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(54) Material for organic electronic device and organic electronic device

(57) The present invention relates to an organic elec-
tronic device comprising at least one substantially organ-
ic layer comprising a non fully conjugated chemical com-
pound, and its use in organic electronic devices, specially
OLEDs. The invention further comprises organic elec-
tronic comprising such compound in an electron injection

layer, electron transport layers, or in a pn junction, the
pn junction having at least two layers, namely a p- and
n-layer, and optionally an interlayer i in between, wherein
the interlayer i and/or the n-layer is (are) the substantially
organic layer.
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Description

[0001] The present invention relates to a material for an organic electronic device, an organic electronic device and
a process for preparing thereof.
[0002] Organic electronic devices, such as organic semiconductors, can be used to fabricate simple electronic com-
ponents, e.g. resistors, diodes, field effect transistors, and also optoelectronic components like organic light emitting
devices (e.g. organic light emitting diodes (OLED)), and many others. The industrial and economical significance of the
organic semiconductors and their devices is reflected in the increased number of devices using organic semiconducting
active layers and the increasing industry focus on the subject.
[0003] OLEDs are based on the principle of electroluminescence in which electron-hole pairs, so-called excitons,
recombine under the emission of light. To this end the OLED is constructed in the form of a sandwich structure wherein
at least one organic film is arranged as active material between two electrodes, positive and negative charge carriers
are injected into the organic material and a charge transport takes place from holes or electrons to a recombination zone
(light emitting layer) in the organic layer where a recombination of the charge carrier to singlet and/or triplet excitons
occurs under the emission of light. The subsequent radiant recombination of excitons causes the emission of the visible
useful light emitted by the light-emitting diode. In order that this light can leave the component at least one of the electrodes
must be transparent. Typically, a transparent electrode consists of conductive oxides designated as TCOs (transparent
conductive oxides), or a very thin metal electrode; however other materials can be used. The starting point in the
manufacture of an OLED is a substrate on which the individual layers of the OLED are applied. If the electrode nearest
to the substrate is transparent the component is designated as a "bottom-emitting OLED" and if the other electrode is
designed to be transparent the component is designated as a "top-emitting OLED". The layers of the OLEDs can comprise
small molecules, polymers, or be hybrid.
[0004] The most robust and efficient OLEDs are OLEDs comprising doped layers. By electrically doping hole transport
layers with a suitable acceptor material (p-doping) or electron transport layers with a donor material (n-doping), respec-
tively, the density of charge carriers in organic solids (and therefore the conductivity) can be increased substantially.
Additionally, analogous to the experience with inorganic semiconductors, some applications can be anticipated which
are precisely based on the use of p- and n-doped layers in a component and otherwise would be not conceivable. The
use of doped charge-carrier transport layers (p-doping of the hole transport layer by admixture of acceptor-like molecules,
n-doping of the electron transport layer by admixture of donor-like molecules) in organic light-emitting diodes is, e.g.,
described in US 2008/203406 and US 5,093,698.
[0005] All references to n-dopant or p-dopant in this patent application refer preferentially to the electrical dopants as
described in the literature. The words dopant, doped, or doping refers to any inclusion of a guest material in a matrix
material, preferentially to improve the electrical conductivity.
[0006] Several operational parameters of the OLED are being constantly improved to enhance the overall power
efficiency. One important parameter is the operation voltage which can be tuned by improving the transport of charge
carriers and/or reducing energy barriers such as the injection barriers from the electrodes. Other organic devices, such
as organic solar cells also require improving in efficiency, which nowadays, are at best at about 7%.
[0007] Like an OLED, an organic solar cell has a stack of organic layers between two electrodes. In a solar cell, there
must be at least one organic layer responsible for the absorption of light and a interface which separates the excitons
created by the absorption (photo-active). The interface can be a bi-layer heterojunction, a bulk-heterojunction, or can
comprise more layers, e.g., in a step wise interface. Also sensitizing layers and others can be provided. For increased
efficiency, a good charge carrier transport is required, in some device structures the transport regions must not absorb
light, therefore transport layers and photo-active layers may comprise different materials. Also charge carrier and/or
exciton blocking layers may be employed. Highest efficiency solar-cells are, nowadays, multi-layer solar cells, some
device structures are stacked (multi-junction solar cells) and connected by a connecting unit (also called recombination
layer); nevertheless, single junction solar cells could have a high performance if the right materials were found. Examples
of devices are given in US2009217980, or in US2009235971.
[0008] In contrast to OLEDs and organic solar cells, transistors do not require doping of the entire semiconducting
(channel) layer, because the concentration of available charge carriers is determined by an electric field supplied by a
third electrode (gate electrode). However, conventional organic thin film transistors (OTFTs) require very high voltages
to operate. There is a need to lower this operating voltage; such an optimization can be done, e.g. with appropriate
injection layers.
[0009] Organic transistors are also called organic field-effect transistors. It is anticipated that a large number of OTFTs
can be used for example in inexpensive integrated circuits for non-contact identification tags (RFID) but also for screen
control. In order to achieve inexpensive applications, generally thin-layer processes are required to manufacture the
transistors. In recent years performance features have been improved to such an extent that the commercialization of
organic transistors is foreseeable. For example, in OTFTs high field-effect mobilities of up to 6 cm2/Vs for electrons on
the basis of C60 fullerene and up to 5,5 cm2/Vs for holes on the basis of pentacene (Lee et al., Appl. Lett. 88, 162109
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(2006)) have been reported. A typical organic field-effect transistor comprises an active layer of organic semiconducting
material (semiconducting layer) material which during the operation forms an electrical conduction channel, a drain and
a source electrodes which exchange electrical charges with the semiconducting layer, and a gate electrode which is
electrically isolated from the semiconducting layer by an dielectric layer.
[0010] There is a clear need to improve charge carrier injection and/or conductivity in organic electronic devices.
Reducing or eliminating the barrier for charge injection between the electrode and the electron transport material (ETM)
contributes strongly to enhancement of the device efficiency. Nowadays, there are two main approaches to reduce
voltage and enhance efficiencies of organic electronic devices: improvement of the charge carrier injection and improve-
ment of the conductivity of the transport layers. Both approaches can be used in combination.
[0011] For instance, US 7,074,500 discloses a component structure for an OLED which leads to a greatly improved
charge carrier injection from the electrodes into the organic layers. This effect is based on considerable band bending
of the energy levels in the organic layer at the interface to the electrodes, as a result of which injection of charge carriers
on the basis of a tunnel mechanism is possible. The high conductivity of the doped layers also prevents the voltage drop
which occurs there during operation of the OLED. The injection barriers which may occur in OLEDs between the electrodes
and the charge carrier transport layers are one of the main causes for an increase in the operating voltage compared
to the thermodynamically justified minimum operating voltages. For this reason, many attempts have been made to
reduce the injection barriers, for example by using cathode materials with a low work function, for example metals such
as calcium or barium. However, these materials are highly reactive, difficult to process and are only suitable to a limited
extent as electrode materials. Moreover, any reduction in operating voltage brought about by using such cathodes is
only partial. Metals having low work function, in particular alkali metals such as Li and Cs, are often used either as the
cathode material or the injection layer to promote electron injection. They have also widely been used as dopants in
order to increase the conductivity of the ETM, US6013384, US6589673. Metals such as Li or Cs provide a high conductivity
in matrixes which are difficult to dope otherwise (e.g. BPhen, Alq3).
[0012] However, the use of low work function metals has several disadvantages. It is well known that the metals can
easily diffuse through the semiconductor, eventually arriving at the optically active layer quenching the excitons, thereby
lowering the efficiency of the device and the lifetime. Another disadvantage is their high susceptibility to oxidation upon
exposure to air. Therefore, devices using such metals as dopants, injection or cathode material require rigorous exclusion
of air during production and rigorous encapsulation afterwards. Another well known disadvantage is that the molar doping
concentration of the dopant must be close to 1:1, which strongly increase the undesired absorption of light of the transport
layers. Yet another problem is their very high volatility leading to cross-contamination in the device assembling process
making their use in device fabrication tools less attractive.
[0013] Another approach to facilitate metals as n-dopants and/or injection materials for ETM is the use of electron rich
metal complexes and metal organic compounds, such as W(hpp)2 or Co(Cp*)2 (US2009/0212280, WO2003/088271)
which have similar or slightly less doping / injecting ability in comparison with alkaline earth metals. Due to their still high
enough electron donating capability, they are also undergoing rapid decay upon exposure to air, making their handling
in device production difficult.
[0014] Yet another approach is the use of compounds of low work function metals in which the metal occurs in its
oxidized stage. Inorganic compounds like LiF, NaCl, etc. have been used as well; these compounds do achieve some
improvement, but cannot be used for devices with highest performance.
[0015] Hence, although compounds of alkaline earth metals are air stable, they are limited to the use as cathode
material and only work in the injection approach, but not as a dopant which increases the conductivity of the matrix material.
[0016] Therefore, it is very desirable to provide materials which possess high doping/charge injection capability allowing
for highly efficient organic electronic devices substantially preserving the long-term stability of the device and which are
infinitely stable in air.
[0017] It is therefore an objective of the present invention to provide an organic electronic device, preferably incorpo-
rating a dopant or a charge injecting material, which overcomes state of the art limitations mentioned above and having
improved performance compared to electronic devices of the prior art. Further, it is an object to provide a process for
preparing such an organic electronic device.
[0018] The first object is achieved by an organic electronic device comprising at least one substantially organic layer
comprising a chemical compound according to formula (I):
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wherein n is an integer of from 1 to 5, more preferably 1 or 2;
each X1-X7 is independently selected from N and CR;
X8 is N or CR’
X9 is N or CH;
X10 is N or CH;
each Y is independently selected from N, CR and SiR; and
each R is independently selected from H, linear and branched alkyl, preferably C1-C6 alkyl, aryl, preferably C6-C20-aryl,
and heteroaryl, preferably C5-C20 heteroaryl;
R’ is selected from H, linear and branched alkyl, preferably C1-C6 alkyl, and aryl, preferably C6-C20 aryl;
and, in case Y is CR, R is different from H.
[0019] Compounds according to formula I with n=1 or 2 are preferred, because of further improved thermal morpho-
logical stability.
[0020] Preferably, X3 is N.
[0021] Preferably each X1-X7 is independently selected from N and CR.
[0022] Where suitable, alkyl, methyl, aryl and heteroaryl may be substituted.
[0023] In an even preferred embodiment, X8 is N. It may be also preferred that R’ is not H or CH3.
[0024] Suitable aryls and heteroaryls are biphenyl, naphthalenyl, anthracenyl, phenanthrenyl, pyrenyl, fluorenyl, ben-
zooxazolyl.
[0025] Someone skilled in the art is aware that the substituent R at each ring of the compound according to formula
(I) or (II) can be at any possible ring position. Further, the presence of more than one R at each ring is possible.
[0026] Organic electronic devices according to the present invention are preferably organic light emitting devices or
solar cells. Within inventive organic electronic devices, the chemical compound according to formula (I) or (II) can be
most preferably used as dopant to increase the conductivity in an electron transport layer, optionally together with use
of a metal and an electron transport material, as an injection layer material, or as a material for a pn junction.
[0027] A preferred subclass of compounds is:

