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Electronic device and compound
The invention relates to an electronic device and a compound.

Background of the invention

Organic solar cells (OSCs), also known as organic photovoltaic (OPV) devices, have the most
different device architectures. Typically, they comprise at least one organic semiconducting
layer that is arranged between two electrodes. The organic layer can be a blend of a donor and
an acceptor such as P3HT (poly3-hexyl-tiophene) and PCBM (phenyl C61 Butyric Acid
Methyl Ester). Such simple device structures only achieve reasonably efficiencies if
interfacial injection layers are used to facilitate charge carrier injection/extraction (Liao et al.,
Appl. Phys. Lett., 2008.92: p. 173303). Other organic solar cells have multi-layer structures,
sometimes even hybrid polymer and small molecule structures. Also tandem or multi-unit
stacks are known (see US 2007/090371 Al, or Ameri, et al., Energy & Env. Science, 2009.2:
p. 347). Multi-layer devices can be easier optimized since different layers can comprise
different chemical compounds (or simply compounds) and their mixtures which are suitable
for different functions. Typical functional layers are transport layers, photoactive layers,

injection layers, etc.

Optically active compounds are compounds with a high absorption coefficient, for at least a
certain wavelength range of the solar spectra, which compounds convert absorbed photons
into excitons which excitons in turn contribute to the photocurrent. The photoactive
compounds are typically used in a donor-acceptor heterojunction, where at least one of the
donor or the acceptor is the light absorbing compound. The interface of the donor-acceptor
heterojunction is responsible for separating the generated excitons into charge carriers. The
heterojunction can be a bulk-heterojunction (a blend), or a flat (also called planar)
heterojunction, additional layers can also be provided (Hong et al, J. Appl. Phys., 2009.106: p.
064511).

The loss by recombination must be minimized for high efficiency OPV devices. Therefore,
the compounds in the heterojunction must have high charge carrier mobilities and high
exciton diffusion lengths. The excitons have to be separated into charge carriers at the
heterointerface and the charge carriers have to leave the optically active region before any
recombination takes place. For that reasons, currently, fullerenes (C60, C70, PCBM, and so

on) are the preferred choice as acceptor materials in OPV devices.

CONFIRMATION COPY
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Transport compounds for opto-electronic devices are required to be transparent, at least in the
wavelengths wherein the device is active, and have good semiconducting properties. These
semiconducting properties are intrinsic, such as energy levels or mobility, or extrinsic, such as
charge carrier density. The charge carrier density can also be extrinsically influenced by

doping the compound with an electrical dopant.

OSCs very often require the use of at least one n-dopant in an n-doped electron transport layer,
or as a pure interlayer promoting electron injection from a conductive layer into a

semiconductor or from a semiconductor into another semiconductor.:

Several different n-dopants are known, such as Tetrakis(1,3,4,6,7,8-Hexahydro-2H-pyrimido
[1,2-a]pyrimidinato)ditungsten (II) from EP 1 768 200 B1, Bis(2,2’-terpyridin)ruthenium, and
others. One main problem of n-dopants is that since they are strong donors, they easily
degrade by reacting with atmospheric oxygen. There are not many known compounds which
are able to directly work as n-dopants which are also air stable. Precursor-compounds were
developed with the aim to provide air stable organic compounds and being able to work as n-

dopants, examples of such precursors are disclosed in WO 2007/107306 Al.

Also, only a few organic compounds are known to be able to efficiently dope low LUMO
compounds used in OSCs, such as fullerenes (e.g. C60) or fullerene derivatives (e.g. PCBM),
for example the compounds disclosed in US 2007/145355 Al.

Summary of the invention

It is the object of the invention to provide improved technologies for an electronic device.
Other objectives are to provide high conductivities and thermal stabilities of doped layers in

electronic devices, and also to provide a compound with an easy processability.

The object is solved by the electronic device according to the independent claim 1 and the
compound according to the independent claim 15. Advantageous embodiments are subject

matter of the dependent claims.

According to one aspect of the invention an electronic device comprising a compound
according to the formula 1
A-B (1),

wherein
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Rl
N——p R?
B= Ar'; Ar2\ \R3

R%,

A= H, N , or B3

B!
/
\2

B

and wherein

- Ar' is a C6-C18 arylene, which can be monocyclic or polycyclic and may be optionally
substituted by one or more C;-Cjp-alkyl or C3-C¢-cycloalkyl groups,

- Ar? is a C6-C18 arene skeleton, optionally substituted with electron donating groups R*,

- B! and B? are independently selected from B and Ar?,

- B? is independently selected from the same group as B

-R!, R%, R? are independently selected from alkyl, arylalkyl, cycloalkyl, aryl, dialkylamino,

- x is selected from 0, 1, 2 and 3, wherein for x > 1 each Ar' may be different,

- y is a non-zero integer up to the overall count of valence sites on the arene skeleton,

- z is an integer from zero up to the overall count of valence sites on the arene skeleton minus
y.

Preferably,

- Ar? is a benzene or naphthalene skeleton,

- R‘is selected from alkyl and alkoxy,
R' R? R’ are independently selected from alkyl, arylalkyl, cycloalkyl, aryl, dialkylamino,

- x =0 or Ar' = phenylene,

y is selected from 1, 2, 3 and 4 if Ar; is benzene; or from 1, 2, 3, 4, 5 and 6 if Ar is

naphthalene,

- zis selected from 0 and 1 if Ar? is benzene or from 0, 1 and 2 if Ar’ is naphthalene.

According to another preferred aspect of the invention, in the compound according to the

Formula 1

- Ar’ is a benzene skeleton
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R* is selected from alkyl and alkoxy,

R', R?, R? are independently selected from alkyl, arylalkyl, cycloalkyl, aryl, dialkylamino,
- x=0or Ar' = 1,4-phenylene,

y is selected from 1, 2, 3 and 4.
According to yet other preferred embodiments of the invention, in the compound according to

Formula 1,

R* is selected from alkyl and alkoxy,

R', R? R® are independently selected from alkyl, arylalkyl, cycloalkyl, aryl, dialkylamino,
- x=0

-A=H,,y=lor2,z=1or

- A =B? and the sum of all y is at least 3.

