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prising an anode electrode, a cathode electrode, at least one emission layer
and an organic semiconductor layer, wherein the organic semiconductor lay-
er is arranged between the anode electrode and the cathode electrode and the

organic semiconductor layer comprises an alkali organic complex and a

Fig.1

Formula 1

compound of formula 1 wherein X is selected from O, S or Se; and R! and
R? are independently selected from the group consisting of Cs to Cis aryl
group and Cs to C;8 heteroaryl group, wherein each of R and R* may inde-
pendently be unsubstituted or substituted with at least one C; to Ci, alkyl
group or C,; to Cy, alkoxy group, preferably C, to C, alkyl group or C; to Cy4
alkoxy group; and each R?, R, R’ and R® are independently selected from
the group consisting of H, C; to Cy, alkyl group or C, to C,, alkoxy group,
preferably H, C, to C, alkyl group or C,; to C,4 alkoxy group; a method for
preparing the same and the compound of Formula 1 comprised therein.
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TITLE

Organic light emitting diode comprising an organic semiconductor layer

DESCRIPTION

The present invention relates to an organic light emitting diode (OLED) comprising an organ-
ic semiconductor layer, a compound of formula 1 comprised therein and a method of manu-

facturing the organic light emitting diode (OLED) comprising the organic semiconductor lay-
er.

DESCRIPTION OF THE RELATED ART

Organic light emitting diodes (OLEDs), which are self-emitting devices, have a wide viewing
angle, excellent contrast, quick response, high brightness, excellent driving voltage character-
istics, and color reproduction. A typical OLED includes an anode electrode, a hole injection
layer (HIL), a hole transport layer (HTL), an emission layer (EML), an electron transport lay-
er (ETL), and a cathode electrode, which are sequentially stacked on a substrate. In this re-

gard, the HIL, the HTL, the EML, and the ETL are thin films formed from organic com-
pounds.

When a voltage is applied to the anode electrode and the cathode electrode, holes injected
from the anode electrode move to the EML, via the HIL and HTL, and electrons injected from
the cathode electrode move to the EML, via the ETL. The holes and electrons recombine in

the EML to generate excitons.

It is, therefore, ‘the object of the present invention to provide an organic light emitting diode
and compounds for use therein overcoming drawbacks of the prior art. State of the art organic
light emitting diodes may suffer from high operating voltage and / or low efficiency and the
organic semiconductor materials used in the fabrication of organic light emitting diodes may

suffer from low glass transition temperature and / or low volatility.
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In light of the prior art, there remains a need to improve performance of OLEDs and organic
semiconductor materials, in particular to improve operating voltage, achieve higher efficien-
cy, and to achieve high glass transition temperature and improved volatility of the compounds

comprised therein.

SUMMARY

Therefore, it is the object of the present invention to provide an organic light emitting diode
having improved operating voltage and efficiency and compound comprised therein having

improved glass transition temperature and volatility.

This object is achieved by an organic light emitting diode comprising an anode electrode, a
cathode electrode, at least one emission layer and an organic semiconductor layer, wherein the
organic semiconductor layer is arranged between the anode electrode and the cathode elec-
trode and the organic semiconductor layer comprises an alkali organic complex and a com-

pound of formula 1

Formula 1

wherein

X is selected from O, S or Se; and

R! and R? are independently selected from the group consisting of Cs to Cygaryl group and Cs
to Cig heteroaryl group, wherein each of R' and R? may independently be unsubstituted or
substituted with at least one C; to Cy alkyl group or C; to Cy, alkoxy group, preferably C; to
C, alkyl group or C; to Cq alkoxy group; and
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each R?, R*, R®, and R® are independently selected from the group consisting of H, C; to Cyo
alkyl group or C; to C,; alkoxy group, preferably H, C; to Cg4 alkyl group or C; to C4 alkoxy
group.

According to another aspect, an organic light emitting diode is provided comprising an anode
electrode, a cathode electrode, at least one emission layer and an organic semiconductor Iayer,
wherein the organic semiconductor layer is arranged between the anode electrode and the

cathode electrode and the organic semiconductor layer consists of an alkali organic complex

and a compound of formula 1

Formula 1

wherein

X is selected from O, S or Se; and

R' and R* are independently selected from the group consisting of Cg to Cig aryl group and Cs
to Cyg heteroaryl group, wherein each of R' and R® may independently be unsubstituted or
substituted with at least one C; to Cy, alkyl group or C; to C, alkoxy group, preferably C; to
C4 alkyl group or C,; to C, alkoxy group; and

each R?, R, R’, and R® are independently selected from the group consisting of H, C, to Cy,
alkyl group or C; to Cy; alkoxy group, preferably H, C; to C, alkyl group or C; to C4 alkoxy
group.

Preferably, the organic semiconductor layer of the present invention is a non-emissive layer.

Likewise, it is preferred that the compound of formula 1 comprised in the organic semicon-
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ductor layer is non-emissive in the visible region of the electromagnetic spectrum, which are

wavelengths of about > 380 nm to about < 780 nm.

In terms of the invention, the compound of formula 1 has the following structure. The com-
pound of formula 1 comprises a phenyl moiety to which one or more R® groups may be at-
tached. Adjacent to the phenyl group is an anthracenylene group to which one or more groups
R* may be attached. The anthracenylene group is further connected with a biphenylene group.
The biphenylene group consists of two phenylene rings one of which is substituted with one
or more R groups and the other one is substituted with one or more R® groups. The second
ring of the biphenylene group (to which the anthracenylene group is not connected) is con-

nected with the phosphorous containing group (P(X)RXRZ).

The compound of formula 1 may also be described as polar compound. The compound of

formula 1 preferably has a dipole moment > 2.5 and < 10 Debye.

The term “alkyl” as used herein shall encompass linear as well as branched and cyclic alkyl.
For example, Cs-alkyl may be selected from n-propyl and iso-propyl. Likewise, Cy-alkyl en-
compasses n-butyl, sec-butyl and t-butyl. Likewise, C¢-alkyl encompasses n-hexyl and cyclo-

hexyl.

The subscribed number n in C, relates to the total number of carbon atoms in the respective

alkyl, aryl, heteroaryl or alkoxy group.

The term “ary]l” as used herein shall encompass phenyl (Cg-aryl), fused aromatics, such as
naphthalene, anthracene, phenanthracene, tetracene etc. Further encompassed are biphenyl
and oligo- or polyphenyls, such as terphenyl etc. Further encompassed shall be any further
aromatic hydrocarbon substituents, such as fluorenyl etc. Arylene refers to groups to which

two further moieties are attached.
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The term “heteroaryl” as used herewith refers to aryl groups in which at least one carbon atom
is substituted by a heteroatom, preferably selected from N, O, S, B or Si. Heteroarylene refers
to groups to which two further moieties are attached.

The subscribed number n in Cy-heteroaryl merely refers to the number of carbon atoms ex-
cluding the number of heteroatoms. In this context, it is clear that a Cs heteroarylene group is

an aromatic compound comprising five carbon atoms, such as pyridyl.

In a most preferred embodiment all of R3, R4, R® and R® are H. In this way, a particular simple
synthesis of the compounds is provided.

Furthermore, it is preferred that X is selected as O. In this case, improved performance over

respective compounds with X=8 or Se is observed.

Preferably, in the compound of formula 1 the biphenylene group is attached to the adjacent
phosphorous containing group and/ or the adjacent anthracenylene group in meta-position. A
particularly beneficial effect on performance was observed for a biphenylene group which
contains at least one meta-linked phenylene group. Exemplary and preferred “meta-
substituted” compounds are MX2, MX3 and MX4 as described below.

0\\5
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It is further preferred that the organic semiconductor layer is arranged between the emission
layer and the cathode electrode, preferably the organic semiconductor layer is in direct contact
with the cathode electrode. The benefit of this arrangement is that no injection layer is re-
quired to ensure efficient electron injection from the cathode electrode into the organic semi-
conductor layer of the present invention. Thereby, one layer less has to be deposited during
manufacturing of the OLED. This constitutes are significant saving in terms of takt time and

materials costs.

Preferably, the organic semiconductor layer is free of an emitter dopant and/or a metal dopant.

Preferably, the organic semiconductor layer comprises one alkali organic complex.



-7 -
WO 2017/178392 PCT/EP2017/058467

Likewise, it is preferred that the organic light emitting diode further comprises a hole block-

ing layer and the organic semiconductor layer is arranged between the hole blocking layer and
the cathode electrode.

Furthermore, it is preferred that the organic light emitting diode further comprises a charge
generation layer, wherein the charge generation layer preferably comprises an n-type charge
generation layer and a p-type charge generation layer and wherein the organic semiconductor

layer is preferably in direct contact with the n-type charge generation layer.

In a preferred embodiment, the OLED c";‘omp‘ris'es a first organic semiconductor layer compris-
ing an alkali organic complex and a compound of formula 1 in direct contact with the n-type
charge generation layer and a second organic semiconductor layer comprising an alkali organ-
ic complex and a compound of formula 1 arranged between the cathode electrode and the

emission layer furthest away from the anode electrode.

According to various embodiments of the OLED of the present invention the thicknesses of
the organic semiconductor layer can be in the range of about > 20 nm to about < 100 nm,

preferably of about > 30 nm to about < 80 nm, further preferred of about > 35 nm to about <

60 nm, and more preferred of about > 25 nm to about < 40 nm.

The most preferred compounds according to Formula 1 are as follows

¢ .
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In these preferred OLED arrangements best performance of the compound of formula 1 is

observed.

PCT/EP2017/058467
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With respect to the alkali organic complex comprised in the inventive light emitting diode, it

is preferred that the alkali organic complex is a lithium organic complex, preferably selected
from lithium 8-hydroxyquinolate and lithium borate, preferably lithium: tetra(1H-pyrazol-1-

yl)borate, or mixtures thereof,

Suitable organic ligands to form a lithium organic complex that can be used for the electron
transport layer are disclosed, for example, in US 2014/0048792 and Kathirgamanathan,
Poopathy; Arkley, Vincent; Surendrakumar, Sivagnanasundram; Chan, Yun F.; Ravichan-

dran, Seenivasagam; Ganeshamurugan,- ASubramaniam; Kumaraverl, Muttulingam; Antipan-
Lara, Juan; Paramaswara, Gnanamolly; Reddy, Va'nga R, Digest of Technical Papers - Socie-
ty for Information Display International Symposium (2010), 41(Bk. 1), 465-468.

Particularly preferred lithium organic complexes are shown in Table 1.

Table 1

Lithium organic complex that can be suitable used in the organic semiconductive layer

Referred | Name Structure Publication
to as:
LiQ lithivm 8-hydroxyquinolate WO 2013079217

Al
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Referred | Name Structure Publication
to as:
Li-1 lithi tetra(1H- I-1- WO 2013079676
1 ithtum  tetra(1H-pyrazo m
yl)borate N N—N Al
E;N--B{/N‘/;E Lt
S N\
N-—p
U
Li2 Tithium 3-(diphenyl- | o-U WO
phosphoryl)phenolate @_ﬁ@ 2013079678A1
Li-3 lithium 2—(pyridin—2; JP 2008195623
yl)phenolate
Li-4 lithium 2-(1-phenyl-1H- g JP 2001291593,
benzo[d]imidazol-2- 07 N]/Q
yl)phenolate @J\N\
Li-5 lithium 2-(benzo[d]oxazol-2- ‘ N US 20030165711
N
ylphenolate ' @o
Li—0




-11 -

WO 2017/178392 ' PCT/EP2017/058467
Referred | Name « Structure Publication
to as:
Li-6 lithium 2-(diphenyl- | T'EP 2724388
phosphoryl)pyridin-3-olate 1R /©

The organic ligand of the lithium organic complex of the ofganic semiconductive layer may

be selected from the group comprising a quinolate, a borate, a phenolate, a pyridinolate or a
Schiff base ligand, or Table 1; '

- preferably the lithium quinolate complex has the formula 1, I1, or I1I:

Lo an, an

wherein

Aj to Ag are same or independently selected from CH, CR, N, O;
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R is same or independently selected from hydrogen, halogen, alkyl or aryl or heteroar-

yl with 1 to 20 carbon atoms; and more preferred A, to Ag are CH;

- preferably the borate based organic ligand is a tetra(1H-pyrazol-1-yl)borate;

- preferably the phénoléte is a 2-(pyridin-2-yl)phenolate or a 2-(diphenylphos-
phoryl)phenolate;

- preferably the lithium Schiff base has the structure 100, 101, 102 or 103:

Li—D. Li=—0 Li—0
) NP L
o C, O
Hy
160 101 102 103

- more preferred the lithium organic complex is selected from a compound of Table 1.