wherein
each X1-X7 is independently selected from N, and CR, preferably X7 and X6 = CH;
X8 is independently selected from N and CR6, with R6 independently selected from linear and branched alkyl, preferably



EP 2 463 927 A1

5

5

10

15

20

25

30

35

40

45

50

55

C1-C6 alkyl, and aryl, preferably C6-C20 aryl;
X9 is N or CH;
each R is independently selected from H, linear and branched alkyl, preferably C1-C6-alkyl, aryl, preferably C6-C20-aryl,
and heteroaryl, preferably C5-C20 heteroaryl, preferably H; and
R5 is alkyl, preferably preferably C1-C6-alkyl;
n is an integer of from 1-5, preferably 1 or 2.
[0028] Preferably, R’ and R6 are not substituted by amine substituents, even more preferred R’ and R6 are not sub-
stituted by aryl amine substituents, or any substituent at all.
[0029] Preferred chemical compounds according to formula (I) or (II) can be selected from the following list of com-
pounds (1)-(68)
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[0030] Preferably the compound according to formula (I) or (II) is used in transport and/or injection layers.
[0031] These compounds according to formula (I) or (II) have a high energy band-gap and are not fully conjugated.
The chemical compounds according to formula (I) or (II) are air-stable and capable to be evaporated without decompo-
sition. They are also soluble in a variety of solvents. This makes the compounds according to formula (I) or (II) particularly
easy to use in manufacturing processes.
[0032] In a further development of the invention, the substantially organic layer comprises at least one metal or a
metal ion, preferably interacting with the chemical compound according to formula (I) or (II), wherein the metal or metal
ion is selected from Ag, Al, Mg, Ba, Ca, Yb, In, Zn, Sn, Sm, Bi, Eu, Li, more preferably from Al, Mg, Ca, Ba and even
more preferably selected from Al or Mg.
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[0033] It is preferred that the molar ratio of metal: compound according to formula (I) or (II) is 1:1 or less, so that there
is no excess metal in the layer.
[0034] The inventive organic electronic device preferably comprises a layered structure including a substrate, an
anode and a cathode, the at least one substantially organic layer being disposed within the layered structure between
the anode and the cathode.
[0035] Preferably, the cathode comprises a metal selected from Ag, Al, Mg, Ba, Ca, Yb, In, Zn, Sn, Sm, Bi, Eu, Li,
more preferably from Al, Mg, Ca, Ba and even more preferably selected from Al or Mg. Preferred is also a cathode
comprising an alloy of Mg and Ag.
[0036] In one preferred embodiment, the cathode is a top electrode and the anode is a bottom electrode, wherein the
bottom electrode is closer to the substrate than the top electrode.
[0037] Even preferred the substantially organic layer has an interface with the cathode.
[0038] The substantially organic layer may further comprise an electron transport material. The electron transport
material constitutes preferably 10wt% or more of the substantially organic layer. This is to allow charge transport through
the layer. More preferred is 40% or more. For an electron transport layer, it is more preferred that the electron transport
material is the main component of the layer.
[0039] Suitable matrix materials as electron transport materials can be as follows:

As matrix materials for electron transport layers, use may be made for example of fullerenes, such as for example
C60, oxadiazole derivatives, such as for example 2-(4-biphenyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole, quinoline-
based compounds such as for example bis(phenylquinoxalines), or oligothiophenes, perylene derivatives, such as
e.g. perylenetetra-carboxylic acid dianhydride, naphthalene derivatives such as e.g. naphthalenetetracarboxylic
acid dianhydride, or other electron transport materials.
As matrix materials for electron transport layers, use may also be made of quinolinato complexes, for example of
aluminum or other main group metals, it also being possible for the quinolinato ligand to be substituted. In particular,
the matrix material may be tris(8-hydroxy-quinolinato) aluminum. Other aluminum complexes with O and/or N donor
atoms may optionally also be used. The quinolinato complexes may contain for example one, two or three quinolinato
ligands, the other ligands preferably complexing with O and/or N donor atoms on the central atom, such as for
example the following Al complex.

As matrix materials, use may also be made of heteroaromatics such as, in particular, triazole derivatives, optionally
also pyrroles, imidazoles, triazoles, pyridines, pyrimidines, pyridazines, quinoxalines, pyrazino-quinoxalines and the
like. The heteroaromatics are preferably substituted, in particular aryl-substituted, for example phenyl- or naphthyl-
substituted. In particular, use may be made of the following triazole as matrix material.
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[0040] Other compounds suitable as electron transport materials are compounds from:

- US2007/0138950, preferentially, compounds (1) and (2) on page 22, compounds (3), (4), (5), (6), and (7) on page
23, compounds (8), (9), and (10) on page 25, and compounds (11), (12), (13), and (14) on page 26, which compounds
are incorporated herein by reference;

- US2009/0278115 A1, preferentially, compounds (1) and (2) on page 18, which compounds are incorporated herein
by reference;

- compounds from US2007/0018154, preferentially the compounds of claim 10, formula 1-1, 1-2, 1-3, 1-4, 1-5, 1-6
on page 19, 1-7 to 1-146 on pages 20 to 26. Compounds from US2008/0284325 Al, preferentially compounds on
page 4: 2-(4-(9,10-diphenylanthracen-2-yl)phenyl)-1-phenyl-1H-benzo [d]imidazole, 2-(4-(9,10-di([1,1’-biphenyl]-2-
yl) anthracen-2-yl)phenyl)-1-phenyl-1H-benzo [d]imidazole, 2-(4-(9,10-di(naphthalen-1-yl) anthracen -2-yl) phenyl)
-1-phenyl-1H-benzo[d]imidazole, 2-(4-(9,10-di(naphthalen-2-yl) anthracen-2-yl) phenyl)-1-phenyl-1H-benzo[d] imi-
dazole, 2-(4-(9,10-di([1,1’:3’,1"-terphenyl]-5’-yl) anthracen