The components R' - R* and the superscripts x, y and z of the compound according to Formula
1 can be selected independently from each other for each B. Also in the case that A equals B
leading to a compound B-B’ | the B and B’ can be different. The component A of the
compound according to Formula 1 can be arranged in para position, ortho position or meta

position at any of the pheny! rings.

In any of the above mentioned embodiments of the invention, preferably, R!-R? is straight or
branched, saturated or unsaturated C1-C24 alkyl, saturated or unsaturated C3-C24 cycloalkyl
or alkyl comprising at least one cyclic structure, wherein up to four ether linkages can be
included within any of the above mentioned alkyl or cycloalkyl structure with a provision that
oxygen atoms are in any case separated by at least two carbon atoms, C6-C24 aryl, wherein
the overall count of carbon atoms includes also any possible substitution by a single
substituent or more substituents selected from saturated or unsaturated, straight or branched
alkyl or cycloalkyl, aryl, arylalkyl or alkylaryl groups and within this substitution up to three
alkyl groups can be attached to the arene core by an ether linkage or up to six alkyl groups
can be attached through a disubstituted nitrogen atom, C7-C25 arylalkyl, wherein the overall
C atom count includes also a possible substitution on the arene ring or rings and within this
substitution up to three alkyl groups can be attached to the arene ring or rings through an ether
linkage or up to six alkyl groups through a disubstituted nitrogen atom, C2-C24 dialkylamino,
wherein the alkyl groups may be the same or different, straight or branched, may include also
alicyclic or aromatic structures or be unsaturated with a provision that the carbon atom

bearing a double or triple bond is not adjacent to nitrogen. The two alkyls in the dialkylamino



10

15

20

25

30

WO 2012/175219 PCT/EP2012/002647
-5-

group may be so linked that they form a cycle comprising the nitrogen atom. Up to four ether
linkages can be included between methylene groups of the dialkylamino group, with a
provision that in any case the nitrogen and/or oxygen atoms are separated by at least two
carbon atoms. Two R'-R? groups may be linked so that they form a cyclic structure including
the phosphorus atom. More preferably, R'-R? is a C1-C4 alkyl, C3-C10 cycloalkyl, C7-C10
arylalkyl, C6-C14 aryl, C2-C12 dialkylamino. Particularly preferably, each of R'-R? is
independently selected from methyl, isopropyl, tert.-butyl, cyclohexyl, phenyl, tolyl, xylyl,
mesityl, naphthyl, anthryl, phenanthryl, 1,1°-biphenyl-yl, 1,3-diisopropylphenyl, benzyl, 4-
methoxybenzyl, dimethylamino. Most preferably, R'-R? is 1,3-dimethylphenyl.

If R* is alkyl or alkoxy, then the alkyl group can be straight or branched, saturated or
unsaturated. That alkyl can also include a cyclic structure, saturated or unsaturated. If more
than one R occur on the same arene skeleton, then they also can form together a cyclic
structure. Preferably, if R* is alkyl or alkoxy, its overall count of carbon atoms is in the range
C1-C22. More preferably, R* is selected from methyl, methoxy, ethyl, ethoxy, propyl,
propoxy, isopropyl, isopropoxy, butyl, butoxy, tert-butyl, tert.-butoxy, cyclohexyl, benzyl,
benzyloxy.

In a preferred embodiment, the electronic device is an organic electronic device.

According to a preferred embodiment of the invention, the compound according to Formula 1

is used as an n-dopant.

According to a preferred embodiment, the electronic device has a layered structure
comprising several layers, wherein at least one of the layers comprises the compound of
Formula 1. The electronic device may further comprise an electron transport layer.
Alternatively or supplementary, the electronic device may comprise a first electrode and / or a

second electrode.

In a preferred embodiment, the layer of the electronic device comprising the compound of
Formula 1 is an electron transport layer. More preferably, the electronic device comprises an
electron transport layer which comprises an electron transport compound and the compound
according to Formula 1 forming a homogeneous mixture. According to a another preferred

mode of the invention, the layer of the electronic device comprising the compound of
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Formula 1 is in direct contact to an electron transport layer. In a preferred mode of the
invention, the electron transport layer comprises a fullerene or a fullerene derivative as its

main component.

If used as an electron extracting layer, the layer of the electronic device comprising the

compound of Formula 1 has preferably a thickness of less than 5 nm.

Preferably, the layer of the electronic device comprising the compound of Formula 1 is in
direct contact to an electrode, more preferably a cathode. In addition or alternatively, the layer
comprising the compound according to Formula 1 is arranged between the electron transport

layer and the cathode.

In one aspect of the invention, the electronic device comprises a connecting unit. In a
preferred embodiment, the layer of the electronic device comprising the compound of

Formula 1 is part of the connecting unit.

In a preferred mode of the invention, the electronic device is a solar cell, preferably an
organic solar cell (OSC). The solar cell can comprise, for example, an anode, a cathode and a
light absorbing layer. In a preferred embodiment, the organic solar cell further comprises the
compound according to Formula 1, wherein the compound is comprised between the light
absorbing layer and the cathode. In a preferred aspect of the invention, the organic solar cell
comprises a pi, ni, or pin structure, comprising a first p, i, or »n layer each. Here, p denotes a p-
doped hole transport layer, » denotes a n-doped electron transport layer, and i is an intrinsic
photoactive layer (see US 2007/090371 Al for further details). The transport layers have a
greater HOMO-LUMO gap than the photoactive layer (HOMO - highest occupied molecular

orbital, LUMO - lowest unoccupied molecular orbital).

