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Description

Technical Field

[0001] The present invention relates to photoelectric conversion devices.

Background Art

[0002] Recently, global warming caused by burning fossil fuel and increase in energy demand associated with popu-
lation growth have been serious problems influencing existence of human being. Needless to say, sunlight has fostered
terrestrial environment and supplied energy to all the living things including human being since ancient times. Thus,
recently it has been considered to utilize sunlight as an energy source that is infinitely available and clean without
emission of any harmful substances. In particular, attention has been paid to photoelectric devices converting light energy
to electric energy, so-called solar cells, as a powerful technology.
[0003] As materials for generating electromotive force in solar cells, there have been used silicon in a single crystalline,
polycrystalline, or amorphous form and inorganic semiconductors composed of compounds such as CuInSe, GaAs and
CdS. Solar cells using these inorganic semiconductors attain relatively high energy conversion efficiencies, 10% to 20%
and therefore they are widely utilised as remote power supplies and auxiliary power supplies in portable small-sized
electronic apparatuses. In light of the purpose mentioned in the begining, namely, for preventing damage to the global
environment by reducing consumtion of fossil fuel, however, solar cells using inorganic semiconductors cannot be
regarded to be sufficiently effective at the present stage. This is because such solar cells using inorganic semiconductors
are produced by a plasma-assisted CVD method or a high-temperature crystal growth process, which means that a
large quantity of energy is required to produce the devices. Further, such devices contain Cd, As, Se or the like, which
possibly have harmful effects on the environment, causing possibility of environmental damages on disposal of the
devices.
[0004] There have been proposed organic solar cells in which organic semiconductors are used as photovoltaic
materials capable of improving the above issue. Organic semiconductors have excellent characteristics: a wide variety
of materials are available; toxicity is low; production cost cutting is possible due to high workability and productivity; and
they can be readily flexibilized due to the flexing nature; and others. For this reason, organic solar cells have been
actively studied toward commercialization.
[0005] Organic solar cells are largely classified into semiconductor type and dye-sensitized type. The semiconductor
type is classified into two classes, Schottky barrier type and pn junction type, according to the mechanism in dissociation
of photo-generated charged pairs. Schottky barrier solar cells utilize internal electric field due to Schottky barrier induced
in a junction plane between an organic semiconductor and a metal (see Non-patent Document 1). While such Schottky
barrier solar cells can attain relatively high open-circuit voltage (Voc), they have a drawback that the photoelectric
conversion efficiencies tend to decrease with an increase in irradiation light intensity. Further, production of Schottky
barrier solar cells is generally rather difficult since thin films are required to be formed by various kinds of vapor deposition
methods.
[0006] The pn junction solar cell, which utilizes internal electric field generated in a junction plane between a p-type
semiconductor and an n-type semiconductor, include organic/organic pn junction type, in which organic materials are
used for the both semiconductors, organic/inorganic pn junction type, in which an inorganic material is used for either
of the semiconductors, and others. The conversion efficiencies of such pn junction solar cells are relatively high but not
sufficient (see Non-patent Document 2). In many cases, it is also required to form films by vapor deposition methods as
in the case of Schottky barrier solar cells, which impedes improvement of productivity.
[0007] On the other hand, in 1991, Gratzel et al. in Switzerland reported a dye-sensitized solar cell using a thin film
of porous titanium dioxide with large surface area containing ruthenium hipyridinecarboxylic acid dye adsorbed on a
surface thereof as an electrode, and this report attracted great attention (see Non-patent Document 3). However, a
problem was pointed out for the use of an electrolytic solution and iodine, and commercialization has been hard to
progress. Solidification of the electrolytic solution component could evidently make a significant advance toward com-
mercialization. Although various methods have been tried for the solidification, the photoelectric conversion efficiencies
of such systems are still lower than those of wet-type solar cells using electrolytic solutions. For example, conductive
polymers such as polyaniline, polypyrrole, polythiophene, and the like, have been examined, but the conversion efficiency
is low in any case (see Non-patent Document 4). For such a solidification method of replacing the electrolytic solution
component by a p-type semiconductor layer working as a hole-transporting layer, there may be pointed out structural
similarity to a pn junction solar cell except that the n-type semiconductor electrode is a porous material and that an
organic dye layer is provided.
[0008] Furthermore, it is known that organic semiconducting compounds considered to be valuable for solar cells
exhibit different properties, for example, photoelectric characteristics (electromotive characteristics), depending on crystal