- 2-yl)phenyl)-1-phenyl-1H-benzo[d]imidazole, and the compound on page 5, which compounds are incorporated
herein by reference;

- naphthacene derivatives from US2007/0222373, preferentially, compounds (A-1) and (A-2) from page 17, com-
pounds (A-3) from page 18 and (A-4) from page 19, which compounds are incorporated herein by reference;

- compounds from US2008/0111473, preferentially, compound 1 on page 61, compound 2 on page 62, compounds
3 and 4 on page 63, compound 5 on page 64, and compound 6 on page 65, which compounds are incorporated
herein by reference;

- compound H-4 from page 20, and compounds (1) and (2) of page 12 of US2010/0157131, which compounds are
incorporated herein by reference;

- compounds from US2010/0123390, according to general formula (1), preferentially, compounds H4, H5 p.21, H7
p.22, H11, H12, H13 p.23, H16, and H18 p.24, which compounds are incorporated herein by reference;

- US2007/0267970, preferentially 2-([1,1’-biphenyl]-4-yl)-1-(4-(10-(naphthalen-2-yl) anthracen-9-yl)phenyl)-2,7a-di-
hydro-1H-benzo[d]imidazole (compound 1), 2-([1,1’-biphenyl]-2-yl)-2-(4-(10-(naphthalen-2-yl)anthracen-9-yl)phe-
nyl)-2,7a-dihydro-1H-benzo[d]imidazole (compound 2). Compound (C-1) from US2007/0196688, p. 18, which is
incorporated herein by reference;

[0041] Additional known electron transport materials can be used such as: 1,3,5-Tris(1-phenyl-1H-benzimidazol-2-yl)
benzene; 2-(4-Biphenylyl)-5-phenyl-1,3,4-oxadiazol; Tris(2,4,6-trimethyl-3-(pyridin-3-yl)phenyl)borane; 4,4’-bis(4,6-
diphenyl-1,3,5-triazin-2-yl)biphenyl; 2,2’-Dipyrenyl-9,9-spirobifluorene; 9,9-Bis[4-(pyrenyl)phenyl]fluorine; 2,2’-Bi(9,10-
diphenylanthracene); Triphenylphosphinoxid; 14-phenyldibenzo[a,j]acridine; 2,7-Di-pyrenyl-9,9-spirobifluorene;
7-(naphthalen-2-yl)dibenzo[c,h]acridine; rubrene; phenyldi(pyren-1-yl)phosphine oxide; athracene.
[0042] Other preferred compounds as matrix materials for the electron transport layer are phenanthrolines and sub-
stituted phenanthrolines such as 4,7-diphenyl-1,10-phenanthroline, 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline, 2,9-
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di(naphthalen-2-yl)-4,7-diphenyl-1,10-phenanthroline, 4-(naphthalen-1-yl)-2,7,9-triphenylpyrido[3,2-h]quinazoline, 2,9-
bis(4-methoxyphenyl)-4,7-diphenyl-1,10-phenanthroline, 2,9-di(naphthalen-1-yl)-4,7-diphenyl-1,10-phenanthroline, the
compounds according to formula I on page 3 of US 2009/0001327 Al , compounds according to formulas II and III on
page 3 of US 2009/0001327 A1, compounds according to "Struktur 8" on page 5 of EP2072517 A1 compounds according
to the formula on paragraph 28 on page 5 of EP2194055 A1, which compounds and references are all incorporated
herein by reference.
[0043] Particularly preferred the electron transport material is selected from:

- wherein R1 - R4 are independently selected from H, C1-C20-Alkyl, branched C4-C20-alkyl or C3-C20-cycloalkyl,
C1-C20 alkenyl, C1-C20 alkinyl, aryl preferably selected from phenyl, tolyl, biphenylyl, naphthyl, or heteroaryl pref-
erably selected from pyridyl, pyrimidinyl, quinolinyl, pyrazinyl, thiophenyl, furanyl, benzothiophenyl, benzofuranyl;

- wherein the structural element t is selected from CH, CR1, N, CCN.

[0044] Particularly preferred, the electron transport material is selected from:

- wherein R1 and R2 are independently selected from H, C1-C20-Alkyl, branched C4-C20-alkyl or C3-C20-cycloalkyl,
C1-C20 alkenyl, C1-C20 alkinyl, aryl preferably selected from phenyl, tolyl, biphenylyl, naphthyl, or heteroaryl pref-
erably selected from pyridyl, pyrimidinyl, quinolinyl, pyrazinyl, thiophenyl, furanyl, benzothiophenyl, benzofuranyl;

- wherein the structural elements a-s are independently selected from CR3 or N wherein R3 is selected from H, C1-
C20-alkyl or branched C4-C20-alkyl, C3-C20-cycloalkyl alkenyl with C1-C20, alkinyl with C1-C20, aryl, heteroaryl,
-hal, -CN, -NO2, -NR4R5 wherein R4, R5 are independently selected from H, C1-C20-alkyl or branched C4-C20-
alkyl, C1-C20-cycloalkyl, alkenyl with C1-C20, alkinyl with C1-C20, aryl or heteroaryl, -OR6 or SR6 wherein R6 is
selected from H, C1-C20-alkyl or branched C4-C20-alkyl C3-C20-cycloalkyl, alkenyl with C1-C20, alkinyl with C1-
C20, aryl or heteroaryl, COOR7 wherein R7 is selected from H, C1-C20-alkyl or branched C4-C20-alkyl, C3-C20-
cycloalkyl, alkenyl with C1-C20, alkinyl with C1-C20, aryl or heteroaryl;

- wherein a=b, l=k, f=g, h=i, p=q, r=s can be replaced by -O-, -S-, NR8 wherein R8 is selected from H, C1-C20-alkyl
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or branched C4-C20-alkyl, C3-C20-cycloalkyl, alkenyl with C1-C20, alkinyl with C1-C20, aryl or heteroaryl;

- wherein the structural element t is selected from CR3.

[0045] Preferred examples of an electron transport material are as follows: 2,9-di([1,1’-biphenyl]-4-yl)-4,7-di-p-tolyl-
1,10-phenathroline; 2,9-di(phenanthren-2-yl)-4,7-diphenyl-1,10-phenanthroline; 2,9-di([1,1’:4’,1"-terphenyl]-4-yl)-4,7-
diphenyl-1,10-phenanthroline; 2,9-bis(9,9-dimethyl-9H-fluoren-2-yl)-4,7-diphenyl-1,10-phenanthroline; 2,9-bis(4’-(tert-
butyl)-[1,1’-biphenyl]-4-yl)-4,7-di-p-tolyl-1,10-phenanthroline; 2,9-di([1,1’:4’,1"-terphenyl]-4-yl)-4,7-di-p-tolyl-1,10-phen-
anthroline; 2,9-bis(4’-(tert-butyl)-[1,1’-biphenyl]-4-yl)-4,7-diphenyl-1,10-phenanthroline; 2,4,7,9-tetra([1,1’-biphenyl]-4-
yl)-1,10-phenanthroline; 2,9-di([1,1’-biphenyl]-4-yl)-4,7-di(naphthalen-1-yl)-1,10-phenanthroline; 2,9-di(1,1’-biphenyl]-
4-yl)-4,7-di(naphthalen-2-yl)-1,10-phenanthroline; 2,9-di([1,1’-biphenyl]-4-yl)-4,7-bis(4-(thiophen-2-yl)phenyl)-1, 10-
phenanthroline; 2,9-di([1,1’-biphenyl]-4-yl)-4,7-bis(4-(pyrimidin-2-yl)phenyl)-1, 10-phenanthroline.
[0046] In another preferred embodiment, the substantially organic layer is present in a pn junction, the pn junction
having at least two layers, namely a p- and n-layer, and optionally an interlayer i in between, wherein the interlayer i
and/or the n-layer is (are) the substantially organic semiconducting layer.
[0047] The organic electronic device may additionally comprise a polymer semiconducting layer.
[0048] Most preferably, the organic electronic device is a solar cell or a light emitting diode.
[0049] The organic electronic device may be also a field effect transistor comprising a semiconducting channel, a
source electrode, and a drain electrode, the substantially organic layer being provided inbetween the semiconducting
channel and at least one of the source electrode and the drain electrode.
[0050] In a further most preferred embodiment, the substantially organic layer comprising the chemical compound
according to formula (I) or (II) is an electron injection layer and/or a n-doped electron transport layer.
[0051] The second object is achieved by a process for preparing an inventive organic electronic device wherein the
substantially organic layer comprising a chemical compound according to formula (I) or (II) is deposited on a first other
layer, and a second other layer is deposited on the substantially organic layer, preferably a cathode being deposited on
the substantially organic layer comprising the chemical compound according to formula (I) or (II).
[0052] Preferably, the substantially organic layer may be evaporated, preferably co-evaporated with metal and/or
electron transport material.
[0053] Alternatively, the substantially organic layer is formed from a solution.
[0054] In other words, any layers of the inventive organic electronic device, especially the substantially organic layer
can be deposited by known techniques, such as vacuum thermal evaporation (VTE), organic vapour phase deposition,
laser induced thermal transfer, spin coating, blade or slit coating, inkjet printing, etc. A preferred method for preparing
the organic electronic device according to the invention is vacuum thermal evaporation.
[0055] Surprisingly, it was found that the inventive organic electronic device overcomes disadvantages of prior art
devices and has in particular an improved performance compared to electronic devices of the prior art, for example with
regard to efficiency.
[0056] Organic electronic devices according to the invention are also preferred having connecting units. Multiple stacks
of organic layers comprising an optoelectronic-active unit such as an emitter unit of an OLED or an absorbing unit of an
organic solar cell can be stacked upon each other to form a tandem (in case of 2 units) or stacked device (in case of 2
or more units). A connecting unit must be provided between each optoelectronic-active unit, many different approaches
for such connecting units are known: doped organic pn junctions are described in US 2009045728; pn junctions with a
metal interlayer are shown in US 2004227460 and US 2007205411; completely inorganic junctions are described in US
2006214565, US 2006250079, and US 2006227531. Such connecting units are also called pn junctions, charge gen-
eration layer when used in OLEDs; or charge recombination layer when used in solar cells. There is no complete
description about how such a connecting unit works, for some structures it is possible that the working principle is similar
to a tunnel junction. A connecting unit can also be used between an electrode and an optoelectronic-active unit, as
disclosed e.g. in EP 1 808 910.
[0057] Organic electronic devices according to the invention are preferred having connecting units (pn junctions)
utilizing the chemical compound according to formula (I) or (II) as dopant1 as follows:

dopant1 :ETL/p-dopant/HTL
ETL (with or without dopant1) / dopant1 :/HTL
(with or without dopant1) ETL/p-doped HTL
dopant1 :ETL/p-dopant/HTL
(with or without dopant1)ETL/ dopant1/p-doped HTL
(with or without dopant1)ETL/p-doped HTL
dopant1:ETL/ HTL
dopant1:ETL/p-doped HTL
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[0058] Additionally, it is preferred that the substantially organic layer is present in a pn junction, wherein the organic
layer is used as interlayer (i) as follows:

ETL/i/p-dopant/HTL
ETL/n-dopant/i/HTL
ETL/i/p-doped HTL
n-doped ETL/i/p-dopant/HTL
ETL/n-dopant/i/p-doped HTL
ETL/i/p-doped HTL
n-doped ETL/i/HTL
n-doped ETL/i/p-doped HTL

[0059] It is also preferred to use the substantially organic layer in pn junctions in combination with a metal or metal
ion in one of the layers. The metal or metal ion in the pn junction is selected from Ag, Al, Mg, Ba, Ca, Yb, In, Zn, Sn,
Sm, Bi, Eu, Li, more preferably from Al, Mg, Ca, Ba and even more preferably selected from Al or Mg.
[0060] A preferred pn junction comprises the layer structure: dopant1 (mixed or preferentially pure layer) / thin metal
layer (pure layer with thickness < 5 nm);
[0061] In one embodiment, the combination of the substantially organic layer with a metal or metal ion is carried out
by mixing the metal into at least one of the following layers: the ETL and layer comprising dopant. In another preferred
embodiment, the ETL and/or layer comprising dopant are formed adjacent to a thin metal layer (thickness 0.5 nm to 5 nm).

Injection layer

[0062] In a preferred embodiment, the substantially organic layer, having the compound according to formula (1) or
(II) as its main component, is adjacent to a cathode, preferably between a cathode and one of an ETL or HBL (hole
blocking layer). The present invention has the advantages that, especially for non-inverted structures, the simplest form
is also the one with a significantly improved performance compared to the structure not using an injection layer. The
compound according to formula (I) or (II) can be used as a pure layer and is then preferably the only layer between an
electron transporting layer (ETL or HBL) and the cathode. In this regard it is preferred for an OLED that the EML (emitter
layer) and ETL matrix can be the same if the emission zone is far from the cathode. For a solar cell, the acceptor used
in the optically active layer (such as C60) can be also a matrix for the ETL.
[0063] Such a pure layer as injection layer in organic electronic devices has a preferable thickness between 0,5 nm
and 5 nm.
[0064] The thickness of the layer comprising the compound according to formula (I) or (II) is the nominal thickness,
such thickness is usually calculated from the mass deposited on a certain area by the knowledge of the material’s density.
For example, with vacuum thermal evaporation VTE, the nominal thickness is the value indicated by the thickness
monitor equipment. In reality, since the layer is not homogeneous and not flat at least at one interface, its final thickness
is difficult to measure, in this case, the average value can be used.
[0065] The cathode in this regard is a conductive layer having optionally any surface modifications to modify its electrical
properties, e.g. to improve its work-function or conductivity. Preferably, the cathode is a double layer, more preferably
it is a single layer to avoid complexity.
[0066] In another preferred embodiment, the organic layer comprises the chemical compound according to formula
(I) or (II) and a metal, this layer being then preferably adjacent to the cathode (and there is no other layer in between)
and favors injection in the organic semiconductor.

Semiconducting layer

[0067] It was further found that the compound according to formula (I) or (II) has a very high energy gap, therefore it
can be mixed in small amounts in any semiconducting layer without modifying the semiconductor properties of that layer
in a significant extent. Small amounts refer to concentrations of less than 30 mol-%, preferably less than 10 mol-%. In
another preferred embodiment, the organic layer may be a transport or blocking layer such as a hole transport layer, an
electron transport layer, a hole blocking layer or an electron blocking layer.
[0068] It is even preferred that the organic layer is an electron transport layer adjacent to the cathode and comprising
the compound according to formula (I) or (II). If the ETL is directly adjacent to the cathode, this simplification has the
advantage that no additional injection layer is required. Alternatively, an additional injection layer can be provided between
the ETL and the cathode. This additional layer can be a layer having the chemical compound according to formula (I)
or (II) as its main component, as already illustrated above. In one even preferred embodiment, the ETL is beneath the
cathode (no other layer in between) wherein the cathode is the top electrode, which is formed after forming the ETL
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(non-inverted structure).
[0069] As already mentioned above, the substantially organic layer can be preferably an electron transport layer
comprising a metal. Such a layer can be produced, for example, with vacuum thermal evaporation, simultaneously
evaporating the electron transport material, the chemical compound according to formula (I) or (II) and a metal.
[0070] Such a layer increases the conductivity of electron transport layers significantly. Surprisingly, high conductivities
were obtained using electron transport matrix materials which are otherwise not easily to be doped. The metals can be
incorporated by many known techniques. An additional effect that was observed is an improvement of the OLED and
also of the solar cell lifetime; and this improvement is better than the improvement expected only due to doping.

Polymer hybrid OLED or solar cell

[0071] In a further preferred embodiment the substantially organic layer comprising the chemical compound according
to formula (I) or (II) is used in combination with a polymer semiconductor, preferably between a cathode and a polymer
layer, wherein the polymer layer preferably comprises the optoelectronic active region of the device (emitting region of
an OLED or the absorbing region of a solar cell). All alternatives of layers comprising the chemical compound according
to formula (I) or (II) or being composed thereof can be used in combination with that polymer layer. Exemplary alternative
layers can be an injection layer being composed of the chemical compound according to formula (I) or (II), an injection
layer comprising the chemical compound and a metal, an electron transport layer having the chemical compound with
or without a metal. The electronic interface to the cathode is then strongly improved given the high electron injection
capability of the chemical compound (I).