Preferably, the alkali organic complex is essentially non-emissive in the visible region of the

electromagnetic spectrum, which are wavelengths of about > 380 nm to about < 780 nm.

In the context of the present specification the term “essentially non-emissive” means that the
contribution of the non-light-emitting dopant to the emission spectrum from the device is less

than 10 %, preferably less than 5 % relative to the emission spectrum.

The alkali organic complex may emit in the ultraviolet region of the electromagnetic spec-

trum.

In the present invention, the following defined terms, these definitions shall be applied, unless

a different definition is given in the claims or elsewhere in this specification.
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In the context of the present specification the term “different” or “differs” in connection with

the matrix material means that the matrix material differs in their structural formula.

In the context of the present specification the term “different” or “differs” in connection with

the lithium compound means that the lithium compound differs in their structural formula.

The term “free of”, “does not contain”, “does not comprise” does not exclude impurities
which may be present in the compounds prior to deposition. Impurities have no technical ef-

fect with respect to the object achieved by the present invention.

Vacuum thermal evaporation, also named VTE, describes the process of heating a compound
in a VTE source and evaporating said compound from the VTE source under reduced pres-

sure.

The rate onset temperature is measured in °C and describes the VTE source temperature at

which measurable evaporation of a compound commences at a pressure of less than 10°

mbar,

The glass transition temperature, also named Tg, is measured in °C and determined by Differ-

ential Scanning Calorimetry (DSC).
The external quantum efficiency, also named EQE, is measured in percent (%).

The lifetime, also named LT, between starting brightness and 97 % of the original brightness

is measured in hours (h).

The operating voltage, alsoc named V, is measured in Volt (V) at 10 milliAmpere per square

centimeter (mA/cmz) in bottom emission devices and at 15 mA/cm? in top emission devices.
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The color space is described by coordinates CIE-x and CIE-y (International Commission on
Hlumination 1931). For blue emission the CIE-y is of particular importance. A smaller CIE-y

denotes a deeper blue color.

The highest occupied molecular orbital, also named HOMO, and lowest unoccupied molecu-

lar orbital, also named LUMO, are measured in electron volt (V).

The terms “OLED” and “organic electroluminescenth device”, “organic light-emitting diode”

and “organic light emitting diode” are simultaneously used and have the same meaning.

v

As used herein, ,,weight percent®, ,,Wi:;%”, ,,percent'byrweigh ”, % by weight”, and varia-
tions thereof refer to a compositioﬁ,‘ cbmpbnent,r Subsfance or agent as the weight of that com-
ponent, substance or agent of the respective veléctr’dn transport layer divided by the total
weight of the respective electron transport layer thereof and multiplied by 100. It is under-
stood that the total weight percent amount of all components, substances and agents of the

respective organic semiconductor layer are selected such that it does not exceed 100 wt.-%.

As used herein, ,,volume percent®, ,,vol.-%”, ,,percent by volume”, ,,% by volume”, and varia-
tions thereof refer to a composition, component, substance or agent as the volume of that
component, substance or agent of the respective electron transport layer divided by the total
volume of the respective electron transport layer thereof and multiplied by 100. It is under-
stood that the total volume percent amount of all components, substances and agents of the

cathode layer are selected such that it does not exceed 100 vol.-%.

All numeric values are herein assumed to be modified by the term "about", whether or not
explicitly indicated. As used herein, the term "about" refers to variation in the numerical
quantity that can occur. Whether or not modified by the term ,about* the claims include

equivalents to the quantities.
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It should be noted that, as used in this specification and the appended claims, the singular

forms ,,a”, ,,an”, and ,,the” include plural referents unless the content clearly dictates other-

wise.

Herein, when a first element is referred to askbeihg fofrhed or disposed "on" a second element,
the first element can be disposed directly on the second element or one or more other ele-
- ments may be disposed there between. When a first element is referred to as being formed or

disposed "directly on" a second element, no other elements are disposed there between.

The term “contacting sandwiched” refers to an arrangement of three layers whereby the layer

in the middle is in direct contact with the two adj acent layers.

The anode electrode and cathode electr()‘de may be described as anode electrode / cathode

electrode or anode electrode / cathode electrode or anode electrode layer / cathode electrode

layer.

The organic light emitting diode according to the invention may comprise the following con-

stituents. In this regard, the respective constituents may be as follows.

Substrate

The substrate may be any substrate that is commonly used in manufacturing of organic light-
emitting diodes. If light is emitted through the substrate, the substrate may be a transparent
material, for example a glass substrate or a transparent plastic substrate, having excellent me-
chanical strength, thermal stability, transparency, surface smoothness, ease of handling, and
waterproofness. If light is emitted through the top surface, the substrate may be a transparent

or non-transparent material, for example a glass substrate, a plastic substrate, a metal substrate

or a silicon substrate.
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Anode electrode

The anode electrode may be formed by depositing or sputtering a compound that is used to
form the anode electrode. The compound used to form the anode electrode may be a high
work-function compound, so as to facilitate hole injection. The anode material may also be
selected from a low work function material (i.e. Aluminum).The anode electrode may be a
transparent or reflective electrode. Transparent conductive compounds, such as indium tin
oxide (ITO), indium zinc oxide (IZO), tin-dioxide (SnO,), and zinc oxide (ZnO), may be used
to form the anode electrode 120. The anode electrode 120 may also be formed using magnesi-
um (Mg), aluminum (Al), aluminum-lithium (Al-Li), calcium (Ca), magnesium-indium (Mg-

In), magnesium-silver (Mg-Ag), silver (Ag), gold (Au), or the like.

Cathode electrode

In a further preferred embodiment, the cathode electrode comprises at least one substantially
metallic cathode layer comprising a first zero-valent metal selected from the group consisting
of alkali metal, alkaline earth metal, rare earth metal, group 3 transition metal and mixtures

thereof.

The term “substantially metallic” shall be understood as encompassing a metal which is at
least partially in a substantially elemental form. The term substantially elemental is to be un-
derstood as a form that is, in terms of electronic states and energies and in terms of chemical
bonds of comprised metals atoms closer to the form of an elemental metal, or a free metal
atom or to the form of a cluster of metal atoms, then to the form of a metal salt, of an organ-
ometallic metal compound or another compound comprising a covalent bond between metal

and non-metal, or to the form of a coordination compound of a metal.

It is to be understood that metal alloys represent beside neat elemental metals, atomized met-
als, metal molecules and metal clusters, any other example of substantially elemental form of
metals. These exemplary representatives of substantially metallic forms are the preferred sub-

stantially metallic cathode layer constituents.
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Particularly low operating voltage and high manufacturing yield may be obtained when the
first zero-valent metal is selected from this group.

According to another aspect there is provided an organic light emitting diode wherein the sub-

stantially metallic cathode layer is free of a metal-halide and/or free of a metal organic com-

plex.

According to a preferred embodiment, the substantially metallic cathode electrode layer com-
prises or consists of the first zero-valent metal. In particularly preferred embodiments, the
substantially metallic cathode layer ,‘f\m‘her comprises a second zero-valent metal, wherein the
second zero-valent metal is selec}tv‘e-d”il'rom a'm'ain group metal or a transition metal; and

wherein the second zero-valent metal is differen‘t'fi‘ém the first zero-valent metal.

In this regard, it is further preferred that the second zero-valent metal is selected from the
group consisting of Li, Na, K, Cs, Mg, Ca, Sr, Ba, Sc, Y, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn,
Ag, Au, Al, Ga, In, Sn, Te, Bi, Pb and mixtures thereof, preferably the second zero-valent
metal is selected from the group consisting of Ag, Au, Zn, Te, Yb, Ga, Bi, Ba, Ca, Al and
mixtures thereof; and most preferred the second zero-valent metal is selected from the group

consisting of Ag, Zn, Te, Yb, Ga, Bi and mixtures thereof.

The second zero-valent metal may improve reliability of the deposition process and mechani-
cal stability of the deposited layer and thereby improve manufacturing yield when selected

from this list. Additionally, the second zero-valent metal may improve reflectivity of the first

cathode electrode layer.

According to a preferred embodiment the ‘substantially metallic cathode layer can comprises
at least about > 15 vol.-% to about < 99 vol.-% of the first zero-valent metal and less than
about > 85 vol.-% to about < 1 vol.-% of the second zero-valent metal; preferably > 15 vol.-%
to about < 95 vol.-% of the first zero-valent metal and less than about > 85 vol.-% to about <
5 vol.-% of the second zero-valent metal; more preferred > 20 vol.-% to about < 90 vol.-% of
the first zero-valent metal and less than aBout > 80 vol.-% to about < 10 vol.-% of the second

zero-valent metal; also preferred > 15 vol.-% to about < 80 vol.-% of the first zero-valent
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metal and less than about > 85 vol.-% to about < 20 vol.-% of the second zero-valent metal.

Particularly preferred the substantially metallic cathode layer comprises at least about = 20
vol.-% to about < 85 vol.-% of the first zero-valent metal, selected from Mg and less than

about > 80 vol.-% to about < 15 vol.-% of the second zero-valent metal selected from Ag.

The first zero-valent metal may enable efficient electron injection from the cathode. The sec-
ond zero-valent metal may stabilize the cathode layer and / or increase yield of the cathode

deposition step and / or increase transparency or reflectivity of the cathode.

In a further preferred embodiment, the substantially metallic cathode layer comprised in the
cathode electrode is a first cathode layer and the cathode electrode further comprises a second
cathode layer, wherein the first cathode layer is arranged closer to the organic semiconductor
layer and the second cathode layer is arranged further away from the organic semiconductor
layer and wherein the second cathode layer comprising at least one third metal in form of a
zero-valent metal, an alloy, an oxide or a mixture thereof, wherein the third metal is selected
from a main group metal, transition metal, rare earth metal or mixtures thereof, preferably the
third metal is selected from zero-valent Ag, Al, Cu, Au, MgAg alloy, indium tin oxide, indi-
um zinc oxide, ytterbium oxide, indium gallium zinc oxide and more preferred the third metal
is selected from Ag, Al, or MgAg alloy; and most preferred the third metal is selected from

zero-valent Ag or Al.

The second cathode electrode layer may protect the first cathode electrode layer from the en-
vironment. Additionally it may enhance outcoupling of light emission in devices when light is

emitted through the cathode electrode.

The thickness of the first cathode electrode layer may be in the range of about 0.2 nm to 100
nm, preferably 1 to 50 nm. If no second cathode electrode layer is present, the thickness of the
first cathode electrode layer may be in the range of 1 to 25 nm. If a second cathode electrode
layer is present, the thickness of the first cathode electrode layer may be in the range of 0.2 to

5 .
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The thickness of the second cathode electrode layer may be in the range of 0.5 to 500 nm,
preferably 10 to 200 nm, even more preferred 50 to 150 nm.

When the thickness of the cathode electrode is in the range of 5 nm to 50 nm, the cathode

electrode may be transparent even if a metal or metal alloy is used.
Hole injection layer

The hole injection layer (HIL) 130 may be formed on the anode electrode 120 by vacuum
deposition, spin coating, printing, ‘casting, slot-die coating, Langmuir-Blodgett (LB) deposi-
tion, or the like. When the HIL 130 is formed using vacuum deposition, the deposition condi-
tions may vary accotding to the compound that is used to form the HIL 130, and the desired
structure and thermal properties of the HIL 130. In general, however, conditions for vacuum
deposition may include a deposition temperature of 100° C to 500° C, a pressure of 10 to
107 Torr (1 Torr equals 133.322 Pa), and a deposition rate of 0.1 to 10 nm/sec.

When the HIL 130 is formed using spin coating, printing, coating conditions may vary ac-
cording to a compound that is used to form the HIL 130, and the desired structure and thermal
properties of the HIL 130. For example, the coating conditions may include a coating speed of
about 2000 rpm to about 5000 rpm, and a thermal treatment temperature of about 80° C to

about 200° C. Thermal treatment removes a solvent after the coating is performed.