EP 1 763 087 B1

4

5

10

15

20

25

30

35

40

45

50

55

forms, and that only specific crystal forms exhibit excellent photoelectric characteristics. To selectively generate a crystal
form in a film forming step by a vapor deposition method, improvement has been attempted by controlling the substrate
temperature, but it is difficult to obtain a semiconductor layer in the desired crystal form having good photoelectric
characteristics.
[0009] US 6,690,029 B1 describes substituted pentacenes and electronic devices made with substituted pentacenes.
[0010] G.K. Senadeera, et al., Solar Energy Mater. & Solar Cells 73 (2002) 103-108 describe a solid-state dye-
sensitized photocell based on pentacene as a hole collector.
[0011] WO 03/016599 A1 describes an organic semiconductor element.
[0012]

Non-patent Document 1: R. O. Loutfy et al., J. Chem. Phys. (1979), Vol. 71, p. 1211
Non-patent Document 2: C. W. Tang, Appl. Phys. Lett. 48 (2), 13 January 1986, p. 183
Non-patent Document 3: B. Oregan, M. Gratzel, Nature, Vol. 353, p. 737 (1991)
Non-patent Document 4: K. Murakoshi, R. Kogure, Y. Wada, and S. Yanagida, Chemistry Letters, 1997, p. 471

Disclosure of the Invention

[0013] An object of the present invention is to provide photoelectric conversion devices using materials for photoelectric
conversion devices that have good workability and productivity and low toxicity, can be easily flexibilized, and have high
photoelectric conversion efficiencies.
[0014] The present inventors, as the result of their earnest studies on photoelectric conversion devices, have found
using polyacene derivatives for photoelectric conversion devices and completed the present invention.
[0015] That is, a material for photoelectric conversion devices composed of a polyacene derivative is represented by
general formula (I) below:

[0016] In the formula, R1, R2, R3, R4, R5, R6, R7, and R8 are independent from each other, either the same or different,
and each represents a hydrogen atom, a halogen atom, an optionally substituted hydrocarbon group having 1 to 40
carbon atoms, an optionally substituted alkoxy group having 1 to 40 carbon atoms, an optionally substituted aryloxy
group having 6 to 40 carbon atoms, an optionally substituted amino group, a hydroxyl group, or an optionally substituted
silyl group;
[0017] A1, A2, A3, and A4 are independent from each other, either the same or different, and each represents a hydrogen
atom, a halogen atom, an optionally substituted hydrocarbon group having 1 to 40 carbon atoms, an optionally substituted
alkoxy group having 1 to 40 carbon atoms, an optionally substituted aryloxy group having 6 to 40 carbon atoms; an
optionally substituted alkylaryloxy group having 7 to 40 carbon atoms, an optionally substituted alkoxycarbonyl group
having 2 to 40 carbon atoms, an optionally substituted aryloxycarbonyl group having 7 to 40 carbon atoms; a cyano
group (-CN), a carbamoyl group (-C(=O)NH2), a haloformyl group (-C(=O) -X, wherein X represents a halogen atom), a
formyl group (-C(=O)-H), an isocyano group, an isocyanato group; a thiocyanato group; or a thioisocyanato group; or in
each of the pair A1 and A2 and the pair A3 and A4, the groups may link to each other to form a ring represented by
-C(=O)-B-C(=O)- (wherein B is an oxygen atom or a group represented by -N(B’)-, and B1 is a hydrogen atom, a
hydrocarbon group having 1 to 40 carbon atoms or a halogen atom); or A3 and A4 may link to each other to form a
saturated or unsaturated ring having 4 to 40 carbon atoms, and the saturated or unsaturated ring may be interrupted by
an oxygen atom, a sulfur atom, or a group represented by -N(R")-(wherein R" is a hydrogen atom or a hydrocarbon
group) and may have a substituent(s); and
[0018] n is an integer of 1 or more].
[0019] A particularly preferred material for photoelectric conversion devices is a material for photoelectric conversion
devices composed of a polyacene derivative represented by general formula (I) wherein at least one of R1, R2, R3, R4,
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R5, R6, R7, R8, A1, A2, A3, and A4 is not a hydrogen atom.
[0020] The present invention provides a photoelectric conversion device of a pn junction type, comprising: a p-type
organic semiconductor layer and an n-type organic semiconductor layer disposed between two electrodes, at least one
of which is light-t-ransmitting, wherein
the n-type organic semiconductor layer contains an n-type organic semiconducting compound composed of a polyacene
derivative represented by general formula (I) below, wherein any one of A1, A2, A3, and A4 contains an electron-with-
drawing functional group, and
the p-type organic semiconductor layer contains a p-type organic semiconducting compound of a polyacene derivative
represented by general formula (I) below:

wherein R1, R2, R3, R4, R5, R6, R7, and R8 are independent from each other, either the same or different, and each
represents a hydrogen atom, a halogen atom, an optionally substituted hydrocarbon group having 1 to 40 carbon atoms,
an optionally substituted alkoxy group having 1 to 40 carbon atoms, an optionally substituted aryloxy group having 6 to
40 carbon atoms, an optionally substituted amino group, a hydroxyl group, or an optionally substituted silyl group;
[0021] A1, A2, A3, and A4 are independent from each other, either the same or different, and each represents a hydrogen
atom, a halogen atom, an optionally substituted hydrocarbon group having 1 to 40 carbon atoms, an optionally substituted
alkoxy group having 1 to 40 carbon atoms, an optionally substituted aryloxy group having 6 to 40 carbon atoms, an
optionally substituted alkylaryloxy group having 7 to 40 carbon atoms, an optionally substituted alkoxycarbonyl group
having 2 to 40 carbon atoms, an optionally substituted aryloxycarbonyl group having 7 to 40 carbon atoms, a cyano
group (-CN), a carbamoyl group (-C(=O)NH2), a haloformyl group (-C(=O)-X, wherein X represents a halogen atom), a
formyl group (-C(=O)-H), an isocyano group, an isocyanato group, a thiocyanato group, or a thioisocyanato group; or
for each of the pair A1 and A2 and the pair A3 and A4, the groups may link to each other to form a ring represented by
-C(=O)-B-C(=O)-, wherein B is an oxygen atom or a group represented by -N(B1)-, B1 being a hydrogen atom, a hydro-
carbon group having 1 to 40 carbon atoms or a halogen atom; and A3 and A4 may link to each other to form a saturated
or unsaturated ring having 4 to 40 carbon atoms, the saturated or unsaturated ring being optionally interrupted by an
oxygen atom, a sulfur atom, or a group represented by -N(R11)-, wherein R11 is a hydrogen atom or a hydrocarbon
group, the saturated or unsaturated ring optionally having a substituent(s); and
[0022] n is an integer of 1 or more.
[0023] The present invention also provides a preferred embodiment of a photoelectric conversion device of a pn
junction type of the present invention, wherein the n-type organic semiconducting compound is one selected from the
compounds (4), (5), and (6) below:
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and wherein the p-type organic semiconducting compound is one selected from the compounds (1), (2), (3), and (7) below:

[0024] The present invention also provides a specially preferred embodiment of a photoelectric conversion device of
a pn junction type of the present invention, wherein the n-type organic semiconducting compound is compound (5) and
wherein the p-type organic semiconducting compound is compound (2).

Best Mode for Carrying out the Invention

[0025] Hereinafter, detailed explanation will be given on the materials for photoelectric conversion devices and the
photoelectric conversion devices of the present invention.
[0026] The material for photoelectric conversion devices is a polyacene derivative represented by general formula (I)
above.
[0027] In general formula (I), the halogen atom represented by R1, R2, R3, R4, R5, R6, R7, or R8 includes a fluorine
atom, a chlorine atom, a bromine atom, and an iodine atom.
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[0028] In general formula (I), the hydrocarbon group having 1 to 40 carbon atoms (hereinafter represented as "C1-C40
hydrocarbon group"; the other groups are also represented similarly) represented by R1, R2, R3, R4, R5, R6, R7, or R8