The solar cell can preferentially comprise a light absorbing unit comprising the light
absorbing layer and an additional light absorbing unit comprising an additional light
absorbing layer. The connecting unit can be a pn-junction connecting the light absorbing unit
to the additional light absorbing unit. Preferably, the connecting unit is a pn-junction
connecting the light absorbing unit to the additional light absorbing unit in a tandem device or
in a multiple stacked device. Multiple stacked devices are devices with three or more light

absorbing units, sometimes also called multi tandem. Multiple stacked pin, pi, or ni devices
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are preferred. In addition or in alternative, the connecting unit can be a pn-junction connecting

the cathode or the anode to the light absorbing unit.

The invention has the advantages that high conductivity can be achieved by doping typical
electron transport materials (ETM) used for OSCs. With the use of the compound according
to Formula 1, it is possible to obtain conductivities on the order of 1 S/cm with a doping
concentration of 10 mol.%, which is a high value for organic systems. Furthermore, the
compound according to Formula 1 has a high stability allowing it to be processed, for
example, in vacuum, e.g. by vacuum thermal evaporation (VTE), or by organic vapor phase
deposition (OVPD). Alternatively, the compound according to Formula 1 can be processed by

solution processing under inert atmosphere or even exposed to air.

In a preferred embodiment, the compound according to Formula 1 is inserted in a matrix
material forming a doped layer. Herewith, cations derived from the molecules of the
compound according to Formula 1 are formed, in particular by the transfer of at least one
electron from the compound according to Formula 1 to the surrounding matrix material. In the
process, anions of the matrix material are also formed. In this way, the matrix material obtains
a conductivity which is increased in comparison to the conductivity of the undoped matrix

material.

The conductivity of an undoped matrix material is generally approximately 10® S/cm, in
particular often around 10™'® S/cm. The matrix material should have a sufficiently high purity.
Such purity can be achieved using conventional methods, for example gradient sublimation.
By doping, the conductivity of the matrix material can be increased to more than 10 S/cm.
This applies in particular to a matrix material which has a reduction potential of less than -0.3
V vs. Fc/Fc*, preferably less than -0.8 V vs. Fc/Fc'. The notation Fc/Fc' relates to the redox
pair ferrocene/ferrocenium, which is used as reference in an electrochemical potential
determination, for example by cyclic voltammetry. Details of cyclovoltammetry and other
methods to determine reduction potentials and the relation of the ferrocene/ferrocenium
reference couple to various reference electrodes can be found in A. J. Bard et al,
"Electrochemical Methods: Fundamentals and Applications", Wiley, 2. Edition, 2000. For
typical electron transport materials in OSC, the reduction potential is around -0.8 V vs.

Fc/Fe+.
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In the present application, a dopant is to be understood as a material which is mixed in a
matrix material ("the matrix material is doped with the dopant"). It is also common in the state

of the art to use the term “electrical dopant”, or just “n-dopant” for the dopant for an ETM.

The layer of the electronic device comprising the compound of Formula 1 arranged adjacent
to the electron transport layer can be used in an OSC as an electron extracting layer. It was
found that the compound according to Formula 1 can be used as an electron injection layer in
an electronic component, preferably between an electrode and a semiconductor layer which
may be doped. Alternatively or supplementary, the compound according to Formula 1 can be
used as a blocking layer, preferably between an absorbing layer and a transport layer, or as a

semiconductor layer in electronic components.

In one preferred aspect of the invention, all organic layers of the electronic device are
constituted from small molecules. Preferentially, the small molecules can be deposited by

VTE (vacuum thermal evaporation).

In another aspect of the invention, at least one organic semiconducting layer comprises a
polymer, wherein the polymer layer and / or at least one additional semiconducting layer

comprise a compound according to Formula 1.

The compounds according to Formula 1 have a special advantage of forming very stable n-

doped layers with a relatively high conductivity.

The synthesis of the compound according to Formula 1 is known from the literature, see for
instance, Horner and Oediger, “Phosphororganische Verbindungen, XVIII: Phosphinimino-
Verbindungen aus Phosphindihalogeniden und Primdren Aminen”, Liebigs Annalen der

Chemie 1959, v. 627, pp. 132-162.

Description of exemplary embodiments

In the following, exemplary embodiments are disclosed with reference to figures of a drawing.

The figures show:
Fig. 1 is a schematic diagram representing a stack of layers which forms a solar cell.

Fig. 2 is a schematic diagram representing a stack of layers of a solar cell comprising an

electron transport layer (ETL).
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Fig. 3 shows the IxV (current versus voltage) curves of a solar cell with and without

illumination.

According to Fig. 1, an organic solar cell comprises at least a substrate 10, an anode 11, a
light absorbing unit 12, and a cathode 13. The stack of layers can also be inverted, wherein
layer 11 would be the cathode, and layer 13 would be the anode. Additional light absorbing

units can be provided in the organic solar cell.

In one embodiment, the substrate 10 can be a transparent substrate, such as a glass, or
polymeric plate or web. The anode 11 can be a transparent conducting oxide, such as ITO,
FTO, AIZO. The cathode 13 can comprise aluminum or an aluminum alloy. At least one light
absorbing unit 12 can comprise a blend of a thiophene containing a polymer and a compound
according to Formula 1. Alternatively, the light absorbing unit 12 can comprise a blend of a
donor polymer, preferentially a thiophene containing a polymer, and an acceptor,
preferentially a fullerene or a soluble fullerene derivative. In this embodiment, a layer
comprising the compound according to Formula 1 (such as a doped electron transport layer)
or consisting of it (such as an electron extracting layer) is formed between the light absorbing

unit 12 and the cathode 13. Optionally, the layer structure can be inverted.

In an alternative embodiment, the anode 11 is not transparent and mainly comprises
aluminum or an aluminum alloy. The substrate 10 is not necessarily transparent. The cathode
13 comprises a transparent conducting oxide layer or a thin transparent metal layer having a

thickness of less than 30 nm.