Electrical doping

[0072] The invention can be used in addition to conventional doping of organic semiconducting layers. By using the
term doping it is meant electrical doping as explained above. This doping can also be called redox-doping or charge
transfer doping. It is known that the doping increases the density of charge carriers of a semiconducting matrix towards
the charge carrier density of the undoped matrix. An electrically doped semiconductor layer also has an increased
effective mobility in comparison with the undoped semiconductor matrix.
[0073] US2008227979 discloses in detail the doping of organic transport materials, also called matrix, with inorganic
and with organic dopants. Basically, an effective electronic transfer occurs from the dopant to the matrix increasing the
Fermi level of the matrix. For an efficient transfer in a p-doping case, the LUMO energy level of the dopant is preferably
more negative than the HOMO energy level of the matrix or at least slightly more positive, not more than 0.5 eV, to the
HOMO energy level of the matrix. For the n-doping case, the HOMO energy level of the dopant is preferably more
positive than the LUMO energy level of the matrix or at least slightly more negative, not lower than 0.5 eV, to the LUMO
energy level of the matrix. It is further more desired that the energy level difference for energy transfer from dopant to
matrix is smaller than + 0.3 eV.
[0074] Typical examples of doped hole transport materials are: copperphthalocyanine (CuPc), which HOMO level is
approximately -5.2 eV, doped with tetrafluoro-tetracyanoquinonedimethane (F4TCNQ), which LUMO level is about -5.2
eV; zincphthalocyanine (ZnPc) (HOMO = -5.2 eV) doped with F4TCNQ; a-NPD (N,N’-Bis(naphthalen-1-yl)-N,N’-bis
(phenyl)-benzidine) doped with F4TCNQ.
[0075] Typical examples of doped electron transport materials are: fullerene C60 doped with acridine orange base
(AOB); perylene-3,4,9,10-tetracarboxylic-3,4,9,10-dianhydride (PTCDA) doped with leuco crystal violet; 2,9 - di (phen-
anthren-9-yl) - 4,7 - diphenyl - 1,10 - phenanthroline doped with tetrakis ( 1,3,4,6,7,8 - hexahydro - 2H - pyrimido [1,2 -
a] pyrimidinato) ditungsten (II) (W(hpp)4); naphthalene tetracarboxylic acid di-anhydride (NTCDA) doped with 3,6-
bis-(dimethyl amino)-acridine; NTCDA doped with bis(ethylene-dithio) tetrathiafulvalene (BEDT-TTF).

OTFT

[0076] The inventive organic electronic device also allows the provision of improved organic thin film transistors (OTFT).
This requires an injection layer between the source electrode and the semiconducting layer, and between the drain
electrode and semiconducting layer. In such an OTFT the injection layer may be the substantially organic layer comprising
the chemical compound according to formula (I) or (II). In this regard, it is preferred that the substantially organic layer
is a pure layer of the chemical compound according to formula (I) or (II), more preferably in direct contact to the drain
and source, i.e. no other layers inbetween. Such a layer can be interrupted (only under the electrodes) or not (unstruc-
tured). Because the lateral displacement of drain and source electrode is very small, the injection layer needs to be
patterned with high precision. This constrain is relaxed with the use of non-patterned injection layers, however, common
non-patterned injection layers also cover the semiconducting layer in the channel region, which may dope the channel
region and may have the undesired effect to increase the off current of the transistor.
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[0077] It was found that such an undesired effect does not occur for inventive organic electronic devices, due to high
HOMO-LUMO energy gap they do not disturb or modify the electrical properties of the semiconductor. Due to the contact
to the source and drain electrodes, a good injection layer is provided. This effect is enhanced if the source and drain
electrodes are deposited over the injection layer. Therefore, it is preferred to use an injection layer comprising the
chemical compound according to formula (I) or (II), wherein the injection layer is formed between the electrodes and the
semiconductor and is unpatterned in the region between source and drain. The preferred thickness of such an injecting
layer is below 5 nm.
[0078] In addition, or alternatively, the substantially organic layer can be used as a thin layer between the dielectric
and the semiconductor,
[0079] In addition, or alternatively, the semiconductor layer can comprise small concentrations of the chemical com-
pound (I), preferably less than 30 mol-% or preferably less than 10 mol-%. Preferably, the semiconducting layer and the
inventive compound are in a layer as a homogeneous mixture.
[0080] Additional features and advantages of the present invention can be taken from the following detailed description
of preferred embodiments, taken together with the drawing in which
Fig. 1 illustrates a first embodiment of an inventive organic electronic device;
Fig. 2 illustrates a second embodiment of an inventive organic electronic device; and
Fig. 3 shows a third embodiment of an inventive organic electronic device.

Synthesis of the chemical compound according to formula (I) or (II)

[0081] In the following examples for synthesizing the chemical compound according to formula (I) or (II) the definition
of X, Y, R and M applies only for the general synthesis route disclosed in this chapter. The definition given in the examples
do not correspond to the definitions of X1-X10, Y, R and R1 as given in the claims and shall not be mixed.
[0082] For example, for the general synthetic procedure of compounds (1)-(10), X can be selected from hydrogen or
methyl. Having the definition of the chemical compound according to formula (I) or (II) in general in mind, it is clear that
X of this general synthetic procedure corresponds to R according to formula (I) or (II). Of course, R according to formula
(I) or (II) can still be selected from H, linear or branched alkyl, aryl and heteroaryl, thus is not restricted to H and methyl
only. The same applies for the other definitions according to formula (I) or (II).

Scheme 1, n = 1, Y = CR, compounds (1)-(10)

[0083] Chemical compounds according to formula (I) or (II) with n = 1 and Y = CR can be prepared as follows:

[0084] Chemical compounds according to formula (I) or (II) with n = 1 and Y = N can be prepared as follows:
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[0085] Compounds according to the formula (I) with n = 1 and Y = SiR can be prepared as follows:

[0086] The general synthetic route can be based on scheme 1. Alternatively, bis-lithium pyridine can be utilized for
the synthesis of symmetrical compounds.
[0087] Any further compounds according to formula (I) or (II), including the compounds with n=2, can be prepared by
slightly amended reaction schemes as will be aware by someone skilled in the art.

Organic electronic devices

[0088] Fig. 1 illustrates a first embodiment of an inventive organic electronic device in the form of a stack of layers
forming an OLED or a solar cell. In Fig. 1, 10 is a substrate, 11 is an anode, 12 is an EML or an absorbing layer, 13 is
a EIL, 14 is a cathode.
[0089] The layer 13 can be a pure layer of a compound according to formula (I) or (II), alternatively it can also comprise
a metal, which metal can also be used in the cathode material. At least one of the anode and cathode is at least semi-
transparent. Inverted structures are also foreseen (not illustrated), wherein the cathode is on the substrate (cathode
closer to the substrate than the anode and the order of the layers 11-14 is reversed). In this case, it is preferred that the
layer 13 also comprises a metal. The stack may comprise additional layers, such as ETL, HTL, etc.
[0090] Fig. 2 represents a second embodiment of the inventive organic electronic device in the form of a stack of
layers forming an OLED or a solar cell. Here, 20 is a substrate, 21 is an anode, 22 is an EML or an absorbing layer, 23
is an ETL, 24 is a cathode. The layer 23 comprises an electron transport matrix material and a compound according to
formula (I) or (II). In addition, layer 23 may also comprise a metal.
[0091] Fig. 3 illustrates a third embodiment of the inventive device in the form of an OTFT, with a semi-conductor layer
32, a source electrode 34 and a drain electrode 35. An unpatterned (unpatterned inbetween the source and drain
electrodes) injection layer 33 provides charge carrier injection and extraction between the source-drain electrodes and
a semi-conducting layer. OTFT also comprises a gate insulator 31 (which could be on the same side as the source-drain
electrodes) and a gate electrode 30, which gate electrode 30 is on the side of the layer 31 which is not in contact with
the layer 32. Obviously the whole stack could be inverted. A substrate may also be provided, or alternatively, the insulator
layer 31 may be the substrate.
[0092] The following examples were prepared utilizing always the same compound to enable direct comparison of the
performance. Of course, any compound according to formula (I) or (II) can be used. On sets of experiments realized in
batches of parallel organic electronic devices, it was found that all compounds according to formula (I) or (II) in a
substantially organic layer of an organic electronic device provided an increased performance.
[0093] For all examples in the following, the chemical compounds below were used:
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2,2’-(ethane-1,1-diyl)dipyridine

[0094] 2-Ethylpyridine (20g, 0.19 mol) was dissolved in 300 ml of water-free tetrahydrofuran and cooled down to -80°C.
82.1 ml of n-butyl lithium (0.21 mol; 2.5 M solution in hexane) were added drop-wise and the mixture was allowed to
warm up to -30°C over a period of 90 minutes. After that 2-fluoropyridine (13.6 ml, 0.19 mol) was added quickly and the
solution was allowed to warm up to room temperature over a period of 2.5 hours. Then 100 ml of water were added to
the reaction and the THF/water mixture was removed under reduced pressure nearly up to dryness. The residue was
dissolved in 150 ml of saturated ammonium chloride solution and extracted three times with ethyl acetate. After drying
the organic solvent has been removed under reduced pressure to afford 20.1 g (58%) of a brown colored crude product.
The crude product was purified via vacuum distillation. The resulting product was a slowly solidifying, yellowish colored
liquid. 10g gave after distillation 7.86g product (46% overall yield).

