i) depositing a composition onto the substrate to form alayer, said
composition comprising one or more first compounds represented by formula (I) or formula

(m:

R

N
R, 20N
Joy S
(XL1)kq //.\R R
§/I 2 3
( ez

XL2

k4

N \_ll
:\¢\ (xL4)
X3)s

XL3)k

an
wherein:

RI, R2, R3, and R4 are each independently a hydrogen, ahalogen, an
optionally substituted alkyl group, an optionally substituted aryl group, an optionally
substituted heteroalkyl group, or an optionally substituted heteroaryl group;

XLI, XL2, XL3, and XL4 are each independently a crosslinking group;

kl, k2, k3, and k4 are each 0, 1or 2;

R is an organic group optionally comprising at least one crosslinking group;

and
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wherein at least one of the first compounds comprises at least two crosslinking
groups; and
(iii) rapidly heating said layer at atemperature of 150 °C or more for 60

minutes or less, wherein the one or more first compounds are crosslinked after said heating

step.

42. The method of claim 41, wherein the rapid heating step comprises heating the

layer at atemperature of 200 °C or more.

43. The method of claim 41, wherein the rapid heating step comprises ramping the
temperature at arate of 100 °C/minute or more.

44, The method of claim 41, wherein the rapid heating step comprises heating the

layer at atemperature of 150 °C or more for 40 minutes or less.

45, The method of claim 41, wherein the one or more first compounds are
represented by formula (1).

46. A crosslinked film obtained by thermally or photochemically crosslinking a

composition comprising one or more first compounds represented by formula (1) or formula

(m:

M
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an

wherein:

RI, R2, R3, and R4 are each independently a hydrogen, ahalogen, an
optionally substituted alkyl group, an optionally substituted aryl group, an optionally
substituted heteroalkyl group, or an optionally substituted heteroaryl group;

XLI, XL2, XL3, and XL4 are each independently a crosslinking group;

kl, k2, k3, and k4 are each 0, 1or 2;

R is an organic group optionally comprising at least one crosslinking group;
and

wherein at least one of the first compounds comprises at least two crosslinking
groups.
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