Still in connection to Fig.1, in another embodiment, the substrate 10, the anode 11, and the
cathode 13 are transparent. In this embodiment, the overall device is semi-transparent,
because it does not have 100% absorption of the incident light for any wavelength in the

visible range of wavelengths.

Multiple stacked devices (e.g. tandem devices) can also be provided. In such devices, at least
one additional light absorbing unit is formed between the light absorbing unit 12 and the
cathode 13. Additional organic or inorganic layers may be formed to provide a suitable
electronic connection and optical optimization of the layer position. Preferentially, at least
parts of these functions are provided by layers comprising a compound according to the

Formula 1.
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Fig.2 shows a stack of layers representing an organic solar cell comprising a substrate 20, an
anode 21, a light absorbing unit 22 comprising an absorption layer, an organic electron
transport layer (ETL) 23, and a cathode 24. The stack of layers can also be inverted. The ETL
can be formed between the cathode 24 and the absorption layer 22. Additional light absorbing

units can be provided in the solar cell.

In one embodiment, the organic electron transport layer 23 can comprise as its main
component an electron transport material (ETM) as a matrix material and the compound
according to the Formula 1 as a dopant. The ETL 23 can have any thickness. Its thickness is
preferably smaller than 40 nm in the case that there is no additional absorption layer between

the light absorbing layer 22 and the cathode 24.

All embodiments as described in connection to Fig. 1 can also be applied for the solar cell

according to Fig. 2.

All figures are schematic representations of the layered structure of a solar cell. Some device
features are not shown such as electrical connections, encapsulation, optical structures which
are external to the electrodes, etc. The layer thicknesses are not drawn to scale. At least one of
the electrodes (anode and/or cathode) is transparent in the wavelength range in which the

device is active.

In another embodiment, the light absorbing unit 22 is a donor-acceptor bulk heterojunction,
e.g. a blend of donor-acceptor materials. The donor is preferentially formed by a strong
absorbing compound comprising a pyrrole or a thiophene group. The acceptor is
preferentially a Csg, Cgp, or Cyo fullerene or a soluble fullerene derivative. The ETL 23 can

comprise a compound according to the Formula 1 as a dopant.

In still another embodiment, the light absorbing unit 22 is a donor-acceptor bulk
heterojunction e.g. a blend of donor-acceptor materials. The donor is preferentially formed by
a strong absorbing compound comprising a pyrrole or a thiophene group. The acceptor can be

a compound according to Formula 1.

In the following table, preferred exemplary compounds according to Formula 1 are listed.
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In the following, further details of some exemplary compounds according to Formula 1 are

provided.
Compound 1: 1,4-bis(triphenylphosphinimine)-benzene

12.3 g (37.0 mmol) triphenylphosphine dichloride were dissolved in 80 ml benzene. 10 ml
triethylamine and 2.0 g (18.5 mmol) 1,4-phenylene diamine were added and the mixture was
heated for 2 days under reflux. After cooling, the suspension was filtered and the residue was

washed first with diluted sodium hydroxide solution and then with ethanol/water. 9.20 g (14.6
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mmol; 79%) yellow solid was obtained after drying in vacuum. The product was purified by

gradient sublimation for analytical characterisation.
Melting point (DSC): 272 °C

CV (DCM): -0.40 V vs. Fc (rev)

Compound 2: 1,2-bis(triphenylphosphinimine)-benzene

10.0 g (30.0 mmol) triphenylphosphine dichloride was dissolved in 100 ml toluene. 8.5 ml
triethylamine and 1.62 g (15.0 mmol) 1,2-phenylene diamine were added and the mixture was
heated for 2 days at 95°C. After cooling, the suspension was filtered and the residue was
washed with toluene. The residue was suspended in 2 M sodium hydroxide solution and
stirred for 5 minutes at 45°C. 4.73 g (7.5 mmol; 50%) bright yellow solid were obtained after
filtration and drying in vacuo. The product was purified by gradient sublimation for analytical

characterisation.

Melting point (DSC): 257 °C

CV (DCM): -0.29 V vs. Fc

Compound 3: 1,4-bis(triphenylphosphinimine)-2-methoxy-benzene
1. step: reduction of 2-methoxy-4-nitroaniline

3.0 g (17.8 mmol) of 2-methoxy-4-nitroaniline and 0.8 g palladium on charcoal (10%) were
added to 100 ml tetrahydrofurane. 8.7 ml (114.0 mmol) hydrazine monohydrate in 40 ml
tetrahydrofuran were cautiously added and the reaction mixture was stirred at 90 °C for 3
hours. After cooling, the suspension was filtered and washed with tetrahydrofurane. The
mother liquor was evaporated under reduced pressure to yield a gray residue. 2.44 g (17.7

mmol, 99%) product was stored under argon and used without further purification.
2. step: 1,4-bis(triphenylphosphinimine)-2-methoxy-benzene

3.71 g (11.2 mmol) triphenylphosphine dichloride was dissolved in 50 ml toluene. A
suspension of 3.1 ml (22.3 mmol) triethylamine and 0.77 g (5.6 mmol) 2-methoxy-1,4-
phenylene diamine in 50 ml toluene was added and the mixture was heated for 2 days at

95 °C. After cooling, the suspension was filtered, the residue washed with toluene, suspended
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in a 2 M sodium hydroxide solution, stirred for S minutes at 45 °C, filtered and washed with
water. 1.96 g (3.0 mmol; 53%) brown solid was obtained after filtration and drying in

vacuum.