2,6-bis(1,1-di(pyridin-2-yl)ethyl)pyridine

[0095] To a solution of 2,2’-(ethane-1,1-diyl)dipyridine (7.0 g; 38.0 mmol) in 80 ml of tetrahydrofuran was added slowly
a solution of 7.52 g (41.0 mmol) sodium hexamethyl disilamide. The resulting mixture was kept under stirring at room
temperature for 90 min. Afterwards difluoropyridine (1.39 ml; 15.2 mmol) was added in one crop and the mixture heated
up to 90°C for five days. After the reaction was finished, the mixture was allowed to cool down to room temperature and
70 ml of water were added. The solvents were removed under reduced pressure nearly up to dryness. Then 100 ml of
dichloromethane and 35 ml of water were added. The layers were separated and the aqueous layer was extracted two
times with dichloromethane (60 ml). The combined organic layers were washed again with 140 ml of water and the
solvent was removed under reduced pressure. The crude product was purified by crystallization from a mixture of ethyl
acetate and hexane to give 3.28 g (48%)of 100% pure GC-MS quality. Mp.= 148°C.

2,2’-(ethane-1,1-diyl)dipyridine

[0096] 2-ethylpyridine (58 g, 540 mmol) was dissolved in tetrahydrofurane (550 mL) and cooled to  80°C. 200 mL
(540 mmol) of n-butyl lithium (2.7 M in n-heptane) were added. After stirring at -20°C for two hours 2-fluoropyridine (26.3
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g, 270 mmol) was added. The mixture was shortly stirred under reflux, then cooled and poured on ice water. The layers
were separated and the aqueous layer was extracted with dichloromethane. The combined organic layers were dried
with sodium sulphate and concentrated under reduced pressure. The oily residue was distilled under reduced pressure
to yield 39.8 g (80%) of a yellow oil that was used in the next synthesis step without any further purification.

2,2’-(1-(6-fluoropyridin-2-yl)ethane-1,1-diyl)dipyridine

[0097] 26.8 g of 2,2’-(ethane-1,1-diyl)dipyridine (145 mmol) were dissolved in 400 mL of tetrahydrofurane. A solution
of 32 g of potassium hexamethyldisilazide (160 mmol) in 240 mL of tetrahydrofurane was added. After stirring for one
hour 16.8 g of 2,6-difluoropyridine (145 mmol) were added. The mixture was heated under reflux for a little while. After
cooling down to room temperature saturated aqueous ammonium chloride solution was added and the solvent was
removed under reduced pressure. The residue was dissolved in sufficient amounts of ethyl acetate and water, the layers
were separated and the aqueous layer was extracted with ethyl acetate. The combined organic layers were washed
with brine, dried with sodium sulphate, filtrated and concentrated. Overnight stirring of the residue in tert-butyl methyl
ether and filtration as well as drying afterwards gave 36.6 g (90%) of a white powder, which was used in the next synthesis
step without any further purification.

Ethane-1,1-diyldibenzene

[0098] A mixture of 20 of 1,1-diphenylethanol (101 mmol) and 25.6 g of iodine (101 mmol) in 100 mL of glacial acetic
acid was stirred at ambient temperature for 20 minutes. Afterwards 52 mL of aqueous hypophosphorous acid (33.3 g
H3PO2, 505 mmol) were added dropwise to the stirred mixture. After the exothermic addition was completed, the mixture
was stirred at 55°C for 24 hours. Water was added and the mixture was extracted five times with n-hexane. The combined
organic layers were washed with water, dried with magnesium sulphate and the solvent was removed under reduced
pressure at room temperature to yield 18.2 g (99 %) of a colourless liquid. Purification of the crude product was performed
by gel filtration on silica gel using n-hexane as solvent, followed by vacuum distillation. 14.0 g (82 %) of a colourless
liquid were obtained and used in the next synthesis step.

2,2’-(1-(6-(1,1-diphenylethyl)pyridin-2-yl)ethane-1,1-diyl)dipyridine

[0099] In a pressure vessel a solution of 1.0 g of ethane-1,1-diyldibenzene (5.49 mmol) in 5 mL of tetrahydrofurane
was treated in portions with 1.2 g of potassium hexamethyldisilazane (6.04 mmol) under vigorously stirring. Another 5
mL of tetrahydrofurane were added, the vessel was sealed and the mixture was stirred at ambient temperature for one
hour. Afterwards 1.53 g of 2,2’-(1-(6-fluoropyridin-2-yl)ethane-1,1-diyl)dipyridine (5.49 mmol) were added successively
in small portions and after addition of 5 mL of tetrahydrofurane the sealed vessel was heated to 90°C. The reaction was
monitored by GC-MS and stopped after one week by addition of saturated aqueous ammonium chloride solution. The
complete solvent was removed under reduced pressure and the remaining residue was washed with water. The remaining
residue was dissolved in tert-butyl methyl ether and impurities were precipitated by addition of n-hexane. After separation
of the solvent from the filtrate, the residue was washed with n-hexane and dried. The yellow, highly viscous oil (1.33 g,
55%) was dissolved in 100 mL of 2 N aqueous hydrochloric acid and extracted with chloroform. The combined organic
layers were dried with magnesium sulphate and the solvent was removed cautiously under reduced pressure. The
residue was washed several times with small amounts of tert-butyl methyl ether and dried again to give 580 mg (24%)
of a white solid. Further purification of the crude product was performed by sublimation.
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2-(1-phenylethyl)pyridine:

[0100] 1.00 g of benzylpyridine (5.90 mmol) were dissolved in 20 mL tetrahydrofurane and cooled to -80°C. 4.1 mL
(6.50 mmol) of n-butyl lithium (1.6 M in n-hexane) were added drop wise and the resulting solution was stirred for one
hour at -50°C. 0.4 mL of iodomethane (6.5 mmol) were added afterwards. The mixture was stirred for one hour at ambient
temperature and the reaction was stopped by adding a small amount of water. The solvent was removed under reduced
pressure and the residue dissolved in 10 dichloromethane and 10 mL water. The aqueous layer was extracted once
with 10 mL dichloromethane and the combined organic layers washed with water, dried with magnesium sulphate and
the solvent removed. The crude product was a yellow oil, with a yield of 1.10 g (100%), which was used without further
purification.

2,6-bis(1-phenyl-1-(pyridin-2-yl)ethyl)pyridine:

[0101] 2.63 g of 2-(1-phenylethyl) pyridine (14.4 mmol) were dissolved in 40 mL of tetrahydrofurane and cooled to
-80°C. 10.8 mL (17.3 mmol) of n-butyl lithium (1.6 M in n-hexane) were added drop wise and the resulting solution was
stirred for one hour at -50°C. 0.51 mL of 2,6-difluoropyridine (5.6 mmol) were added at -60°C and the mixture was stirred
at ambient temperature for a while. The reaction was stopped by adding water to the solution. The solvent was removed
and the residue dissolved in dichloromethane and water. The aqueous layer was extracted with dichloromethane. The
combined organic layers were washed with water and dried with magnesium sulphate. After the solvent was removed,
the crude product was purified by column chromatography using ethyl acetate and hexane as solvents to yield 2.27 (92%).
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6,6’-(1-(pyridin-2-yl)ethane-1,1-diyl)bis(2-fluoropyridine)

[0102] 13.8 g (129 mmol) of 2-ethylpyridine were dissolved in 220 mL of tetrahydrofurane and cooled to -80°C. 100
mL (270 mmol) of butyl lithium (2.7 M solution in heptane) were added. After warming up the mixture to -50°C a solution
of 13.6 mL (257 mmol) 2,6-difluoropyridine in 190 mL of THF was added. The mixture was kept under reflux for four
hours. After cooling down the mixture was quenched with a solution of saturated ammonium chloride and the organic
solvent was removed under reduced pressure. 500 mL of diethyl ether and 300 mL water were added to the residue
and the aqueous layer was washed with ethyl acetate. The combined organic layers were washed with a solution of
saturated sodium chloride, dried with sodium sulphate, then filtrated and concentrated. The residue was washed twice
with isopropanol and then filtrated. The mother liquor was concentrated, stored at 0°C overnight and filtrated. The residue
was washed with small amounts of isopropanol and the combined solids were dried again. 19.3 g (51%) of the desired
product were obtained as a slightly yellow coloured solid that was used in the next synthesis without further purification.