The HIL 130 may be formed of any compound that is commonly used to form an HIL. Exam-
ples of compounds that may be used to form the HIL 130 include a phthalocyanine com-
pound, such as copper phthalocyanine (CuPc), 4,4',4"-tris (3-methylphenylphenylamino) tri-
phenylamine (m-MTDATA), TDATA, 2T-NATA, polyaniline/dodecylbenzenesulfonic acid
(Pani/DBSA), poly(3,4-ethy1enedioxythiophenc)/poly(4-styrenesulfonate) (PEDOT/PSS),

polyaniline/camphor sulfonic acid - (Pani/CSA), and polyaniline)/poly(4-styrenesulfonate
(PANI/PSS).
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The HIL 130 may be a pure layer of p-dopant or may be selected from a hole-transporting
matrix compound doped with a p-dopant. Typical examples of known redox doped hole
transport materials are: copper phthalocyanine (CuPc), which HOMO level is approximately -
5.2 eV, doped with tetrafluoro-tetracyanoquinonedimethane (F4ATCNQ), which LUMO level
is about -5.2 eV; zinc phthalocyanine (Znch (HOMO = -5.2 €V) doped with FATCNQ; a-
NPD (N,N'-Bis(naphthalen-1-yl)-N,N"-bis(phenyl)-benzidine) doped with FATCNQ. o-NPD
doped with 2,2-(perfluoronaphthalen-2,6-diylidene) dimalononitrile (PD1). o-NPD doped
with - 2,2',2"-(cyclopropane-1,2,3-triylidene)tris(2~(p-cyanotetrafluorophenyl)acetonitrile)
(PD2). Dopant concentrations can be selected from 1 to 20 wt.-%, more preferably from 3
wt.-% to 10 wt.-%.

The thickness of the HIL 130 may be: in the range of about 1 nm to about 100 nm, and for
example, about 1 nm to about 25 nm. When the thickness of the HIL 130 is within this range,
the HIL 130 may have excellent hole injecting characteristics, without a substantial increase

in driving voltage.

Hole transport laver

The hole transport layer (HTL) 140 may be formed on the HIL 130 by vacuum deposition,
spin coating, slot-die coating, printing, casting, Langmuir-Blodgett (LB) deposition, or the
like. When the HTL 140 is formed by vacuum deposition or spin coating, the conditions for
deposition and coating may be similar to those for the formation of the HIL 130. However,
the conditions for the vacuum or solution deposition may vary, according to the compound

that is used to form the HTL 140.

The HTL 140 may be formed of any compound that is commonly used to form a HTL. Com-
pound that can be suitably used is disclosed for example in Yasuhiko Shirota and Hiroshi
Kageyama, Chem. Rev. 2007, 107, 953~1010 and incorporated by reference. Examples of the
compound that may be used to form the HTL 140 are: a carbazole derivative, such as N-
phenylcarbazole or polyvinylcarbazole; an amine derivative having an aromatic condensation
ring, such as N,N'-bis(3-methylpheny!)-N,N'-diphenyl-[1,1-biphenyl]-4.4"-diamine (TPD), or
N, N-di(naphthalen-1-y1)-N,N'-dipheny! benzydine (alpha -NPD); and a triphenylamine-based
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compound, such as 4,4'4"-tris(N-carbazolyl)triphenylamine (TCTA). Among these com-
pounds, TCTA can transport holes and inhibit excitons from being diffused into the EML.

The thickness of the HTL 140 may be in the range of about 5 nm to about 250 nm, preferably,
about 10 nm to about 200 nm, furthér about 20 nm to about 190 nm, further about 40 nm to
about 180 nm, further about 60 nm to about 170 nm, further about 80 nm to about 160 nm,

further about 100 nm to about 160 nm, further about 120 nm to about 140 nm. A prefetred
thickness of the HTL 140 may be 170 nm to 200 nm. -

When the thickness of the HTL 140 is within this range, the HTL 140 may have excellent

hole transporting characteristics, without a substantial increase in driving voltage.

Electron blocking laver

The function of the electron blocking layer (EBL) 150 is to prevent electrons from being
transferred from the emission layer to the hole transport layer and thereby confine electrons to
the emission layer. Thereby, efficiency, operating voltage and/or lifetime are improved. Typi-
cally, the electron blocking layer comprises a triarylamine compound. The triarylamine com-
pound may have a LUMO level closer to vacuum level than the LUMO level of the hole
transport layer. The electron blocking layer may hax;e a HOMO level that is further away
from vacuum level compared to the HOMO level of the hole transport layer. The thickness of

the electron blocking layer is selected between 2 and 20 nm.

The electron blocking layer may comprise a compound of formula Z below
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@.

In Formula Z,
CY1 and CY?2 are the same as or different from each other, and each independently represent

a benzene cycle or a naphthalene cycle,

Arl to Ar3 are the same as or different from each other, and each independently selected from
the group consisting of hydrogen; a substituted or unsubstituted aryl group having 6 to 30
carbon atoms; and a substituted or unsubstituted heteroaryl group having 5 to 30 carbon at-

oms,

Ard4 is selected from the group consisting of a substituted or unsubstituted phenyl group, a
substituted or unsubstituted biphenyl group, a substituted or unsubstituted terpheny! group, a
substituted or unsubstituted triphenylene group, and a substituted or unsubstituted heteroaryl

group having 5 to 30 carbon atoms,

L is a substituted or unsubstituted arylene group having 6 to 30 carbon atoms.

If the electron blocking layer has a high triplet level, it may also be described as triplet control

layer.

The function of the triplet control layer is to reduce quenching of triplets if a phosphorescent
green or blue emission layer is used. Thereby, higher efficiency of light emission from a

phosphorescent emission layer can be achieved. The triplet control layer is selected from tri-
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arylamine compounds with a triplet level above the triplet level of the phosphorescent emitter
in the adjacent emission layer. Suitable triplet control layer, in particular the triarylamine

compounds, are described in EP 2 722 908 Al.
Emission laver (EML)

The EML 150 may be formed on the HTL by vacuum deposition, spin coating, slot-die coat-
ing, printing, casting, LB, or the like. When the EML is formed using vacuum deposition or
spin coating, the conditions for deposition and coating may be similar to those for the for-
mation of the HIL. However, the conditions for deposition and coating may vary, according to

the compound that is used to form the EML.

The emission layer (EML) may be formed of a combination of a host and a dopant. Example
of the host are Alg3, 4,4-N,N'- dicarbazole-biphenyl (CBP), poly(n-vinylcarbazole) (PVK),
9,10-di(naphthalene-2-yl)anthracene (ADN), 4,4',4"-Tris(carbazol-9-yl)-triphenylamine

(TCTA), 1,3,5-tris(N-phenylbenzimidazole-2-yl)benzene (TPBI), 3-tert-butyl-9,10-di-2-
naphthylanthracenee (TBADN), distyrylarylene (DSA), Bis(2-(2-hydroxyphenyl)benzo-
thiazolate)zinc (Zn(BTZ) 2), E3 below, AND, Compound 1 below, and Compound 2 below.
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Compound 1

Compound 2

The dopant may be a phosphorescent or fluorescent emitter. Phosphorescent emitters and
emitters which emit light via a thermally activated delayed fluorescence (TADF) mechanism
are preferred due to their higher efficiency. The emitter may be a small molecule or a poly-

mer.

Examples of a red dopant are PtOEP, Ir(piq) 3, and Btp 2lr(acac), but are not limited thereto.
These compounds are phosphorescent emitters, however, fluorescent red dopants could also

be used.
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Examples of a phosphorescent green dopant are Ir(ppy) 3 (ppy = phenylpyridine), Ir(ppy)
2(acac), Ir(mpyp) 3 are shown below. Compound 3 is an example of a fluorescent green emit-

ter and the structure is shown below.

rippy)s

e
O CoT O

¥

Compound 3
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Examples of a phosphorescent blue dopant are Fylrpic, (Foppy) 2Ir(tmd) and Ir(dfppz) 3, ter-
fluorene, the structures are shown below. 4.4'-bis(4-diphenyl amiostyryl)biphenyl (DPAVBI),
2,5,8,11-tetra-tert-butyl perylene (TBPe), and Compound 4 below are examples of fluorescent

blue dopants.

Fylrpic (Fappy) 2ir(tmd) Ir(dfppz) 3

Y P
OOQ

Compound 4

The amount of the dopant may be in the range of about 0.01 to about 50 parts by weight,
based on 100 parts by weight of the host. Alternatively, the emission layer may consist of a
light-emitting polymer. The EML may have a thickness of about 10 nm to about 100 nm, for
example, about 20 nm to about 60 nm. When the thickness of the EML is within this range,

the EML may have excellent light emission, without a substantial increase in driving voltage.
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Hole blocking laver (HBL)

When the EML comprises a phosphorescent dopant, a hole blocking layer (HBL) may be
formed on the EML, by using vacuum deposition, spin coating, slot-die coating, printing,

casting, LB deposition, or the like, in order to prevent the diffusion of triplet excitons or holes
into the ETL.

When the HBL is formed using vacuum deposition or spin coating, the conditions for deposi-
tion and coating may be similar to those for the formation of the HIL. However, the condi-
tions for deposition and coating may vary, according to the compound that is used to form the
HBL. Any compound that is commonly used to form a HBL may be used. Examples of com-

pounds for forming the HBL include an oxadiazole derivative, a triazole derivative, and a

phenanthroline derivative.

The HBL may have a thickness of about 5 nm to about 100 nm, for example, about 10 nm to
about 30 nm. When the thickness of the HBL is within this range, the HBL may have excel-

lent hole-blocking properties, without a substantial increase in driving voltage.

Electron transport layer

The OLED according to the present invention may optional contain an electron transport layer
(ETL).

According to various embodiments the OLED may comprises an electron transport layer or an

electron transport layer stack comprising at least a first electron transport layer and at least a

second electron transport layer.

According to various embodiments of the OLED of the present invention the electron
transport layer may comprises at least one matrix compound. Preferably, the matrix com-
pound is an organic compound. More preferably the matrix compound is a covalent organic

matrix compound. In other words, the matrix compound comprises covalent bonds. It is to be
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understood that “substantially covalent” means compounds comprising elements bound to-

gether mostly by covalent bonds.

According to another aspect, an organic light emitting diode is provided, wherein an electron
transport layer is arranged between the emission layer and the organic semiconductor layer of
the present invention. Preferably, the electron. transport layer is in direct contact with the
emission layer and the organic semiconductor layer is contacting sandwiched between the

electron transport layer and the cathode electrode.

Preferably, the electron transport layer is free of emitter dopants and / or alkali organic com-

plexes.

According to another aspect, the electron transport layer comprises a first organic matrix

compound.

According to a more preferred aspect the first organic matrix compound is selected from the
group comprising benzo[k]fluoranthene, pyrene, anthracene, fluorene, spiro(bifluorene), phe-
nanthrene, perylene, triptycene, spiro[fluorene-9,9-xanthene], coronene, triphenylene, xan-
thene, benzofurane, dibenzofurane, dinaphthofurane, acridine, benzo[c]acridine, diben-
zo[c,h]acridine, dibenzo[a,jlacridine, triazine, pyridine, pyrimidine, carbazole, phenyltriazole,
benzimidazole, phenanthroline, oxadiazole, benzooxazole, oxazole, quinazoline, ben-
zo[h]quinazoline, pyrido[3,2-h]quinazoline, pyrimido[4,5-flquinazoline, quinoline, benzo-
quinoline, pyrrolo[2,1-aJisoquinolin, benzofuro[2,3-d]pyridazine, thienopyrimidine, dithi-
enothiophene, benzothienopyrimidine, benzothienopyrimidine, phosphine oxide, phosphole,
triaryl borane, 2-(benzo[d]oxazol-2-yl)phenoxy metal complex, 2-(benzo[d]thiazol-2-

yl)phenoxy metal complex or mixtures thereof.

The electron transport layer may preferably comprise a first organic matrix compound with a
dipole moment of about > 0 Debye and about < 2.5 Debye, preferably > 0 Debye and < 2.3
Debye, more preferably > 0 Debye and < 2 Debye. The first organic matrix compound may

also be described as non-polar organic matrix compound.
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The dipole moment || of a molecule containing N atoms is given by:

.
ﬂ-‘—th’f‘;
i

wherein q; and 7, are the partial charge and position of atom i in the molecule. The dipole
moment is determined by a semi-empirical molecular orbital method. The values in Table 5
were calculated using the method as described below. The partial charges and atomic posi-
tions are obtained using either the DFT functional of Becke and Perdew BP with a def-SV(P)
basis or the hybrid functional B3LYP with a def2-TZVP basis set as implemented in the pro-
gram package TURBOMOLE V6.5, If more than one conformation is viable, the confor-

mation with the-lowest total energy is selected to determine the dipole moment.

For example, the first organic matrix compound may have a dipole moment of about > 0 De-
bye and about < 2.5 Debye, the first organic matrix compound may contain a center of inver-

sion I, a horizontal mirror plane, more than one C, axis (n>1), and / or n C, perpendicular to
Co.