Melting point (DSC): 206 °C

CV (DCM): -0.45 V vs. Fc (rev)

Compound 4: 1,4-bis(tritolylphosphinimine)-benzene

1. step: preparation of tris(4-methylphenyl)phosphine dichloride

11.70 g (49.3 mmol) hexachloroethane was added to a suspension of 15.0 g (49.3 mmol)
tris(4-methylphenyl)phosphine in 80 ml acetonitrile under argon atmosphere. The mixture
was stirred for 17 hours at 95 °C. After cooling, the solvent was removed under reduced
pressure and the residue washed with toluene and hexane. 9.83 g (26.2 mmol; 53%) white
solid were obtained after drying in high vacuum. The compound was used in the next

transformation without further purification.
2. step: 1,4-bis(tritoluylphosphinimine)-benzene

A solution of 5.8 ml (41.6 mmol) triethylamine in 10 ml dry toluene was added under argon at
5°C atmosphere to a mixture of 7.81 g (20.8 mmol) tris(4-methylphenyl)phosphine
dichloridel in 80 ml dry toluene. 1.12 g (10.4 mmol) 1,4-phenylene diamine was added. The
mixture was stirred at 110 °C for 1 hour. The yellow precipitate was filtered and washed with
toluene and hexane. The dried crude product was suspended in 2 M sodium hydroxide
solution and stirred for 5 minutes at 45 °C. 5.43 g (7.6 mmol; 73%) bright yellow solid was
obtained after filtration, washing with water and drying in vacuo. The product was purified by

gradient sublimation for analytical characterisation.

Melting point (DSC): 267 °C

CV (DCM): -0.46 V vs. Fc (rev)

Compound 5: 1,4-bis(tritoluylphosphinimine)-2-methoxy-benzene

1. step: preparation of tritoluylphosphine dichloride
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See above

2. step: reduction of 2-methoxy-4-nitroaniline

See above

3. step: 1,4-bis(tritoluylphosphinimine)-2-methoxy-benzene

2.0 g (5.3 mmol) tritoluylphosphine dichloride was dissolved in 10 ml toluene under argon. A
suspension of 1.5 ml (10.7 mmol) triethylamine and 0.37 g (2.7 mmol) 2-methoxy-1,4-
phenylene diamine in 15 ml toluene was added and the mixture was heated 18 hours at 90 °C.
After cooling, the suspension was filtered, the residue washed with toluene,suspended in a 2
molar sodium hydroxide solution and stirred for 5 minutes at 45°C, filtered and washed with

water. 0.43 g (0.6 mmol; 22%) yellow solid was obtained after filtration and drying in vacuo.
Melting point (DSC): 239 °C

CV (DCM): -0.51 V vs. Fc.

Compound 7: 1,2,4,5-tetra(triphenylphosphinimine)-benzene

49 ml (352 mmol) triethylamine and 0.50 g (1.8 mmol) tetraaminobenzene
tetrahydrochloride were suspended in 20 ml acetonitrile. 293 g (8.8 mmol)
triphenylphosphine dichloride were dissolved in 15 ml acetonitrile and added to the
suspension at 0 °C. The mixture was stirred at room temperature for 18 hours. The precipitate
was filtered off, suspended in 2 molar sodium hydroxide solution and stirred for 5 minutes at
45 °C. 0.74 g (0.6 mmol; 35%) red brown solid was obtained after filtration and drying in

vacuo.
Melting point (DSC): 283 °C

CV (DCM) =-1.02 V vs. Fc (rev.)

Compound 8: Tris(4-triphenylphospinimine phenyl) amine

1.72 g (5.4 mmol) triphenylphosphine dichloride was dissolved in 8 ml dichloromethane
under argon atmosphere. 1.8 ml (12.9 mmol) triethylamine in 2 ml dichloromethane was

slowly added to the solution. 0.50 g (1.7 mmol) tris(4-aminophenyl)amine was added and the
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mixture was stirred at room temperature for 4 days. The reaction was diluted with
dichloromethane and extracted with water. The organic phase was dried and the solvent
removed under reduce pressure. The residue was suspended in 2 molar sodium hydroxide
solution and stirred for 5 minutes at 45 °C. 1.50 g (1.4 mmol; 82%) solid was obtained after

filtration and drying in vacuo.

Melting point (DSC): 277 °C

CV (DMF): -0.39 V vs. Fe.

Compound 9: Tris(4-tritoluylphospinimine phenyl) amine
1. step: preparation of tritoluylphosphine dichloride

See above

2. step: tris(4-tritoluylphospinimine phenyl) amine

A solution of 3.8 ml (27.4 mmol) triethylamine in 10 ml dry toluene was added under argon
atmosphere at 5°C to a 3.82g (10.2 mmol) tris(4-methylphenyl)phosphine dichloride
dissolved in 40 ml toluene. 1.0 g (3.4 mmol) tris(4-aminophenyl)amine was added. The
mixture was stirred at 110 °C for 1 hour. The precipitate was filtered and washed with toluene
and hexane. The dried crude product was suspended in a 2 molar sodium hydroxide solution
and stirred for 5 minutes at 45 °C. 3.06 g (2.6 mmol; 75%) pale yellow solid was obtained

after filtration, washing with water and drying in vacuo.
Compound 11: 4,4’-bis(triphenylphosphinimine)-1,1’-biphenyl

4.15 g (12.5 mmol) triphenylphosphine dichloride was dissolved in 30 ml benzene. 3.4 ml
triethylamine and 1.15 g (6.3 mmol) benzidine were added. The mixture was stirred under
reflux for 3 hours. After cooling, the suspension was filtered and the yellow residue was
washed first with diluted sodium hydroxide solution and then with ethanol/water. 3.20 g (4.7
mmol; 73%) yellow solid was obtained after drying in vacuo. The product was purified by

gradient sublimation for analytical characterisation.
Melting point (DSC): 283 °C

CV (DCM): 0.0 V vs. Fc (rev.)
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Compound 18: 4,4”-bis(triphenylphosphinimine)-p-terphenyl

2.50 g (7.5 mmol) triphenylphosphine dichloride was dissolved in 50 ml toluene. 2.9 ml
triethylamine and 0.88 g (3.4 mmol) 4,4”-diamino-p-terphenyl were added and the mixture
was heated for 2 days at 95 °C. After cooling, the suspension was filtered and the residue was
washed first with diluted sodium hydroxide solution and then with water and acetonitrile. 2.06
g (2.6 mmol; 78%) pale-yellow solid was obtained after drying in vacuum. The product was

purified by gradient sublimation for analytical characterisation.