2,2’-(ethane-1,1-diyl)dipyridine: preparation see above

2,2’,2’’,2’’’-((6,6’-(1-(pyridin-2-yl)ethane-1,1-diyl)bis(pyridine-6,2-diyl))bis-(ethane-1,1,1-triyl))tetrapyridine

[0103] 7.44 g (40 mmol) of 2,2’-(ethane-1,1-diyl)dipyridine were dissolved in 40 mL of dimethoxyethane. 8.33 g (45
mmol) of sodium-bis-(trimethylsilyl)amide were dissolved in 30 mL dimethoxyethane and added slowly. After stirring for
one hour at room temperature 3.00 g (10.0 mmol) of 6,6’-(1-(pyridin-2-yl)ethane-1,1-diyl)bis(2-fluoropyridine) in 30 mL
of dimethoxyethane were added and the mixture was stirred at 100°C for two days. After cooling at room temperature
saturated ammonium chloride solution, ethylacetate and water were added successively and the remaining mixture was
extracted with ethyl acetate. The organic layer was dried with sodium sulphate, filtrated and concentrated. After distillation
4.76 g (7.60 mmol) of the desired product were obtained as a brown solid. The compound was further purified by gradient
sublimation.

2,2’-(ethane-1,1-diyl)dipyridine: preparation described above

4,6-bis(1,1-di(pyridin-2-yl)ethyl)-2-methylpyrimidine:

[0104] To a solution of 2,2’-(ethane-1,1-diyl)dipyridine (11.3 g; 61.4 mmol) in 100 mL of tetrahydrofurane was added
slowly a solution of 11.8 g (64.5 mmol) sodium hexamethyl disilamide in 30 mL of tetrahydrofurane. The resulting mixture
was kept under stirring at room temperature for 60 min. Afterwards a solution of 4,6-dichloro-2-methylpyridine (5 g; 30.7
mmol) in 30 mL tetrahydrofuran was added drop wise and the mixture was stirred at ambient temperature over night.
After the reaction was finished, the solvent was removed under reduced pressure. The residue was dissolved in ethyl
acetate and saturated aqueous ammonium hydrochlorid solution. The aqueous layers was extracted with 120 mL of
ethyl acetate and the combined organics layers were washed with brine and the solvent removed under reduced pressure.
The crude product was suspended in 200 mL of diethyl ether and some drops of ethyl acetate and then stirred for one
hour. The mixture was filtrated and the solid residue washed with diethyl ether and hexane. The solid was dried to give
9.35 g (67%) which were further purified by gradient sublimation.
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Example 1. OLED with injection layer

[0105] An OLED was prepared with the following layer structure on a glass substrate:

a. 90 nm ITO as anode
b. 2 nm F4-TCNQ (tetrafluorotetracyanoquinodimethane)
c. 40 nm α-NPD (N,N’-Bis(naphthalen-1-yl)-N,N’-bis(phenyl)-benzidine)
d. 20 nm blue emitter system
e. 40 nm 2,9-di(biphenyl-4-yl)-4,7-diphenyl-1,10-phenanthroline
f. 2 nm layer of compound (3)
g. 100 nm A1 as cathode

[0106] Also an electrode of 50 nm Mg with a cap layer of 50 nm Al was used with almost identical results. The results
are similar as using an n-dopant interlayer such as W(hpp)2 in place of layer f. A current efficiency of 12 cd/A was
measured at 1000 cd/m2, and a quantum efficiency of 6.9 %. The voltage was as low as 3.6 V at 10 mA/cm2.
[0107] Comparative devices were fabricated without layer (f) and modifying the thickness of layer (e) to 42 nm. Other
comparative devices were fabricated replacing layer f) with 2 nm bathophenanthrolin (BPhen). Both types of comparative
devices showed extremely poor performance; the voltage for a current density of 1 mA/cm2 was over 10 V.
[0108] Other comparative devices were made replacing the layer f by 15-([1,1’-biphenyl]-4-yl)-2,3,5,6,8,9,11,12-oc-
tahydrobenzo[b][1,4,7,10,13]pentaoxacyclopentadecine, the OLED did had very low performance, and the voltage for
a current density of 1 mA/cm2 was still over 7 V.
[0109] The inventive OLED shows a lower operating voltage and a higher power efficiency showing that the injection
layer of the inventive device is not simply a buffer layer. Similar devices were made replacing compound (3) by any of
compounds (37), (24), and (47), those devices show almost equivalent performance in terms of low voltage.

Example 2

[0110] An OLED was made according to example 1 with compound (3), wherein the injection layer was made 2 nm
thick and formed by co-evaporating compound (3) and Mg with a weight ratio 5% (Mg in compound). A comparative
OLED was made with the same device structure without an injection layer but with a 2 nm thicker ETL. The inventive
OLED had considerable better performance, similar to the inventive device in example 1, wherein the comparative OLED
only showed a current density of 1mA/cm2 at 10 V.

Example 3

[0111] An OLED was made with the following layer structure on a glass substrate:

a. 100 nm Ag as anode
b. 110 nm of α-NPD doped with 5% 2,2’-(perfluoronaphthalene-2,6-diylidene)dimalononitrile
c. 30 nm of α-NPD
d. 20 nm blue emitter system
e. 30 nm 2,9-di(biphenyl-4-yl)-4,7-diphenyl-1,10-phenanthroline doped with compound (30) (5 wt%)
f. 15 nm Mg (with 10 vol% of Ag) as cathode

[0112] The device had a very low voltage at 10 mA/cm2 of only 3.6V, and a current efficiency of about 4.7 cd/A.
[0113] Another device was made with a concentration of 20wt% in layer e. with similar results as the device above.
[0114] Another device was made adding a 2 nm layer of compound (3) between layers e. and f. An additional small
decrease in the voltage was observed (0,2 V).
[0115] The inventive OLED had extremely improved performance as compared to the comparative device in example
2. Similar devices were made replacing compound (3) by any of compounds (37), (24), and (47), those devices show
almost equivalent performance in terms of low voltage.

Example 4

[0116] An OLED was made with the following layer structure on a glass substrate:

a. 90 nm ITO as anode
b. 2 nm 2,2’-(perfluoronaphthalene-2,6-diylidene)dimalononitrile
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c. 40 nm of α-NPD
d. 20 nm blue emitter system
e. 10 nm 2,9-di(biphenyl-4-yl)-4,7-diphenyl-1,10 -phenanthroline
f. 40 nm of a matrix 2,9-di(biphenyl-4-yl)-4,7-diphenyl-1,10-phenanthroline doped with compound 3 and Mg with the
following concentration 75:5:20 wt% (matrix:Mg:compound (3))
g. 100 nm Al as cathode

[0117] The OLED showed a low voltage of only 3.2 V at 10mA/cm2 and a current efficiency over 10 cd/A. Another
device was made with the same stack however as inverted structure, (the cathode formed first, and closer to the substrate
than the anode).

Example 5

[0118] An OLED was made according to example 4 wherein an additional layer with a thickness of 5 nm comprising
compound (3) and Mg with a weigth ratio 1:5 (Mg: compound (3)) was formed between the ETL and the cathode. The
OLED had a slightly increased power performance compared to the example 3 and a small increase in lifetime.

Solar cells

Example 6 - organic solar cell with injection layer

[0119] An organic solar cell was fabricated with the following procedure: patterned glass substrate coated with ITO
was cleaned in an ultrasound bath with ethanol, acetone and isopropanol. Afterwards the ITO substrate was exposed
to oxygen plasma treatment for 15 minutes. The substrate was loaded into the vacuum trough of a glove box with
nitrogen. In vacuum the organic layers were deposited with conventional VTE (vacuum thermal evaporation). First a 10
nm thick 5% (molar) p-doped ZnPc (Zinc phthalocyanine) layer was deposited through a shadow mask over the ITO. A
10 nm undoped ZnPc layer was deposited over the doped ZnPc layer. A 30 nm thick mixed layer of fullerene C60 and
ZnPc was deposited with a molar ratio of 2(C60):1(CuPc). A 40 nm thick C60 layer was deposited on top of the mixed
layer. An injection layer of 2,5 nm (compound 47) layer was deposited on top of the C60 layer. The compound (47) layer
is followed by a 100 nm thick Al cathode. Although under normal operation, the cathode extracts electrons from the
organic semiconducting layer, the solar cell still has a conventional diode behavior in dark and also under forward bias;
therefore the compound (47) layer is still called an injection layer.
[0120] In a comparative example, the ETL was made thicker by 2,5 nm and no injection layer was used. In another
comparative example, an organic solar cell was made according to the example 6, however the injection layer was
replaced by a BPhen buffer layer with thickness of 2,5 nm. The inventive organic solar cell shows a lower operating
voltage and a higher power efficiency showing that the injection layer according to the invention is not simply a buffer layer.