If the first organic matrix compound has a dipole moment of about > 0 Debye and about <2.5
Debye, the first organic matrix compound may contain an anthracene group, a pyrene group, a
perylene group, a coronene group, a benzo[k]fluoranthene group, a fluorene group, a xanthene
group, a dibenzo[c,h]acridine group, a dibenzo[a,j]acridine group, a benzo[c)acridine group, a
triaryl borane group, a dithienothiophene group, a triazine group or a benzothienopyrimidine
group.

If the first organic matrix compounds has a dipole moment of about > 0 Debye and about <
2.5 Debye, the first organic matrix compound may be free of an imidazole group, a phenan-

throline group, a phosphine oxide group, an oxazole group, an oxadiazole group, a triazole
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group, a pyrimidine group, a quinazoline group, a benzo[h]quinazoline group or a pyrido{3,2-

h]quinazoline group.

In a preferred embodiment, the first organic matrix compound is selected from the following
compounds or derivatives thereof, the compounds being anthracene, pyrene, coronene, tri-
phenylene, fluorene, spiro-fluorene, xanthene, carbazole, dibenzo[c,hlacridine, diben-
zo[a,jlacridine, benzo{c]acridine, triaryl borane compounds, 2-(benzo[djoxazol-2-yl)phenoxy
metal complex; 2-(benzo[d]thiazol-2-yl)phenoxy metal complex, triazine, benzothienopyrim-

idine, dithienothiophene, benzo[k]fluoranthene, perylene or mixtures thereof.

It may be further preferred that the first organic matrix compound comprises a triaryl borane

compound of formula (1)

R5 RG
R O R’ Art—AR
Ny

RZ R Ar®

(M

wherein R', R? and R” are independently selected from a group consisting of H, D, C;-Cis
alkyl and C;-C;¢ alkoxy;

R% R* R’ and R® are independently selected from a group consisting of H, D, C;-Cy¢ alkyl,
C;-Cyg alkoxy and Cg¢-Cyg aryl;

A1’ is selected from substituted or unsubstituted Ce-Cop aryl, wherein, in case that A1’ is sub-
stituted, the substituents are independently selected from a group consisting of D, C;-C;, al-

kyl, C;-Cyg alkoxy and Ce-Cyp aryl; and
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AT is selected from substituted or unsubstituted Cs-Cyo arylene, wherein, in case that Ar' is
substituted, the substituents are independently selected from a group consisting of D, C1-Cy,
alkyl, C;-Cy¢ alkoxy and C¢-Cyg aryl; and

AY is selected from Ar? is selected from a group consisting of H, D, substituted or unsubsti-
tuted Cg-Cyg aryl and Cs-Cyg heteroaryl.

Preferably, Ar® is selected from substituted or unsubstituted phenyl or napthyl, wherein, in
case that Ar’ is substituted, the substituents are independently selected from a group consist-
ing OfD, Cnd alkyl, C]-Cm alkoxy and Cé-Cm aryl. '

Triaryl borane compounds of formula (1):

RE RS
ROS I
o

R?2 R Ar?

(M

are disclosed in WO2015049030A2 and EP15187135.7.

In a further preferred embodiment, the first organic matrix compound comprises a diben-

zo[c,h]acridine compound of formula (2)
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Art )

and/or a dibenzo[a,j]acridine compound of formula (3)

and/or a benzo[clacridine compound of formula (4)

Art 4

wherein Ar’ is independently selected from Ce-Cypo arylene, preferably phenylene, bi-

phenylene, or fluorenylene;
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Ar'is independently selected from unsubstituted or substituted Cg-Cyg aryl, preferably phenyl,
naphthyl, anthranyl, pyrenyl, or phenanthryl;

and in case that Ar* is substituted, the one or more substituents may be independently selected

from the group consisting of C;-Cy, alkyl and C;-Cs, heteroalkyl, wherein C;-Cs alkyl is pre-
ferred.

Suitable dibenzo[c,h]acridine compounds are disclosed in EP 2 395 571. Suitable diben-

zo[a,jlacridine are disclosed in EP 2 312 663. Suitable benzo[c]acridine compounds are dis-
closed in WO 2015/083948.

In a further embodiment, it is preferred that the first organic matrix compound comprises a
dibenzo[c.h]acridine compound substituted with Cg-Cyg aryl, Cs-Cyg heteroaryl and/or C;-Cyy
alkyl  groups, preferably 7-(naphthalen-2-yl)dibenzo[c,hlacridine,  7-(3-(pyren-1-
yl)phenyl)dibenzo[c,hlacridine, 7-(3-(pyridin-4-yl)phenyl)dibenzo[ c,h]acridine.

In a further embodiment, it is preferred that the first organic matrix compound comprises a
dibenzo[a,jlacridine compound substituted with Cg-Cyg aryl, Cs-Cyo heteroaryl and/or C-Cy
alkyl groups, preferably 14-(3-(pyren-1-y)phenyl)dibenzo{a,jlacridine.

In a further embodiment, it is preferred that the first organic matrix compound comprises a
benzo[clacridine compound substituted with Cg-Cyp aryl, Cs-Cyg heteroaryl and/or C,-Cy; al-
kyl groups, preferably 7-(3-(pyren-1-yl)phenyl)benzo[clacridine.

It may be further preferred that the first organic matrix compound comprises a triazine com-
pound of formula (5)
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AFST N \\[/ Ar®
N N
T
Ar

|

( Ar7)x (5)

wherein Ar is independently selected from unsubstituted or substituted Cs-Cy aryl or Arl-
ATSQ,

wherein Ar>! is selected from unsubstituted or substituted C¢-Cao arylene and

Ar*? is selected from unsubstituted or substituted Cg-Cag aryl or unsubstituted and substituted
Cs-Cy heteroaryl;

Ar® is selected from unsubstituted or substituted Cgs-Coo arylene, preferably phenylene, bi-

phenylene, terphenylene, fluorenylene;

Ar’ is independently selected from a group consisting of substituted or unsubstituted aryl,
substituted or unsubstituted heteroaryl, the aryl and the heteroaryl having 6 to 40 ring-forming
atoms, preferably phenyl, naphthyl, phenantryl, fluorenyl, terphenyl, pyridyl, quinolyl, pyrim-
idyl, triazinyl, benzo[h]quinolinyl, or benzo[4,5]thieno[3,2-d]pyrimidine;

x is selected from 1 or 2,

wherein in case that Ar’ is substituted the one or more substituents may independently be se-

lected from C;-Cy, alkyl and C;-Cy; heteroalkyl, preferably C;-Cs alkyl;

and in case that Ar’ is substituted, the one or more substituents may be independently selected

from C;-Cy; alkyl and C;-Cy;, heteroalkyl, preferably C;-Cs alkyl, and from Ce¢-Coq aryl.
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Suitable triazine compounds are disclosed in US 2011/284832, WO 2014/171541, WO

2015/008866, WO2015/105313, JP 2015-074649 A, and JP 2015-126140 and KR
2015/0088712.

Furthermore, it is preferred that the first organic matrix compound comprises a triazine com-

pound substituted with Cg-Cyq aryl, Cs-Cyp heteroaryl and/or C;-Cy, alkyl groups, preferably

3-[4~(4,6-di-2-naphthalenyl-1,3,5-triazin-2-yl)phenyl]quinolone, 2-[3-(6"-methyl[2,2'-
bipyridin]-5-y1)-5-(9-phenanthrenyl)phenyl}-4,6-diphenyl-1,3,5-triazine, 2-(3-(phenanthren-9-
y1)-5-(pyridin-2-yl)phenyl)-4,6-diphenyl-1,3,5-triazine, 2,4-diphenyl-6-(5"-phenyl-

[1,1%341"3" 1™:3" 1"quinquephenyl]-3~-yl)-1,3,5-triazine, 2-([1,1'-biphenyl}-3-yl)-4-(3'-
(4,6-diphenyl-1,3,5-triazin-2-y1)-[1,1'-biphenyl]-3-yl)-6-phenyl-1,3,5-triazine and/or 2-(3'-
(4,6-diphenyl-1,3,5-triazin-2-yl)-[1,1'-biphenyl]-3-yl)-4-phenylbenzo[4,5]thieno[3,2-
d]pyrimidine.

In a further preferred embodiment, the first organic matrix compound comprises a 2-

(benzo[d]oxazol-2-yl)phenoxy metal complex or 2-(benzo[d]thiazol-2-yl)phenoxy metal
complex of formula (6)

_© An (6)

wherein M is a metal selected from Al, Zr or Sc;

X is selected rom O or S; and
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n is selected from 3 or 4.

Suitable 2-(benzo[d]oxazol-2-yl)phenoxy metal complex or 2-(benzo[d]thiazol-2-yl)phenoxy
metal complex are disclosed in WO 2010/020352..

In a preferred embodiment, the first organic matrix compound comprises a benzothienopyrim-
idine compound substituted with Ce-Cyg aryl, Cs-Cao heteroaryl and/or C;-Cy, alkyl groups,
preferably 2-phenyl-4-(4',5',6'-triphenyl-[1,1":2',1™:3",1"-quaterphenyl]-3"'-
yl)benzo[4,5]thieno[3,2-d]pyrimidine.Suitable benzothienopyrimidine compounds are dis-
closed in W 2015/0105316.

In a preferred embodiment, the first organic matrix compound comprises a ben-
zo[k]fluoranthene compound substituted with Cg-Cyo aryl, Cs-Cyo heteroaryl and/or Ci-Cyz
alkyl groups, preferably 7, 12-diphenylbenzo[k]fluoranthene. Suitable benzo[k]fluoranthene
compounds are disclosed in JP10189247 A2.

In a preferred embodiment, the first organic matrix compound comprises a perylene com-
pound substituted with Cg¢-Cqo aryl, Cs-Cy heteroaryl and/or C;-Cy» alkyl groups, preferably
3,9-bis([1,1°-biphenyl]-2-yl)perylene, 3,9-di(naphthalene-2-yl)perylene or 3,10~
di(naphthalene-2-yl)perylene. Suitable perylene compounds are disclosed in US2007202354.

In a preferred embodiment, the first organic matrix compound comprises a pyrene compound.

Suitable pyrene compounds are disclosed in US20050025993.

In a preferred embodiment, the first organic matrix compound comprises a spiro-fluorene

compound. Suitable spiro-fluorene compounds are disclosed in JP2005032686.

In a preferred embodiment, the first organic matrix compound comprises a xanthene com-
pound. Suitable xanthene compounds are disclosed 1n  US2003168970A  and
WO 2013149958.
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In a preferred embodiment, the first organic matrix compound comprises a coronene com-
pound. Suitable coronene compounds are disclosed in Adachi, C.; Tokito, S.; Tsutsui, T.; Sai-

to, S., Japanese Journal of Applied Physics, Part 2: Letters (1988), 27(2), L269-1.271.

In a preferred embodiment, the first organic matrix compound comprises a triphenylene com-

pound. Suitable triphenylene compounds are disclosed in US20050025993.

In a preferred embodiment, the first organic matrix compound is selected from carbazole

compounds. Suitable carbazole compounds are disclosed in US2015207079.

In a preferred embodiment, the first organic matrix compound is selected from dithienothio-

phene compounds. Suitable dithienothiophene compounds are disclosed in KR2011085784.

In a preferred embodiment, the first organic matrix compound comprises an anthracene com-

pound. Particularly preferred are anthracene compounds represented by Formula 400 below:

Formula 400

Aryy (Ara)y

In Formula 400, Ar;;; and Ar;; may be each independently a substituted or unsubstituted Cs-
Cg arylene group; Aryjsto Arp¢may be each independently a substituted or unsubstituted C;-
Co alkyl group or a substituted or unsubstituted Ce-Cgg aryl group; and g, h, i, and j may be

each independently an integer from 0 to 4.

In some embodiments, Arji; and Aryip in Formula 400 may be each independently one of
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a phenylene group, a naphthylene group, a phenanthrenylene group, or a pyrenylene group; or

a phenylene group, a naphthylene group, a phenanthrenylene group, a fluorenyl group, or a
pyrenylene group, each substituted with at least one of a phenyl group, a naphthyl group, or

an anthryl group.
In Formula 400, g, h, i, and j may be each independently an integer of 0, 1, or 2.
In Formula 400, Aryy3 to Arjj¢may be each independently one of

a C;-Cyg alkyl group substituted with at least one of a phenyl group, a naphthyl group, or an
anthryl group;

a phenyl group, a naphthyl group, an anthryl group, a pyreny! group, a phenanthrenyl group,

or a fluorenyl group;

a phenyl group, a naphthyl group, an anthryl group, a pyrenyl group, a phenanthrenyl group,
or a fluorenyl group, each substituted with at least one of a deuterium atom, a halogen atom, a
hydroxyl group, a cyano group, a nitro group, an amino group, an amidino group, a hydrazine
group, a hydrazone group, a carboxyl group or a salt thereof, a sulfonic acid group or a salt
thereof, a phosphoric acid group or a salt thereof, a C;-Ceo alkyl group, a C;-Cgp alkenyl
group, a Cp-Cgo alkynyl group, a C;-Cqg alkoxy group, a phenyl group, a naphthyl group, an
anthryl group, a pyrenyl group, a phenanthrenyl group, or a fluorenyl group; or

O.QQ

but embodiments of the invention are not limited thereto.
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According to a further more preferred aspect the first organic matrix compound can be select-

ed from a compound of Table 2 below.