Melting point (DSC): 322 °C

CV (DCM): 0.22 V vs. Fc (rev)

Compound 19: N4,N4"-bis(tri-p-tolylphosphoranylidene)-[1,1':4',1"-terphenyl]-4,4"-diamine
1. step: preparation of tritolylphosphine dichloride

11.7 g ((49.3 mmol) hexachloroethane was added to a suspension of 15.0 g (49.3 mmol)
tris(4-methylphenyl)phosphine in 80 ml acetonitrile under argon atmosphere. The mixture
was stirred for 17 hours at 95°C. After cooling, 200 ml dry toluene were added and 50 ml
acetonitrile removed under reduced pressure. The precipitate was filtered and washed with 50
ml dry toluene and 50 ml dry hexane. 9.83 g (53%) white solid was obtained after drying in

high vacuum.

2. step preparation of N4,N4"-bis(tri-p-tolylphosphoranylidene)-[1,1":4',1"-terphenyl]-4,4"-

diamine

1.69 g (4.5 mmol) in 3.3 ml dichloromethane was added to a solution of 0.52 g (2 mmol)
tritolylphosphine dichloride in 5 ml toluene. After adding 1 g (10 mmol) triethylamine, the
mixture was stirred at reflux for 3 hours. The precipitate was filtered, dried, suspended in 2 M
sodium hydroxide solution and stirred for 5 minutes at 45°C. 0.93 g (1.1 mmol; 55 %) brown
solid was obtained after filtration, washing with water and drying in vacuo. The product was

purified by gradient sublimation for analytical characterisation.
Melting point: 314°C

CV (DCM): 0.18 V vs. Fc
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Compound 20: N4,N4"-bis(tris(4-methoxyphenyl)phosphoranylidene)-[1,1":4',1"-terphenyl]-

4.4"-diamine
1. step: preparation of 4,4"-diazido-1,1":4',1"-terphenyl

0.63 g (9.3 mmol) sodium nitrite in 5 ml water and 0.56 g (9.3 mmol) urea in 5 ml water were
added to a mixture of 1.2 g (4.5 mmol) [1,1":4',1"-terphenyl]-4,4"-diamine, 7.5 ml acetic acid
and 3.3 ml sulphuric acid at 0°C. After stirring for 1 hour, 0.64 g (9.8 mmol) sodium azide in
5 ml water was added slowly. The mixture was stirred 3 hours at room temperature and
poured on ice. The precipitate was filtrated, washed with water and dried in vacuo. The 1.3 g

(4.2 mmol, 93%) brown solid was used without further purification.

2. step: N4,N4"-bis(tris(4-methoxyphenyl)phosphoranylidene)-[1,1":4',1"-terphenyl]-4,4"-

diamine

To a solution of 0.66 g (2.1 mmol) 4,4"-diazido-1,1":4',1"-terphenyl in 15 ml toluene, 1.48 g
(4.2 mmol) tris(4-methoxyphenyl)phosphine in 5 ml toluene was added under argon
atmosphere. After 18 hours stirring at room temperature, the solvent was distilled off and the
residue washed with toluene. 1.70g (1.8 mmol) yellow powder was obtained after drying in

vacuo.
Melting point: 328°C
Compound 28: N1,N4-bis(tricyclohexylphosphoranylidene)benzene-1,4-diamine

8.1 g ((34.2 mmol) hexachloroethane was added to a suspension of 9.6 g (34.2 mmol)
tricyclohexylphosphine in 60 ml acetonitrile under argon atmosphere. The mixture was stirred
for 16 hours at 95°C. After cooling to room temperature, a solution of 1.7 g (15.5 mmol) para-
phenylene diamine and 11.5 ml (77.5 mmol) 2,3,4,6,7,8,9,10-octahydropyrimido[1,2-
aJazepine in 25 ml acetonitrile was added. The mixture was stirred at 95°C for 16 hours and
allowed to cool to room temperature. The precipitate was filtered, dried, suspended in 2 M
sodium hydroxide solution and stirred for 5 minutes at 45°C. 5 g (7.5 mmol; 49 %) brown
solid was obtained after filtration, washing with water and drying in vacuo. The product was

purified by gradient sublimation for analytical characterisation.

Melting point: 277°C
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CV (THF): -0.07 V vs. Fc
Compound 29: N1,N4-bis[tris(dimethylamino)phosphoranylidene]benzene-1,4-diamine

14.5 g ((61.0 mmol) hexachloroethane was added to a suspension of 10.0 g (61.0 mmol)
tris(dimethylamino)phosphine in 75 ml acetonitrile under argon atmosphere. The mixture was
stirred for 16 hours at 100°C. After cooling to room temperature, a solution of 3 g (27.7
mmol) para-phenylene diamine and 20.6 ml (138.5 mmol) 2,3,4,6,7,8,9,10-
octahydropyrimido[1,2-a]azepine (1,8-diazobicyclo[5,4,0] undec-7-ene) in 15 ml acetonitrile
was added. The mixture was stirred at 100°C for 16 hours and allowed to cool to room
temperature. The solvent was distilled off up to 20 ml, the precipitate was filtrated, dried,
suspended in 2 M sodium hydroxide solution and stirred for 5 minutes at 45°C. Extraction
with toluene and washing with ethylacetate and drying in vacuo gave 1.2 g (2.8 mmol; 10 %)

brown solid. The product was purified by gradient sublimation for analytical characterisation.
Melting point: 127°C

CV (DCM): -0.61 V vs. Fc

Compound 30: N1,N5-bis(triphenylphosphoranylidene)naphthalene-1,5-diamine

4.17 g (12.5 mmol) triphenylphosphine dichloride was dissolved in 30 ml benzene. 3.4 ml
triethylamine and 1.0 g (6.25 mmol) naphthalene-1,5-diamine were added and the mixture
was heated for 3 days at 80°C. After cooling, the suspension was filtered, the residue
suspended in 2 M sodium hydroxide solution and stirred for 5 minutes at 45°C. 2.18 g (3.21
mmol; 51%) yellow solid was obtained after filtration and drying in vacuo. The product was

purified by gradient sublimation for analytical characterisation.