Example 7

[0121] An organic solar cell was made according to example 6, wherein the injection layer was made 2,5 nm thick
and formed by co-evaporating compound compound (47) and Mg with a weigth ratio 5:1 (compound (47):Mg). A com-
parative organic solar cell was made with the same device structure without an injection layer but with a 2,5 nm thicker
ETL. The inventive organic solar cell had considerable better field factor (FF) and considerably better performance.

Example 8

[0122] An organic solar cell was made according to example 7, however without any injection layer, and the compound
(47) was mixed in the C60 layer with a final ratio of 1:20 (compound (47):C60), the C60 layer was made 2,5 nm thicker
(42,5 nm) to allow comparison with example 7.
[0123] The organic solar cell was compared to the comparative device in example 7. The inventive organic solar cell
had improved power performance.

Example 9

[0124] An organic solar cell was made according to example 8 wherein the ETL was formed by a triple evaporation
of ETL, compound (47), and Mg with a molar ratio of 10:1:1 (ETL,compound (47),Mg). The organic solar cell had an
increased power performance compared to the example 8.
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Example 10

[0125] An organic solar cell was made according to example 9 wherein an additional layer with a thickness of 2 nm
comprising of compound compound (47) and Mg with a doping weight ratio 5:1 (compound (47):Mg) was formed between
the ETL and the cathode. The organic solar cell had a slight increased power performance compared to the example 8
and also a increase in lifetime. A similar device was made replacing compound (47) by compound (3), which device
shows equivalent power conversion efficiency.

Example 13 - OTFT

[0126] An ITO layer was formed on a glass substrate as a gate electrode. Subsequently an 800 nm thick PMMA layer
was formed by spin-coating a solution on the ITO layer to serve as gate insulator. A 50 nm thick pentacene layer was
deposited over the gate insulator by VTE. An unpatterned injection layer of 3 nm compound (3) was deposited over the
pentacene layer by VTE, and the source and drain electrodes made of Al were deposited on top of the injection layer.
The channel length was 3 mm and its width was 50 Pm. A comparative example was made using F4TCNQ as unstructured
injection layer, the comparative example had a more than 15x increased off current, and a 10x smaller on/off ratio
compared to the inventive device. A comparative example without any injection layer was also made having an off current
similar to the inventive device but a 100x smaller on/off ratio.

Example 14 - Solution processing

[0127] A polymer OLED was made with the following device structure on an ITO pre coated glass substrate:

- 40 nm spin-coated PEDOT-PSS
- 60 nm of a polyfluorene derivative (spin coated)
- 2 nm of compound (3)
- Mg (10 nm) / A1 (100 nm)

[0128] A comparative device without the compound (3) layer showed inferior performance than the inventive device.
[0129] In a separated test it was found that layers of the inventive devices can be made by ink-jet printing.

Example 15

[0130] A pn junction device was made with the following device structure:

a. 90 nm ITO as anode
b. 50 nm of 2,9-di(biphenyl-4-yl)-4,7-diphenyl-1,10-phenanthroline
c. 2 nm layer of compound (3)
d. 2 nm of Al
e. 50 nm α-NPD (N,N’-Bis(naphthalen-1-yl)-N,N’-bis(phenyl)-benzidine) 6 mol% doped with 2,2’,2’’-(cyclopropane-
1,2,3-triylidene)tris(2-(p-cyanotetrafluorophenyl)acetonitrile)
f. 40 nm α-NPD
g. 100 nm Al as cathode

[0131] The forward voltage at a current density of 10 mA/cm2 was about 6 V. Similar results were obtained by replacing
the compound on layer (b.) by any of 3-(4-Biphenylyl)-4-phenyl-5-tert-butylphenyl-1,2,4-triazole, 4-(naphthalen-1-yl)-
2,7,9-triphenylpyrido[3,2-h]quinazoline, and 2,9-di(naphthalen-1-yl)-4,7-diphenyl-1,10-phenanthroline.
[0132] The features disclosed in the foregoing description, in the drawing or in the claims may, both separately and
in any combination thereof, be material for realizing the invention in diverse forms thereof.

Claims

1. Organic electronic device comprising at least one substantially organic layer comprising a chemical compound
according to formula (I)
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wherein n is an integer of from 1 to 5, preferably 1 to 2;
each X1-X7 is independently selected from N and CR;
X8 is N or CR’;
X9 is N or CH;
X10 is N or CII;
each Y is independently selected from N, CR and SiR; and
each R is independently selected from H, linear and branched alkyl, preferably C1-C6-alkyl, aryl, preferably C6-C20-ar-
yl, and heteroaryl, preferably C5-C20 heteroaryl;
R’ is selected from H, linear and branched alkyl, preferably C1-C6-alkyl, and aryl, preferably C6-C20-aryl;
and, in case Y is CR, R is different from H.

2. Organic electronic device according to claim 1, wherein the substantially organic layer comprises at least one metal
or a metal ion, preferably interacting with the chemical compound according to formula (I), wherein the metal or
metal ion is selected from Ag, Al, Mg, Ba, Ca, Yb, In, Zn, Sn, Sm, Bi, Eu, Li preferably from Al, Mg, Ca, Ba, even
more preferably from Al or Mg.

3. Organic electronic device according to claim 1 or 2, comprising a layered structure including a substrate, an anode
and a cathode, the at least one substantially organic layer being disposed within the layered structure between the
anode and the cathode.

4. Organic electronic device according to claim 3, wherein the cathode is a top electrode and the anode is a bottom
electrode, wherein the bottom electrode is closer to the substrate than the top electrode.

5. Organic electronic device according to claim 3 or 4, wherein the substantially organic layer has an interface with
the cathode.

6. Organic electronic device according to any of the preceding claims, wherein the substantially organic layer further
comprises an electron transport material.

7. Organic electronic device according to claim 6, wherein the electron transport material is selected from:

- wherein R1 - R4 are independently selected from H, C1-C20-Alkyl, branched C4-C20-alkyl or C3-C20-cy-
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cloalkyl, C1-C20 alkenyl, C1-C20 alkinyl, aryl preferably selected from phenyl, tolyl, biphenylyl, naphthyl, or
heteroaryl preferably selected from pyridyl, pyrimidinyl, quinolinyl, pyrazinyl, thiophenyl, furanyl, benzothiophe-
nyl, benzofuranyl;
- wherein the structural element t is selected from CH, CR1, N, CCN.

8. Organic electronic device according to any of the preceding claims, wherein the substantially organic layer is present
in a pn junction, the pn junction having at least two layers, namely a p- and n-layer, and optionally an interlayer i in
between, wherein the interlayer i and/or the n-layer is (are) the substantially organic layer.

9. Organic electronic device according to any of the preceding claims, additionally comprising a polymer semiconducting
layer.

10. Organic electronic device according to any of the preceding claims, wherein the organic electronic device is a solar
cell or a light emitting diode.

11. Organic electronic device according to any of the preceding claims, wherein the organic electronic device is a field
effect transistor comprising a semiconducting channel, a source electrode, and a drain electrode, the substantially
organic layer being provided inbetween the semiconducting channel and at least one of the source electrode and
the drain electrode.

12. Organic electronic device according to any of the preceding claims, wherein the substantially organic layer comprising
the chemical compound according to formula (I) is an electron injection layer and/or a n-doped electron transport layer.

13. Process for preparing an organic electronic device according to any of the preceding claims, wherein the substantially
organic layer comprising a chemical compound according to formula (I) is deposited on a first other layer, and a
second other layer is deposited on the substantially organic layer, preferably a cathode being deposited on the
substantially organic layer comprising the chemical compound according to formula (I).

14. Process according to claim 13, wherein the substantially organic layer is evaporated, preferably co-evaporated with
metal and/or electron transport material.

15. Compound according to formula (II)

wherein
each X1-X7 is independently selected from N and CR, preferably X7 and X6 = CH;
X8 is independently selected from N and CR6, with R6 independently selected from linear and branched alkyl,
preferably C1-C6-alkyl, and aryl preferably C6-C20-aryl;
X9 is N or CH;
each R is independently selected from H, linear and branched alkyl, preferably C1-C6-alkyl, aryl, preferably C6-C20-ar-
yl, and heteroaryl, preferably C5-C20 heteroaryl, preferably H; and
R5 is alkyl, preferably preferably C1-C6-alkyl; and
n is an integer of from 1-5, preferably 1 or 2.
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