Table 2

First organic matrix compounds with a dipole moment > 0 Debye and < 2.5 Debye which may

be suitable used

Referred to as:
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Referred to as: Structure
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Table 3 below shows the dipole moments of representative examples of the first organic ma-

trix compound with a dipole moment > 0 Debye and <2.5 Debye.

Table 3

Representative examples of the first organic matrix compound with a dipole moment > 0 De-
bye and <2.5 Debye

Referred Name Structure Dipole

to as: mo-
ment/
Debye

ADN 9,10-di(naphthalen-2- 0.01

vl)anthracene QQ % O
a iy
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Referred Name Structure Dipole
to as: mo-

ment/
Debye
ETM-2 Tri(naphthalen-1-yl)borane 0.14
B
ETM-8 bis(2-methylnaphthalen-1- 0.18
y)(3-(phenanthren-9-
yDphenyl)borane
ETM-15 7-(3-(pyren-1- 1.80
yDphenyl)dibenzo[c,h]acri
dine
ETM-17 | 7-(3~(pyridin-4- 2.26
yhphenyl)dibenzo[c,h]acri
dine
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Referred | Name Structure Dipole
to as: mo-

ment/
Debye

ETM-18 14-(3-(pyren-1- 2.50
ylphenyl)dibenzo[a,jlacrid
ine

ETM-21 | 7-(3-(pyren-1- P 2.13
yphenyl)benzo[clacridine o - "

ETM-29 | 2-(3-(phenanthren-9-y1)-5- O O 1.76
(pyridin-2-yl)phenyl)-4,6- Q Q
diphenyl-1,3,5-triazine =N

N
= O
JN

ETM-28 | 2,4-diphenyl-6-(5"-phenyl- O @ 0.23

[},1':3!’1":3l1’1|‘!1:3f1!,1HH_ O O N[ \/N

| SAaCARGARS
quinquephenyl}-3-yl)-
1,3,5-triazine

ETM-26 2-([1,1"-biphenyl]-3-y1)-4- Q 0.13
(3'-(4,6-diphenyl-1,3,5- 'Q &) p
triazin-2-y1)-{1,1" d o=
biphenyl]-3-yl)-6-phenyl- %;\
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Referred

{o as:

Name

1 Structure

Dipole
mo-
ment/

Debye

1,3,5-triazine

ETM-27

2-(3'-(4,6-diphenyl-1,3,5-
triazin-2-y1)-[1,1'-

biphenyl]-3-y1)-4-

phenylben-
zo[4,5]thienof3,2-
d]pyrimidine

ETM-32

2-phenyl-4-(4',5',6'-
triphenyl-[1,1%2',1":3",1™.-
quaterphenyl]-3"-
yl)benzo[4,5]thieno[3,2-
d]pyrimidine

ETM-33

7,12-
diphenylben-
zo[k]fluoranthene
16391-62-1)

(CAS

0.13

ETM-34

3.,9-di(naphthalen-2-
ylperylene (CAS 959611-
30-4) '

0.12
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According to various embodiments of the OLED of the present invention the thicknesses of
the electron transport layer may be in the range of about > 0.5 nm to about < 95 nm, prefera-
bly of about > 3 nm to about < 80 nm, further preferred of about > 5 nm to about < 60 nm,
also preferred of about > 6 nm to about < 40 nm, in addition preferred about > 8 nm to about

<20 nm and more preferred of about > 3 nm to about < 1§ nm.

Charee generation laver

Charge generation layers (CGL) that can be suitable used for the OLED of the present inven-
tion are described in US 2012098012 A.

The charge generation layer is generally composed of a double layer. The charge generation
layer can be a pn junction charge generation layer joining n-type charge generation layer and
p-type charge generation layer. The pn junction charge generation layer generates charges or
separates them into holes and electrons; and injects the charges into the individual light emis-
sion layer. In other words, the n-type charge generation layer provides electrons for the first
light emission layer adjacent to the anode electrode while the p-type charge generation layer
provides holes to the second light emission layer adjacent to the cathode electrode, by which
luminous efficiency of an organic light emitting device incorporating multiple light emission

layers can be further improved and at the same time, driving voltage can be lowered.

The p-type charge generation layer can be composed of metal or organic material doped with
p-type dopant. Here, the metal can be one or an alloy consisting of two or more selected from
a group consisting of Al, Cu, Fe, Pb, Zn, Au, Pt, W, In, Mo, Ni, and Ti. Also, p-type dopant
and host used for organic material doped with the p-type can employ conventional materials.
For example, the p-type dopant can be one selected from a group consisting of tetrafluore-
7.7,8,8-tetracyanoquinodimethane (F4-TCNQ), derivative of tetracyahoquinodimethane, radi-
alene derivative, iodine, FeCl3, FeF3, and SbC15. Also, the host can be one selected from a
group consisting of N,N'-di(naphthalen-1-yl)-N,N-diphenyl-benzidine (NPB), N,N'-diphenyl-
N,N'-bis(3-methylphenyl)-1,1-biphenyl-4,4'-diamine  (TPD) and N,N'N'-tetranaphthyl-
benzidine (TNB).
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The n-type charge generation layer can be composed of metal or organic material doped with
n-type. The metal can be one selected from a group consisting of Li, Na, K, Rb, Cs, Mg, Ca,
Sr, Ba, La, Ce, Sm, Bu, Tb, Dy, and Yb. Also, n-type dopant and host used for organic mate-
rial doped with the n-type can employ conventional materials. For example, the n-type dopant
can be alkali metal, alkali metal compound, alkali earth metal, or alkali earth metal com-
pound. More specifically, the n-type dopant can be one selected from a group consisting of
Cs, K, Rb, Mg, Na, Ca, Sr, Eu and Yb. The hoSt material can be one selected from a group
consisting of t_n’s(8-hydroxyquinolinc)aluminum, triazine, hydroxyquinoline derivative, ben-

zazole derivative, and silole derivative.

In another preferred embodiment, the n-type charge generation layer is arranged adjacent to
the electron transport layer. The n-type charge generation layer according to one embodiment

may include compounds of the following Chemical Formula 16.

A4 (16), wherein

each of A' to A® may be hydrogen, a halogen atom, nitrile (-CN), nitro (-NO,), sulfonyl (-
SO2R), sulfoxide (-SOR), sulfonamide (-SO,NR), sulfonate (-SO3R), trifluoromethyl (-CF3),
ester (-COOR), amide (-CONHR or - CONRR?), substituted or unsubstituted straight-chain or
branched-chain C1-C12 alkoxy, substituted or unsubstituted straight-chain or branched-chain
C1-C12 alkyl, substituted or unsubstituted straight-chain or branched chain C2-C12 alkenyl, a
substituted or unsubstituted aromatic or non-aromatic heteroring, substituted or unsubstituted

aryl, substituted or unsubstituted mono- or di-arylamine, substituted or unsubstituted aralkyl-
amine, or the like.
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Herein, each of the above R and R’ may be sﬁbstimted or unsubstituted C;-Cgp alkyl,
substituted or unsubstituted aryl, or a substituted or unsubstituted 5- to 7-membered heteror-
ing, or the like.

Particularly preferred is an n-type charge generation layer comprising a compound of Formula

an
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The p-type charge generation layer is arranged on top of the n-type charge generation layer.
As the materials for the p-type charge generation layer, aryl amine-based compounds may be
used. One embodiment of the aryl amine-based compounds includes compounds of the fol-

lowing Chemical Formula 18:

Ar Ary

ATz (18), wherein

Ar;, Arp, and Ars are each independently hydrogen or a hydrocarbon group. Herein, at least
one of Ar;, Ar, and Ar; may include aromatic hydrocarbon substituents, and each substituent
may be the same, or they may be composed of different substituents. When Ar;, Ar; and Ar;
are not aromatic hydrocarbons, they may be hydrogen; a straight-chain, branched-chain or

cyclic aliphatic hydrocarbon; or a heterocyclic group including N, O, S or Se.
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In another aspect of the present invention, the organic light emitting diode (100) further com-
prises an n-type CGL (185), a p-type CGL (135) and the organic semiconductor layer in direct
contact with the n-type CGL. In a preferred embodiment, the n-type CGL comprises or con-

sists of the first zero-valent metal.

The object is further achieved by a method for preparing an organic light emitting diode ac-

cording to any of the preceding claims, the method comprising a step of:

Co-depositing at least one alkali organic complex and at least one compound of formula 1 as

defined in claim 1

X
N
1 bRt Formula 1
© : R

/R

The term co-deposition in this regard is particularly related to depositing the alkali organic

complex from a first evaporation source and the compound of Formula 1 from a second evap-

oration source.

In this regard, it is preferred that the method comprises the steps of:

Depositing an anode electrode on a substrate;

Depositing an emission layer on the anode;

Depositing the organic semiconductor layer on the emission layer; and
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Depositing the cathode electrode on the organic semiconductor layer.

In this regard, it may be preferred that the method comprises a further step of depositing an
electron transport layer on the emission layer. In this case, it is clear that the organic semicon-

ductor layer is deposited on the electron transport layer instead.

In another preferred embodiment, the method comprises the steps of:
Depositing a cathode electrode on a substrate;

Depositing the organic semiconductor layer on the céthode;
Depositing an emission layer on the organic semiconductor layer; and
Depositing the anode electrode on the emission layer.

Depositing in terms of the invention may be achieved by depositing via vacuum thermal
evaporation or depositing via solution processing, preferably, the processing being selected

from spin-coating, printing, casting and/or slot-dicoating.

It is preferred that depositing the organic semiconductor layer comprises vacuum thermal

evaporation.
The object is finally achieved by a compound of Formula 1

Formula 1
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wherein

X is selected from O, S or Se;

R' and R? are independently selected from the group consisting of Cg to C1g aryl group and Cs
to C3 heteroaryl group, wherein each of R! and R” may independently be unsubstituted or
substituted with at least one C; to Cy alkyl group or C, to Cj, alkoxy group, preferably C; to
C,4 alkyl group or C, to C4 alkoxy group; and

each R?’, R4, R’ and RS are independently selected from the group consisting of H, C, to Cyp
alkyl group or C; to Cy; alkoxy group, preferably H, C; to C4 alkyl group or Cy to Cy4 alkoxy
group. ’

Definitions and explanations provided with respect to the compounds of formula 1 in the or-

ganic semiconductive layer are also true with respect to the inventive compound and through-

out the whole application text.

To simplify the synthesis of the inventive compounds, it may be preferred that R' and R? are

selected the same. That is, it is preferred that R and R* are the same group.

It is further preferred that R' and R” are independently selected from Cg to Cig aryl group,
preferably Cq to Cyp aryl group, more preferred phenyl group. By appropriately selecting the
number of carbon atoms in the groups R’ and R? the chemical and physical properties, such as

solubility, of the inventive compound may be easily adjusted.

It may further be preferred that X is selected as O.

It is further preferred that the biphenylene group is attached to the adjacent phosphorous con-

taining group and/or the adjacent anthrancenylene group in meta-position.
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As demonstrated below by referring to inventive examples and comparative examples repre-
senting the prior art, it was surprisingly found by the inventors that the inventive compounds
indeed solves the problem of the prior art outlined above by featuring increased efficiency and

improved operating voltage as well as improved glass transition temperature and stability.

In detail, comparison of the inventive compounds with the prior art results in the following

observations.

Phosphine compound A which is typically used in OLEDs of the prior art has several draw-
backs.

o
ooo
$O10

The glass transition temperature is low at 112 Celsius. Additionally, the operating voltage of

Compound A

OLEDs is high and the efficiency is low, thereby limiting battery life of mobile devices, see

Experimental part.

Attempts at increasing the glass transition temperature have resulted in compounds with a
more bulky substituent in 10-position on the anthracene group, for example naphthyl substitu-

ents in compound B and compound C

S5

Compound B
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Compound C.