Melting point: 257°C

CV (DCM): 0.26 V vs. Fc

Compound 31: N1,N4-bis(methyldiphenylphosphoranylidene)benzene-1,4-diamine

4.7 g ((20 mmol) hexachloroethane was added to a suspension of 4 g (20 mmol)
methyldiphenylphosphine in 25 ml acetonitrile under argon atmosphere. The mixture was
stirred for 2.5 hours at 95°C. After cooling to room temperature, a solution of 0.98 g (9.1

mmol) para-phenylene diamine and 63 ml (455 mmol) 2,3,4,6,7,89,10-
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octahydropyrimido[1,2-alazepine in 10 ml acetonitrile was added. The mixture was stirred at
95°C for 16 hours and allowed to cool to room temperature. The precipitate was filtered,
dried, suspended in 2 M sodium hydroxide solution and stirred for 5 minutes at 45°C. 1.2 g
(2.4 mmol; 26 %) brown solid was obtained after filtration, washing with water and drying in

vacuo. The product was purified by gradient sublimation for analytical characterisation.
Melting point: 225°C
CV (DCM): -0.23 V vs. Fc

The compounds proved to be effectively able to n-dope typical ETMs for OPVs. For example,
C60 doped with 10mol% of compound 1 showed a conductivity of 1.3 S/cm. C60 doped with
10mol% of compound 4 showed a conductivity of 4.6 S/cm. C60 doped with 10mol% of
compound 2 showed a conductivity of 2.1E-2 S/cm. C60 doped with 10mol% of compound
28 showed a conductivity of 2.1E-2 S/cm. C60 doped with 10mol% of compound 29 showed
a conductivity of 0.35 S/cm. C60 was used as a standard reference and it is clear that other
electron transport materials with similar electronic transport properties can also be doped. For
example, 2,2',2"-(S5H-diindeno[1,2-a:1',2'-c]fluorene-5,10,15-triylidene)trimalononitrile (ET1)
doped with 10 mol.% of compounds 28 and 29, respectively, showed each a conductivity of

more than 1E-4 S/cm which is sufficient, for instance, for OPV applications.

Device 1: A pn junction device was used to benchmark the new dopants according to Formula
1 with the strong donor Tetrakis (1,3,4,6,7,8 - Hexahydro - 2H — pyrimido [1,2-a] pyrimi-
dinato) ditungsten (II) (W(hpp)4). The pn-junction device was made on a glass substrate using
ITO as anode, a 50 nm p-doped HTL (hole transport layer), a 50 nm C60 layer doped with
one of the new dopants according to Formula 1 as ETL (electron transport layer), and an Al
cathode. The voltage necessary for a current density of 5 mA/cm? was 0.09 V for compound
1, 0.12 V for compound 2, and 0.03 V for compound 4. These values are surprisingly good
given the much lower donating strength than W(hpp)4 (HOMO << -1.0 V vs Fc), whichin a

comparative example required a voltage of 0.01 V for the same current density.

Device 2 (comparative): A state of the art organic solar cell was fabricated with the following
procedure. A patterned glass substrate coated with ITO was cleaned with standard procedure.
The substrate was loaded into the vacuum trough a glove box with nitrogen. In vacuum, the

organic layers were deposited with conventional VTE (vacuum thermal evaporation). First a
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40 nm thick 15 .% (molar) p-doped N4,N4,N4" N4"-tetra([1,1'-biphenyl]-4-yl)-[1,1":4',1"-
terphenyl]-4,4"-diamine (HT1) layer was deposited through a shadow mask over the ITO. A
10 nm undoped Boron subphthalocyanine chloride (SubPc) layer was deposited over the
doped HT1. A 25 nm undoped C60 layer followed. A 15 nm thick C60 layer doped (10 wt.%)
with the strong n-dopant W(hpp)4 was deposited on top of the undoped C60 layer. An Al
cathode was deposited on top. Under simulated solar spectra, the device showed the following

parameters: Voc = 1.06 V, Jsc = 4.83 mA/cm?, FF = 52.5%, efficiency of 2.7 %.

Device 3: An organic solar cell can be made with the same layer structure as device 2 except
that compound 4 was used instead of W(hpp)4. Under identical conditions, the device
typically shows increased performance with a short circuit current of 4.93 mA/cm?, a FF of
54.9 % and an open circuit voltage of 1.08 V with an overall power efficiency of 2.91%. The

IxV curves of the device with and without illumination are shown in Fig. 3.

Tandem organic solar cells comprising the new compound according to Formula 1 as dopants
show higher power conversion efficiency than a comparative device, which were identical
except for the n-dopant (W(hpp)4). Power conversion efficiency up to 3.9% could be
achieved, while the best comparative tandem solar cell had 3.7%. A replacement of C60 by
ET1 in the 5 nm thick ETL of the pn junction, further improved the efficiency to 4.2%. That
shows that the use of the new compound according to Formula 1 as dopant in electron
transport layers which are connected to or part of a pn junction further improves organic

electronic devices, especially organic solar cells.