The glass transition temperature is increased to 134 and 139 Celsius, respectively. However,
the operating voltage is not improved and the lifetime is much shorter compared to a device
comprising compound A, see Experimental Part. Additionally, the Volatility of compound Bis |
too low, therefore it is not suitable for manufacturing of OLEDs using vacuum thermal evapo-
ration (VTE). Low volatility may result in partial decomposition of the compound in the VTE
source during manufacturing of the OLED when using evaporation and subsequent deposition

as a means of transferring the compound from the source to the substrate.

In compound D, the glass transition temperature is increased through a biphenyl substituent in
10-position of the anthracene group

¢
OOOO

@ Compound D.

The glass transition temperature remains high at 130 Celsius and but the operating voltage is

still high and the efficiency is low, see Experimental Part.

It has surprisingly been found that a biphenylene linker attached to the adjacent phosphorus
containing group and / or the adjacent anthracenylene group and leads to a significant im-

provement in operating voltage and efficiency while retaining high glass transition tempera-
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ture. To ensure that the volatility remains in a range suitable for manufacturing, it has been
found that a phenyl substituent in 10-position on the anthracenylene group is required. Larger
substituents result in too low volatility and a hydrogen atom in 10-position on the anthra-

cenylene group leads to very low glass transition temperature. For example, Compound G

So-oto
W

© Compound G

has a Tg of 109 °C.

A particularly beneficial effect on performance is observed for a biphenylene group which is
attached to the adjacent phosphorus group and / or the adjacent anthracenylene group in meta-

position.

The beneficial effect on device performance is observed for a range of different alkali organic

complexes. Particularly preferred are LiQ and Li-1, see Table 1.

Light-emitting diode (OLED)

According to another aspect of the present invention, there is provided an organic light-
emitting diode (OLED) comprising: a substrate, an anode electrode, a hole injection layer, a
hole transport layer, optional an electron blocking layer, an emission layer, optional a hole
blocking layer, optional an electron transport layer, the inventive organic semiconductor Jay-
er, optional an electron injection layer and a cathode electrode layer, Wheréin the layers are

arranged in that order.

According to another aspect of the present invention, there is provided an organic light-

emitting diode (OLED) comprising: a substrate, an anode electrode a first hole injection layer,
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a first hole transport layer, optional first electron blocking layer, a first emission layer, op-
tional a first hole blocking layer, optional a first electron transport layer, optional an organic
semiconductor layer of the present invention, an n-type charge generation layer, a p-type
charge generation layer, a second hole transport layer, optional second electron blocking layer
a second emission layer, optional a second hole blocking layer, optional a second electron
transport. layer, the organic semiconductor layer, optional an electron injection layer and a

cathode electrode layer, wherein the layers are arranged in that order.

According to various embodiments of the OLED of the present invention, the OLED may not

comprises an electron transport layer.

According to various embodiments of the OLED of the present invention, the OLED may not

comprises an electron blocking layer.

&

According to various embodiments of the OLED of the present invention, the OLED may not

comprises a hole blocking layer.

According to various embodiments of the OLED of the present invention, the OLED may not

comprises a charge generation layer.

According to various embodiments of the OLED of the present invention, the OLED may not

comprises a second emission layer.

Method of manufacture

According to various embodiments of the present invention, the method may further include
forming on a substrate an anode electrode a hole injection layer, a hole transport layer, op-
tional an electron blocking layer, an emission layer, optional a hole blocking layer, optional
an electron transport layer, the organic semiconductor layer, optional an electron injection
layer, and a cathode electrode layer, wherein the layers are arranged in that order; or the lay-

ers can be deposited the other way around, starting with the cathode electrode layer, and more
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preferred the organic semiconductor layer is be deposited before the cathode electrode layer is

deposited.

Particularly low operating voltage and/or high external quantum efficiency EQE may be
achieved when the organic semiconductor layer is deposited before the first cathode electrode

layer.

According to various embodiments of the present invention, the method may further include
forming on a substrate an anode electrode a first hole injection layer, a first hole transport
layer, optional first electron blocking layer, a first emission layer, optional a first hole block-
ing layer, optional a first electron transport layer, optional the organic semiconductor layer of
the present invention, an n-type charge generation layer, an p-type charge generation layer, a
second hole transport layer, optional second electron blocking layer, a second emission layer,
optional a second hole blocking layer, optional a second electron transport layer, the organic
semiconductor layer, optional an electron injection layer and a cathode electrode layer, where-
in the layers are arranged in that order; or the layers are deposited the other way around, start-
ing with the cathode electrode layer; and more preferred the organic semiconductor layer is be

deposited before the cathode electrode layer is deposited.

However, according to one aspect the layers are deposited the other way around, starting with

the cathode electrode, and sandwiched between the cathode electrode and the anode electrode.

For example, starting with the first cathode electrode layer, optional electron injection layer,
the organic semiconductor layer, optional electron transport layer, optional hole blocking lay-
er, emission layer, optional electron blocking layer, hole transport layer, hole injection layer,

anode electrode, exactly in this order.

The anode electrode and/or the cathode electrode can be deposited on a substrate. Preferably

the anode is deposited on a substrate.
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According to another aspect of the present invention, there is provided a method of manufac-

turing an organic light-emitting diode (OLED), the method using:

- . atleast one deposition source, preferably two deposition sources and more preferred at

least three deposition sources; and/or
- deposition via vacuum thermal evaporation (VTE); and/or

- - deposition via solution processing, preferably the processing is selected from spin-

coating, printing, casting and/or slot-die coating.

Electronic device

Another aspect is directed to an electronic device comprising at least one organic light-
emitting diode (OLED). A device comprising organic light emitting diodes (OLED) is for
example a display or a lighting panel.

Additional aspects and/or advantages of the invention will be set forth in part in the descrip-

tion which follows and, in part, will be obvious from the description, or may be leamed by

practice of the invention.
BRIEF DESCRIPTION OF THE DRAWINGS

These and/or other aspects and advantages of the present invention will become apparent and
more readily appreciated from the following description of the exemplary embodiments, taken -

in conjunction with the accompanying drawings, of which:

FIG. 1 is a schematic sectional view of an organic light-emitting diode (OLED), according to

an exemplary embodiment of the present invention;
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FIG. 2 is a schematic sectional view of an OLED, according to another exemplary embodi-

ment of the present invention.

FIG: 3 is a schematic sectional view of an OLED, according to another exemplary embodi-

ment of the present invention.

FIG. 4 is a schematic sectional view of a tandem OLED comprising a charge generation layer,

according to an exemplary embodiment of the present invention.

DETAILED DESCRIPTION

Reference will now be made in detail to the exemplary embodiments of the present invention,
examples of which are illustrated in the accompanying drawings, wherein like reference nu-
merals refer to the like elements throughout. The exemplary embodiments are described be-

low, in order to explain the aspects of the present invention, by referring to the figures.

Herein, when a first element is referred to as being formed or disposed "on" a second element,
the first element can be disposed directly on the second element, or one or more other ele-
ments may be disposed there between. When a first element is referred to as being formed or

disposed "directly on" a second element, no other elements are disposed there between.

FIG. 1 is a schematic sectional view of an organic light-emitting diode (OLED) 100, accord-
ing to an exemplary embodiment of the present invention. The OLED 100 includes a substrate
110, an anode electrode 120, a hole injection layer (HIL) 130, a hole transport layer (HTL)
140, an emission layer (EML) 150. Onto the emission layer (EML) 150 the organic semicon-
ductor layer 170 is disposed. The organic semiconductor layer 170 comprising or consisting
of an alkali organic complex and a compound of formula 1 is formed directly on the EML
150. The cathode electrode layer 190 is disposed directly onto the organic semiconductor lay-

er 170.
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Fig. 2 is a schematic sectional view of an OLED 100, according to another exemplary embod-

iment of the present invention. Fig. 2 differs from Fig. 1 in that the OLED 100 of Fig. 2 com-

prises an electron transport layer 160.

Referring to Fig. 2 the OLED 100 includes a substrate 110, an anode electrode 120, a hole
injection layer (HIL) 130, a hole transport layer (HTL) 140, an emission layer (EML) 150.
Onto the emission layer (EML) 150 an electron transport layer (ETL) 160 is disposed. Onto
the electron transport layer (ETL) 160 the organic semiconductor layer 170 is disposed. The
organic semiconductor layer 170 comprising or consisting of an alkali organic complex and a
compound of formula 1 is formed directly on the ETL 160. The cathode electrode lasrér 190 is

disposed directly onto the organic semiconductor layer 170.

Fig. 3 is a schematic sectional view of an OLED 100, according to another exemplary embod-
iment of the present invention. Fig. 3 differs from Fig. 2 in that the OLED 100 of Fig. 3 com-
prises an electron blocking layer (EBL) 145 and a cathode electrode 190 comprising a first
cathode layer 191 and a second cathode layer 192.

Referring to Fig. 3 the OLED 100 includes a substrate 110, an anode electrode 120, a hole
injection layer (HIL) 130, a hole transport layer (HTL) 140, an electron blocking layer (EBL)
145 and an emission layer (EML) 150. Onto the emission layer (EML) 150 an electron
transport layer (ETL) 160 is disposed. Onto the electron transport layer (ETL) 160 the organic
semiconductor layer 170 is disposed. The organic semiconductor layer 170 comprising or
consisting of an alkali organic complex and a compound of formula 1 is formed directly on
the ETL 160. The cathode electrode layer 190 comprises of a first cathode layer 191 and a
second cathode layer 191. The first cathode layer 191 is a substantially metallic layer and it is

disposed directly onto the organic semiconductor layer 170. The second cathode ']ayer' 192 is

disposed directly onto the first cathode layer 191.

Fig. 4 is a schematic sectional view of a tandem OLED 100, according to another exemplary |
embodiment of the present invention. Fig. 4 differs from Fig. 2 in that the OLED 100 of Fig. 4

further comprises a charge generation layer and a second emission layer.
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Referring to Fig. 4 the OLED 100 includes a substrate 110, an anode electrode 120, a first
hole injection layer (HIL) 130, a first hole transport layer (HTL) 140, a first electron blocking
layer (EBL) 145, a first emission layer (EML) 150, a first hole blocking layer (HBL) 155, a
first electron transport layer (ETL) 160, an n-type charge generation layer (n-type CGL) 185,
a p-type charge generation layer (p-type GCL) 135, a second hole transport layer (HTL) 141,
a second electron blocking layer (EBL) 146, a second emission layer (EML) 151, a second
hole blocking layer (EBL) 156, a second electron transport layer (ETL) 161, the organic sem-
iconductor layer 170, a first cathode electrode layer 191 and a second cathode electrode layer
192. The organic semiconductor layer 170 comprising or consisting of an alkali organic com-
plex and a compound of formula 1 is disposed directly onto the second electron transport lay-
er 161 and the first cathode electrode layer 191 is disposed directly onto the organic semicon-
ductor layer 170. The second cathode electrode layer 192 is disposed directly onto the first
cathode electrode layer 191.

In the description above the method of manufacture an OLED 100 of the present invention is
started with a substrate 110 onto which an anode electrode 120 is formed, on the anode elec-
trode 120, a first hole injection layer 130, first hole transport layer 140, optional a first elec-
tron blocking layer 145, a first emission layer 150, optional a first hole blocking layer 155,
optional an ETL 160, an n-type CGL 185, a p-type CGL 135, a second hole transport layer
141, optional a second electron blocking layer 146, a second emission layer 151, an optional
second hole blocking layer 156, an optional at least one second electron transport layer 161,
the organic semiconductor layer 170, a first cathode electrode layer 191 and an optional sec-

ond cathode electrode layer 192 are formed, in that order or the other way around.

While not shown in Fig. 1, Fig. 2, Fig. 3 and Fig. 4, a sealing layer may further be formed on
the cathode electrodes 190, in order to seal the OLEDs 100. In addition, various other modifi-

cations may be applied thereto.

Examples

General procedures
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Svynthesis of compounds of formula 1

Compounds for formula 1 may be synthesized via two different routes, see Scheme 1.

Scheme 1

Route A

>?L,§§ RS bl

o ; % . 34 ‘/:,{ .
\%/}—P—"R‘ + Bl""!g\:] —— Bryp 1
P

i
| i Step A ~2
R? Ré
intermediate 1 ;
Intermadiate 2 Infermediate 3
Route B

I Step B-1

Intermediate 4 Intermediate 2

Intermediate 5

In Route A, Intermediate 1 is reacted with Intermediate 2 under Suzuki conditions to yield

Intermediate 3. Intermediate 3 is reacted with Intermediate 4 under Suzuki conditions to yield

compound of formula 1.

In Route B, Intermediate 4 is reacted with Intermediate 2 under Suzuki conditions to yield

Intermediate 5. Intermediate 5 is reacted with Intermediate 1 to yield compound of formula 1.
(3'-bromo-{1,1'-biphenyl]-4-y)diphenylphosphine oxide

A 1-L-Schlenk flask was flushed with nitrogen and charged with diphenyl(4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)phosphine oxide (50.8 g, 126 mmol), 1-bromo-3-
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iodobenzene (71.1 g, 252 mmol), and Pd(PPhs)s (4.4 g, 3.78 mmol). De-aerated glyme (500
mL) and aq. 2 M K,CO;3 (52 g, 378 mmol K,CO; in 190 mL water) were added and the result-
ing mixture was stirred at 95 °C under a nitrogen atmosphere. After 18 h, the reaction mixture
was allowed to cool down to room temperature and glyme was evaporated under reduced
pressure. Dichloromethane was added and the mixture was washed with water. The organic
phase was dried over MgSQj, filtered, and concentrated. The obtained oil poured onto a pad
of silica gel and rinsed with dichloromethane. After elution of the impurities, the product was
eluted with ethyl acetate. The ethyl acetate fraction was concentrated to a minimal amount
and precipitation was induced by addition of MTBE. The formed precipitate was collected by
suction filtration and washed with additional MTBE. After drying, 45.6 g (84%) of a beige
solid were obtained. HPLC: 99.34%, GC/MS 98.8%, m/z = 433 ([M]).

(3'-bromo-{1,1'-biphenyl]-3-yl)diphenylphosphine oxide

Following the procedure described for (3'-bromo-[1,1'-biphenyl}-4-yl)diphenylphosphine ox-
ide above using diphenyl(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)phosphine
oxide (25.0 g, 62 mmol), 1-bromo-3-iodobenzene (26.2 g, 93 mmol), Pd(PPhs)s (2.2 g, 1.9
mmol), glyme (250 mL), and aq. 2 M K,CO; (26 g, 186 mmol K,CO; in 95 mL water), 24.4 g
(90%) of a yellowish solid were obtained. HPLC/ESI-MS: 98.20%, m/z = 434 ([M+H]").

MX3

A 1-L-Schlenk flask was flushed with nitrogen and charged with (3'-bromo-[1,1'-biphenyl]-4-
yhdiphenylphosphine oxide (45.4 g, 105 mmol), (10-phenylanthracen-9-yl)boronic acid (34.4
g, 116 mmol), and Pd(PPhs)4 (2.4 g, 2.1 mmol). De-aerated glyme (350 mL) and ag. 2 M
K2COs (29 g, 210 mmol K,COj3 in 105 mL water) were added and the resulting mixture was
stirred at 95 °C under a nitrogen atmosphere. After 18 h, the reaction mixture was allowed to
cool down to room temperature. The precipitate was collected by suction filtration and
washed with n-hexane. The obtained solid was dissolved in dichloromethane and filtered over
a pad of Florisil®. The filtrate was concentrated to a minimal volume under reduced pressure
and n-hexane was added. The obtained solid was collected by suction filtration and washed

with n-hexane. After drying, 50.0 g (82.4 mmol, 78%) of a bright yellow solid were obtained.
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HPLC/ESI-MS: 99.93%, m/z = 607 ([M+H]"). Further purification was achieved by sublima-
tion (HPLC: 100%).

Following the procedure described for MX3 using 9-(4-bromophenyl)-10-phenylanthracene
(8.7 [ 13.8 mmol), = diphenyl(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-- -
yDphenylphosphine oxide (6.2 g, 15.2 mmol), Pd(PPhs)s (0.32 g, 0.28 mmol), glyme (50
mL), and 2 M aq. K2CO;3 (5.7 g, 41.3 mmol K;CO; in 21 mL water), 4.83 ‘g (8.0 mimol, 58%)
of an off-white solid were obtained. HPLC/ESI-MS: 100.00%, m/z = 629 ([M+Na]").

MX4

Following the procedure described for MX3 using (3-bromo-[1,1-biphenyl]-3-
yDdiphenylphosphine oxide (24.0 g, 55.4 mmol) and (10-(naphthalen-2-yl)anthracen-9-
yl)boronic acid (18.2 g, 61.0 mmol), Pd(PPhs), (1.28 g, 1.11 mmol), glyme (200 mL), and aq.
2 M K,CO; (15.3 g, 111 mmol K,COs in 56 mL water), 26.8 g (44.2 mmol, 80%) of a bright
yellow solid were obtained. HPLC/ESI-MS: 98.82%, m/z = 629 ([M+Na]"). Further purifica-
tion was achieved by sublimation (HPLC: 99.94%).

MX1

Following the procedure described for MX3 using 9-(4-bromophenyl)-10-phenylanthracene
8.0 g 19.5 mmol), diphenyl(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yDphenyl)phosphine oxide (8.3 g, 20.5 mmol), Pd(PPhs)s (0.45 g, 0.39 mmol); glyme (70
mL), and 2 M aq. K,COs (8.1 g, 58.6 mmol K,COj3 in 30 mL water), 7.23 g (14.0 mmol; 61%)
of a yellowish solid were obtained. HPLC/ESI-MS: 99.60%, m/z = 607 ((M+H]"). Further
purification was achieved by sublimation (HPLC: 99.84%).

(lass transition temperature
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The glass transition temperature is measured under nitrogen and using a heating rate of 10 K
per min in a Mettler Toledo DSC 822e differential scanning calorimeter as described in DIN

EN ISO 11357, published in March 2010.

Rate onset temperature

The rate onset temperature is determined by loading 100 mg compound into a VTE source.
The VTE source is heated at a constant rate of 15 K/min at a pressure of less than 10” mbar
and the temperature inside the source measured with a thermocouple. Evaporation of the
- compound is detected with a QCM detector which detects deposition of the compound on the
quartz crystal of the detector. The deposition rate on the quartz crystal is measured m ng-
strom per second. To determine the rate onset temperature, the deposition rate is plotted
against the VTE source temperature. The rate onset is the temperature at which noticeable
deposition on the QCM detector occurs. For accurate results, the VTE source is heated and
cooled three time and only results from the second and third run are used to determine the rate

onset temperature.

To achieve good control over the evaporation rate of an organic compound, the rate onset
temperature may be in the range of 200 to 255 °C. If the rate onset temperature is below 200
°C the evaporation may be too rapid and therefore difficult to control. If the rate onset temper-
ature is above 255 °C the evaporation rate may be too low which may result in low takt time
and decomposition of the organic compound in VTE source may occur due to prolonged ex-

posure to elevated temperatures.

The rate onset temperature is an indirect measure of the volatility of a compound. The higher

the rate onset temperature the lower is the volatility of a compound.

Bottom emission devices with an evaporated emission laver

For bottom emission devices — Examples 1 to 4 and comparative examples 1 to 6, a 15Q /em

2 glass substrate (available from Corning Co.) with 100 nm ITO was cut to a size of 50 mm x
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50 mm x 0.7 mm, ultrasonically cleaned with isopropyl alcohol for 5 minutes and then with

pure water for 5 minutes, and cleaned again with UV ozone for 30 minutes, to prepare a first

electrode.

Then, 92 wt.-% of N4,N4"-di(naphthalen-1-y1)-N4,N4"-diphenyl-[1,1":4',1"-terphenyl]-4,4"-
diamine - and 8 wt.-% of 2,2',2"-(cyclopropane-1,2,3-triylidene)tris(2-(p-
cyanotetrafluorophenyl)acetonitrile) was vacuum deposited on the ITO electrode, to form a
HIL having a thickness of 10 nm. Then N4,N4"-di(naphthalen-1-y1)-N4,N4"-diphenyl-
[1,1":4',1"-terphenyl]-4,4"-diamine was vacuum deposited on the HIL, to form a HTL having a.
thickness of 130 nm. 97 wt.-% of ABH113 (Sun Fine Chemicals) as a host and 3 wt.-% of

- NUBD370 (Sun Fine Chemicals) as a dopant were deposited on the HTL, to form a blue-
emitting EML with a thickness of 20 nm.

Then, the organic semiconductor layer is formed by deposing a matrix compound and LiQ
according to examples 1 to 4 and comparative example 1 and 7 by deposing of the matrix
compound from a first deposition source and LiQ from a second deposition source directly on
the EML. The organic semiconductor layer comprises 50 wt.-% matrix compound and 50 wt.-

% LiQ. In examples 1 to 4 the matrix compound is a compound of formula 1. The thickness

of the organic semiconductor layer is 36 nm.

Then, the cathode electrode layer is formed by evaporating aluminium at ultra-high vacuum
of 107 bar and deposing the aluminium layer directly on the organic semiconductor layer. A
thermal single co-evaporation of one or several metals is performed with a rate of 0, 1 to 10
nm/s (0.01 to 1 A/s) in order to generate a homogeneous cathode electrode with a fhiékness of
5 to 1000 nm. The thickness of the cathode electrode layer is 100 nm. -

The OLED stack is protected from ambient conditions by encapsulation of the device with a

glass slide. Thereby, a cavity is formed, which in¢ludes a getter material for further protec-

fion.

Bottom emission devices with a solution-processed emission laver
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For bottom emission devices, a 150 /cm 2 glass substrate (available from Corning Co.) with
100 nm ITO was cut to a size of 50 mm x 50 mm x 0.7 mm, ultrasonically cleaned with iso-
propyl alcohol for 5 minutes and then with pure water for 5 minutes, and cleaned again with

UV ozone for 30 minutes, to prepare a first electrode.

Then, PEDOT:PSS (Clevios P VP Al 4083) is spin-coated directly on top of the first electrode
to form a 55 nm thick HIL. The HIL is baked on hotplate at 150 °C for 5 min. Then, a light-
emitting polymer, for example MEH-PPV, is spin-coated directly on top of the HIL to form a
40 nm thick EML. The EML is baked on a hotplate at 80 °C for 10 min. The device is trans-

ferred to an evaporation chamber and the following layers are deposited in high vacuum.

Compound of formula 1 and an alkali organic complex are deposed directly on top of the
EML to form the organic semiconductor layer with a thickness of 4 nm. A cathode electrode
layer is formed by deposing a 100 nm thick layer of aluminium directly on top of the organic

semiconductor layer.

Top emission devices

For top emission devices - Examples 5 to 8, the anode electrode was formed from 100 nm
silver on glass which is prepared by the same methods as described above for bottom emis-

sion devices.

Then, 92 wt.-% of biphenyl-4-y1(9,9—dipheny1@H—ﬂuoren-?.—yl)-[4-(9-phenyI-QH—carbazol—fS—
yDphenyl]-amine (CAS 1242056-42-3) and 8 wt-% of 2,2',2"-(cyclopropane-1,2,3-
triylidene)tris(2-(p-cyanotetrafluorophenyl)acetonitrile) 1s vacuum deposited on the ITO elec-
trode, to form a HIL having a thickness of 10 nm. Then biphenyl-4-y1(9,9-diphenyl-9H-
fluoren-2-yl)-[4-(9-phenyl-9H-carbazol-3-yl)phenyl]-amine (CAS 1242056-42-3) is vacuum
deposited on the HIL, to form a HTL having a thickness of 117 nm. Then N,N-bis(4-
(dibenzo[b,d]furan-4-yl)phenyl)-[1,1":4",1"-terphenyl]-4-amine is deposed directly on top of
the HTL to form an EBL with a thickness of 5 nm.
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97 wt.-% of 2-(10-phenyl-9-anthracenyl)-benzo[bnaphtho[2,3-d]furan as a host and 3 wt.-%
of blue emitter dopant described in W02015-174682 are deposited on the EBL, to form a
blue-emitting EML with a thickness of 20 nm.

Then, the organic semiconductor layer is formed by deposing compound of formula 1 accord-
ing to examples 5 and 6 from a first deposition source and Li-1 from a second ’deposition'
source directly on the EML. The organic semiconductor layer comprises 70 wt.-% compound
of formula 1 and 30 wt.-% Li-1. Further, the thickness d (in nm) of the organic semiponductor
layer can be taken from Table 5.

In examples 7 and 8, an electron transport layer (ETL) is formed by deposing 5 nm of first
matrix compound ETM-39 directly on the EML ETM-39 is 2,4-diphenyl-6-(4',5",6'4riphenyl- "
[1,1%:2%,1"3" 1":3" 1" -quinquephenyl]-3""-y1)-1,3,5-triazine. Then, the organic semiconduc-
tor layer is formed by deposing 70 wt.-% compound of formula 1 according to examples 5
and 6 from a first deposition source and 30 wt.-% Li-1 from a second deposition source di-

rectly on the ETL. Further, the thickness d (in nm) of the organic semiconductor layer can be
taken from Table 5.