The features of the invention disclosed in the above specification, the claims and the drawing
may be important individually as well as in any combination for the implementation of the

invention in its various embodiments.
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Claims
1. Electronic device comprising a compound according to formula 1
A-B (1):
wherein
RI
N=—7=p R?
B= Ar! Ar? \Ra
y
R4,
Bl
A= H, N ~_ or B3
B2

and wherein

- Ar' is a C6-C18 arylene, which can be monocyclic or polycyclic and may be optionally
substituted by one or more C;-Cg-alkyl or C3-C;o-cycloalkyl groups,

- Ar’ is a C6-C18 arene skeleton, optionally substituted with electron donating groups R*,

- B! and B? are independently selected from B and Ar?,

-B’is independently selected from the same group as B

-R,R%, R are independently selected from alkyl, arylalkyl, cycloalkyl, aryl, dialkylamino,

- x is selected from 0, 1, 2 and 3, wherein for x > 1 each Ar' may be different,

- y is a non-zero integer up to the overall count of valence sites on the arene skeleton,

- zis a integer from zero up to the overall count of valence sites on the arene skeleton minus y.

2. Electronic device according to claim 1, wherein any of R', R% R} is independently
selected from

straight or branched, saturated or unsaturated C1-C24 alkyl,

saturated or unsaturated C3-C24 cycloalkyl or alkyl comprising at least one cyclic structure,
wherein up to four ether linkages can be included within any of the above mentioned alkyl or
cycloalkyl structure with a provision that oxygen atoms are in any case separated by at least

two carbon atoms,
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C6-C24 aryl, wherein the overall count of carbon atoms includes also any possible substitution

by a single substituent or more substituents selected from saturated or unsaturated, straight or
branched alkyl or cycloalkyl, aryl, arylalkyl or alkylaryl groups and within this substitution up
to three alkyl groups can be attached to the arene core by an ether linkage or up to six alkyl

groups can be attached through a disubstituted nitrogen atom,

C7-C25 arylalkyl, wherein the overall C atom count includes also a possible substitution on the

arene ring or rings and within this substitution up to three alkyl groups can be attached to the
arene ring or rings through an ether linkage or up to six alkyl groups through a disubstituted

nitrogen atom,

C2-C24 dialkylamino, wherein the alkyl groups may be the same or different, straight or

branched, may include also alicyclic or aromatic structures or be unsaturated with a provision
that the carbon atom bearing a double or triple bond is not adjacent to nitrogen, the two alkyls
in the dialkylamino group may be so linked that they form a cycle comprising the nitrogen
atom and up to four ether linkages can be included between methylene groups of the
dialkylamino group, and with a provision that in any case the nitrogen and/or oxygen atoms

are separated by at least two carbon atoms,

or two groups selected from R'-R? may be linked so that they form a cyclic structure including

3.

5.

the phosphorus atom.

Electronic device according to claim 2, wherein any of R', R2, R is independently selected
from C1-C4 alkyl, C3-C10 cycloalkyl, C7-C10 arylalkyl, C6-C14 aryl, and C2-C12

dialkylamino.
Electronic device according to any of claims 1-3, wherein each R* is independently selected
from alkyl and alkoxy, aryl and aryloxy having overall count of carbon atoms in the range

Cl1-C22.

Electronic device according to any of claims 1-4, wherein

- Ar? is a benzene or naphthalene skeleton,

- Ar' is phenylene, or x =0

y is selected from 1, 2, 3 and 4 if Ar? is benzene, or from 1, 2, 3, 4, 5 and 6 if Ar? is

naphthalene,

- z is selected from 0 and 1 if Ar? is benzene, or from 0, 1 and 2 if Ar?is naphthalene.



WO 2012/175219 PCT/EP2012/002647
29

6. Electronic device according to claim 5, wherein
- Ar’ is a benzene skeleton

- Arlis 1,4-phenylene or x = 0.

7. Electronic device according to any of claims 1-6, wherein each R* is independently selected
from methyl, methoxy, ethyl, ethoxy, propyl, propoxy, isopropyl, isopropoxy, butyl,
butoxy, tert-butyl, tert.-butoxy, cyclohexyl, benzyl, and benzyloxy, or each of R'-R? is
independently selected from methyl, isopropyl, tert.-butyl, cyclohexyl, phenyl, tolyl, xylyl,
mesityl, naphthyl, anthryl, phenanthryl, 1,1°-biphenyl-yl, 1,3-diisopropylphenyl, benzyl, 4-

methoxybenzyl, and dimethylamino.

8.  Electronic device according to any of claims 1-7 having a layered structure comprising

several layers.

9.  Electronic device according to claim 8, wherein the layer comprising the compound of

Formula 1 is an electron transport layer.

10. Electronic device according to claim 8 or 9, wherein the layer comprising the compound of

Formula 1 has a thickness of less than 5 nm.

11. Electronic device according to any of the claims 8 to 10, wherein the layer comprising the

compound of Formula 1 is in direct contact to an electrode, preferably a cathode.

12. Electronic device according to any of the claims 8 to 11, wherein a layer comprising the

compound of Formula 1 is in direct contact to an electron transport layer.

13. Electronic device according to any of the claims 8 to 12, wherein the layer comprising the

compound of Formula 1 is part of a connecting unit.

14. Electronic device according to at least one of the preceding claims, wherein the device is a

solar cell.

15. Compound according to formula
A-B,
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wherein
RI
N—/—p R2
B= Ar! AR \R3
\ y
R4,
BI
A= H, N ~_ , or B3
BZ
wherein

- Ar? is a C6-C18 arene skeleton, optionally substituted with electron donating groups R*,
- Ar' is a C6-C18 arylene, which can be monocyclic or polycyclic and may be optionally
substituted by one or more C;-C)g.alkyl or C3-Cjg.cycloalky!l groups,
- R'is selected from alkyl and alkoxy,
- R', R%, R? are independently selected from alkyl, arylalkyl, cycloalkyl, aryl,
dialkylamino,
- B! and B? are independently selected from B and Ar,
- B? is independently selected from the same group as B
- x is selected from 0, 1, 2 and 3, wherein for x > 1 each Ar' may be different,
- y is a non-zero integer up to the overall count of valence sites on the arene skeleton,
- z is a integer from zero up to the overall count of valence sites on the arene skeleton minus y
and wherein the following conditions apply:
ifA=Hand x=0,theny=1 or 2, and
if A =B and x = 0, then the sum of all y is at least 3.
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