Then, the first cathode electrode layer is evaporated at ultra-high vacuum of 107 bar. There-
fore, a thermal single co-evaporation of one or several metals is performed with a rate of 0, 1
to 10 nm/s (0.01 to 1 A/s) in order to generate a homogeneous cathode electrode with a thick-
ness of 5 to 1000 nm. Then, the second cathode electrode layer is deposed directly on to top
of the first cathode electrode layer under the same conditions. The first cathode layer is
formied by deposing 2 nm Yb directly onto the organic semiconductor layer. Then, the second

cathode layer is formed by deposing 11 nm Ag directly onto the first cathode layer.

60 nm biphenyl—4—yl(9,9-diphenyl-9H-ﬂu0ren—2-yl)f{4-(9—phenyl—9H—carbazol-3—Yl)phenyl]—
amine (CAS 1242056-42-3) is deposed directly on top of the second cathode electrode layer.

The OLED stack is protected from ambient conditions by encapsulation of the device with a

glass slide. Thereby, a cavity is formed, which includes a getter material for further protec-

tion.
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To assess the performance of the inventive examples compared to the prior art, the current
efficiency is measured under ambient conditions (20°C). Current voltage measurements are
performed using a Keithley 2400 sourcemeter, and recorded in V. At 10 mA/cm? for bottom
emission and 10 mA/cm? for top emission devices, a calibrated spectrometer CAS140 from
Instrument Systems is used for measurement of CIE coordinates and brightness in Candela.
Lifetime LT of bottom emission device is measured at ambient conditions (20°C) and 10
mA/cm?, using a Keithley 2400 sourcemeter, and recorded in hours. Lifetime LT of top emis-
sion device is measured at ambient conditions (20°C) and 8 mA/cm?. The brightness of the
device is measured using a calibrated photo diode. The lifetime LT is defined as the time till

the brightness of the device is reduced to 97 % of its initial value.

In bottom emission devices, the emission is predominately Lambertian and quantified in per-
cent external quantum efficiency (EQE). To determine the efficiency EQE in % the light out-
put of the device is measured using a calibrated photodiode at 10 mA/cm?2.

In top emission devices, the emission is forward directed, non-Lambertian and also highly
dependent on the mirco-cavity. Therefore, the efficiency EQE will be higher compared to
bottom emission devices. To determine the efficiency EQE in % the light output of the de-

vice is measured using a calibrated photodiode at 10 mA/cm2.

Technical Effect of the invention

In Table 4, the glass transition temperature, rate onset temperature and device performance in
bottom emission devices are shown of examples 1 to 4 and comparative examples 1 to 7. The
organic semiconductor layer comprises 50 wt.-% matrix compound and 50 wt.-% alkali or-
ganic complex LiQ. The organic semiconductor layer is contacting sandwiched between the
emission layer and the cathode electrode layer. In example 1 to 4, the matrix compound is

selected from a compound of formula 1.

In comparative example 1, compound A is used as matrix compound. Compound A comprises

a phenylene group atlached to the adjacent phosphorus containing group and the adjacent an-
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thracenylene group. The operating voltage is 4.9 V and the external quantum efficiency is 4.9
% EQE.

In comparative example 2, compound B is used as matrix compound. Compound B comprises
a phenylene group attached to the adjacent phosphorus containing group and the adjacent an-
- thracenylene group and a 2-napthyl substituent in 10-position on the anthracenylene group.
The Tg is.134.°C but the rate onset temperature is too high for manufacturing of OLEDs. Op-

-erating voltage is similar to comparative example 1 but the efficiency is slightly improved to
5.4 % EQE.

In comparative example 3, compound C is used as matrix compound. Compound C comprises
a phenylene group attached to the adjacent phosphorus containing group and the adjaéént an-
thracenylene group and a 1-napthyl substituent in 10-position on the anthracenylene group.
The Tg is even higher at 139 °C and the rate onset is in the range suitable for manufacturing

of OLEDs. Operating voltage and external quantum efficiency are in a similar range to com-

parative example 2.

In comparative example 4, compound D is used as matrix compound. Compound D comprises
a phenylene group attached to the adjacent phosphorus containing group and the adjacent an-
thracenylene group and a biphenyl substituent in 10-position on the anthracenylene group.
The Tg is slightly lower than in comparative examples 2 and 3 and the rate onset temperature

is also reduced. Operating voltage and external quantum efficiency are in a similar range to

comparative example 2 and 3.

In example 1 to 4, the matrix compound is a compound of formula 1. The matrix compound
comprises a biphenylenen group attached to the adjacent phosphorus containing group and the
adjacent anthracenylene group and a phenyl substituent in 10-position on the anthracenylene
group. The Tg and rate onset temperature are in a range suitable for manufacturing of OLEDs.
The operating voltage is significantly decreased to 4.2 to 4.4 V compared to comparative ex-
amples 1 to 4. The external quantum efficiency is significantly increased to 6.7 to 7.4 % EQE.
Particularly high external quantum efficiency is observed for compounds of formula 1 which

contain a biphenylene group attached to the adjacent phosphorus containing group and / or the
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adjacent anthracenylene group in meta-position. The highest efficiency is obtained for matrix

compound MX2.

In comparative example 5, compound E is used as matrix compound. Compound E comprises
a biphenylene group attached to the adjacent phosphorus containing group and the adjacent
anthracenylene group and a 2-naphthyl substituent in 10-position on the anthracenylene
group. The rate onset temperature is extremely high at 293 °C. Therefore, this compound is
not suitable for manufacturing of OLEDs as thermal degradation in the VTE source may oc-
cur during the manufacturing process. Additionally, the external quantum efficiency is signif-

icantly lower compared to examples 1 to 4.

In comparative example 6, compound F is used as matrix compound. Compound F comprises
a biphenylene group attached to the adjacent phosphorus containing group and the adjacent
anthracenylene group and a bipheny! substituent in 10-position on the anthracenylene group.
The rate onset temperature is even higher at 310 °C. No devices have been fabricated due to

the extremely low volatility of the compound.

In conclusion, compounds of formula 1 offer a unique benefit in terms of Tg, rate onset tem-
perature and OLED performance. Organic light emitting devices comprising a semiconductor
layer comprising an alkali organic complex and a compound of formula 1 may have lower

operating voltage, higher efficiency and therefore lower power consumption.

In Table 5, the performance is shown of top emission devices comprising an organic semi-
conductor layer comprising 70 wt.-% compound of formula 1 and 30 wt.-% Li-1. Li-1 is an

alkali organic complex, see Table 1.

In example 5 and 6, the organic semiconductor layer is contacting sandwiched between the
emission layer and the cathode electrode. Very low operating voltages and highy external

quantum efficiencies are obtained.
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 In examples 7 and 8, the organic semiconductor layer is contacting sandwiched between an
electron transport layer and the cathode electrode. ETM-39 is a compound having a dipole
moment > 0 and < 2.5 Debye. In comparison to examples 5 and 6, the operating voltage is-

comparable but the external quantum efficiency is significantly improved from 14 % to 17 %
EQE.

In summary, a surprising improvement in performance is achieved when using an organic
semiconductor layer comprising a compound of formula 1 and an alkali organic complex. A
substantial increase in external quantum efficiency can be achieved when an electron

transport layer is arranged between the emission layer and the organic semiconductor layer.
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From the foregoing detailed description, claims and examples, it will be evident that modifications
and variations can be made to the compositions and methods of the invention without departing
from the spirit and scope of the invention. Therefore, it is intended that all modifications made to
the invention without departing from the spirit and scope of the invention come within the scope

of the appended claims.
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Claims

Organic light emitting diode comprising an anode electrode, a cathode electrode, at least
one emission Jayer and an organic semiconductor layer, wherein the organic semiconduc-
tor layer is arranged between the anode electrode and the cathode electrode and the organic

semiconductor layer comprises an alkali organic complex and a compound of formula 1

R4
4 Rs

FN
R® L X
\/_\ O - /—©~§%’”R1 Formula 1

/) Re
)

(2

wherein
X is selected from O, S or Se; and

R' and R?are independently selected from the group consisting of Cg to Cig aryl group and
Cs to Cyg heteroaryl group, wherein each of R' and R? may independently be unsubstituted

or substituted with at least one C; to Cy alkyl group or C; to Cy, alkoxy group, preferably
C, to C4 alkyl group or C, to C4 alkoxy group; and

each R, R, R, and R® are independently selected from the group consisting of H, C; to

Ciz alkyl group or C; to Cy; alkoxy group, preferably H, C; to Cy4 alkyl group or C; to Cy4
alkoxy group. |

Organic light emitting diode according to claim 1, wherein the compound of formula 1 the
biphenylene group is attached to the adjacent phosphorous containing group and/ or the ad-

jacent anthracenylene group in meta-position.
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3. Organic light emitting diode according to claim 1 or 2, wherein the organic semiconductor
layer is arranged between the emission layer and the cathode electrode, preferably the or-

ganic semiconductor layer is in direct contact with the cathode electrode.

4. Organic light emitting diode according to any of the preceding claims, wherein the organic
light emitting diode further comprises an electron transport layer arranged between the
emission layer and the organic semiconductor layer, preferably the electron transport layer
comprises a first organic matrix compound with a dipole moment of about > 0 and < 2.5

Debye.

5. Organic light emitting diode according to any of the preceding claims, wherein the cathode
electrode comprises at least one substantially metallic cathode layer comprising a first ze-
ro-valent metal selected from the group consisting of alkali metal, alkaline earth metal, ra-

re earth metal, group 3 transition metal and mixtures thereof.

6. Organic light emitting diode according to claim 5, wherein the substantially metallic cath-
ode layer further comprises a second zero-valent metal, wherein the second zero-valent
metal is selected from a main group metal or a transition metal; and wherein the second ze-

ro-valent metal is different from the first zero-valent metal.

7. Organic light emitting diode, according to claim 6, wherein the second zero-valent metal is
selected from the group consisting of Li, Na, K, Cs, Mg, Ca, Sr, Ba, Sc, Y, Ti, V, Cr, Mn,
Fe, Co, Ni, Cu, Zn, Ag, Au, Al, Ga, In, Sn, Te, Bi, Pb and mixtures thereof, preferably the
second zero-valent metal is selected from the group consisting of Ag, Au, Zn, Te, Yb, Ga,
Bi, Ba, Ca, Al and mixtures thereof, and most preferred the second zero-valent metal is se-

lected from the group consisting of Ag, Zn, Te, Yb, Ga, Bi and mixtures thereof.

8. Organic light emitting diode according to any of the preceding claims, wherein the alkali
organic complex is a lithium organic complex, preferably selected from Ilithium §-
hydroxyquinolate and lithium borate, preferably lithium tetra(1H-pyrazol-1-yl)borate, or

mixtures thereof.
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11.
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Method for preparing an organic light emitting diode according to any of the preceding

claims, the method comprising a step of:

Co-depositing at least one alkali organic complex and at least one compound of formula 1
as defined in claim 1

R5
2 X
[\l_,(\\‘_“_m Formula 1
= /\/ R2

RS

on the anode electrode, on the cathode electrode, or on one or more layers formed on the

anode electrode or the cathode electrode.

Method according to claim 9, comprising the steps of:

Depositing an anode electrode on a substrate;

Depositing an emission layer on the anode;

Depositing the organic semiconductor layer on the emission layer; and

Depositing the cathode electrode on the organic semiconductor layer.

Method according to claim 9 or 10, wherein depositing the organic semiconductor layer

comprises vacuum thermal evaporation.
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12.

13.

14.

15.

Compound of formula 1

Formula 1

wherein

X is selected from O, S or Se;

R' and R? are independently selected from the group consisting of Cg to C;3 aryl group and
Cs to Cig heteroaryl group, wherein each of R' and R? may independently be unsubstituted
or substituted with at least one C; to Cy, alkyl group or C; to Cy, alkoxy group, preferably
C; to Cq4 alkyl group or C; to C4 alkoxy group; and

each R® R R“, R’ , and RS are independently selected from the group consisting of H, C; to
C1; alkyl group or C; to Cy; alkoxy group, preferably H, C; to Cy4 alkyl group or C, to C4
alkoxy group.

Compound according to claim 12, wherein R! and R? are independently selected from Ceto

Cy3 aryl group, preferably Cg to Cy, aryl, more preferred phenyl.

Compound according to claim 12 or 13, wherein X is selected as O.

Compound according to any of the claims 12 to 14, wherein the biphenylene group is at-
tached to the adjacent phosphorous containing group and/or the adjacent anthrancenylene

group in meta-position.
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