may be either a saturated or unsaturated acyclic group or a saturated or unsaturated cyclic group. When the C1-C40
hydrocarbon group is acyclic, it may be either linear chain or branched. The C1-C40 hydrocarbon group includes a C1-C40
alkyl group, a C2-C40 alkenyl group, a C2-C40 alkynyl group, a C3-C40 allyl group, a C4-C40 alkadienyl group, a C4-C40
polyenyl group, a C6-C18 aryl group, a C6-C40 alkylaryl group, a C6-C40 aralkyl group, a C4-C40 cycloalkyl group, a C4-C40
cycloalkenyl group, and the like.
[0029] The C1-C40 alkyl group, the C2-C40 alkenyl group, the C2-C40 alkynyl group, the C3-C40 allyl group, the C4-C40
alkadienyl group, and the C4-C40 polyenyl group are preferably a C1-C20 alkyl group, a C2-C20 alkenyl group, a C2-C20
alkynyl group, a C3-C20 allyl group, a C4-C20 alkadienyl group, and a C4-C20 polyenyl group, respectively; and more
preferably a C1-C10 alkyl group, a C2-C10 alkenyl group, a C2-C10 alkynyl group, a C3-C10 allyl group, a C4-C10 alkadienyl
group, and a C4-C10 polyenyl group, respectively.
[0030] The C1-C40 hydrocarbon group may have a substituent(s).
[0031] As preferred examples of the optionally substituted C1-C40 hydrocarbon group, there may be mentioned, but
not limited to, methyl, ethyl, propyl, n-butyl, t-butyl, dodecanyl, trifluoromethyl, perfluoro-n-butyl, 2,2,2-trifluoroethyl,
benzyl, 2-phenoxyethyl, phenyl, 2-tolyl, 3-tolyl, 4-tolyl, naphthyl, biphenyl, 4-phenoxyphenyl, 4-fluorophenyl, 3-car-
bomethoxyphenyl, 4-carbomethoxyphenyl, and the like.
[0032] In general formula (I), as preferred examples of the optionally substituted C1-C40 alkoxy group represented by
R1, R2, R3, R4, R5, R6, R7, or R8, there may be mentioned, but not limited to, methoxy, ethoxy, 2-methyoethoxy, t-butoxy,
and the like.
[0033] In general formula (I), as preferred examples of the optionally substituted C6-C40 aryloxy group represented
by R1, R2, R3, R4, R5, R6, R7, or R8, there may be mentioned, but not limited to, phenoxy, naphthoxy, phenylphenoxy,
4-methylphenoxy, and the like.
[0034] In general formula (I), as preferred examples of the optionally substituted amino group represented by R1, R2,
R3, R4, R5, R6, R7, or R8, there may be mentioned, but not limited to, amino, dimethylamino, methylamino, methylphe-
nylamino, phenylamino, and the like.
[0035] In general formula (I), as the optionally substituted silyl group represented by R1, R2, R3, R4, R5, R6, R7, or R8,
there may be mentioned, but not limited to, a group represented by -Si(R12)(R13)(R14) [wherein R12, R13, and R14 are
independent from each other and the same or different, and each represent an optionally halogenated C1-C40 alkyl
group, an optionally halogenated C6-C40 aralkyl group, an optionally halogenated C1-C40 alkoxy group, or an optionally
halogenated C6-C40 aralkyloxy group], and the like.
[0036] As preferred examples of the optionally substituted silyl group, there may be mentioned, but not limited to,
trimethylsilyl, triethylsilyl, trimethoxysilyl, triethoxysilyl, diphenylmethylsilyl, triphenylsilyl, triphenoxysilyl, dimethylmeth-
oxysilyl, dimethylphenoxy silyl, methylmethoxyphenyl, and the like.
[0037] As the substituents that can be introduced to the C1-C40 hydrocarbon group, the C1-C40 alkoxy group, the
C6-C40 aryloxy group, the amino group, or the silyl group, there may be mentioned, for example, a halogen atom, a
hydroxyl group, an amino group, and the like.
[0038] The halogen atom as the above substituent includes a fluorine atom, a chlorine atom, a bromine atom, and an
iodine atom. When hydrogen atom(s) in the C1-C40 hydrocarbon group, the C1-C40 alkoxy group, the C6-C40 aryloxy
group or the like is (are) substituted with a fluorine atom(s), the solubility of the polyacene derivative increases, and
hence such a case is preferred.
[0039] In general formula (I), as the "halogen atom, optionally substituted C1-C40 hydrocarbon group, optionally sub-
stituted C1-C40 alkoxy group, and optionally substituted C6-C40 aryloxy group" represented by A1, A2, A3, or A4, there
may be mentioned atoms or groups similar to the "halogen atom, optionally substituted C1-C40 hydrocarbon group,
optionally substituted C1-C40 alkoxy group, and optionally substituted C6-C40 aryloxy group" represented by R1, R2, R3,
R4, R5, R6, R7, or R8 described above.
[0040] In general formula (I), as preferred example of the optionally substituted C7-C40 alkylaryloxy group represented
by A1, A2, A3, or A4, there may be mentioned, but not limited to, 4-methylphenoxy, 4-octylphenoxy, 4-dodecylphenoxy,
4-octadecylphenoxy, and the like.
[0041] In general formula (I), as preferred example of the optionally substituted C2-C40 alkoxycarbonyl group repre-
sented by A1, A2, A3, or A4, there may be mentioned, but not limited to, methoxycarbonyl, ethoxycarbonyl, and the like.
[0042] In general formula (I), as preferred example of the optionally substituted C7-C40 aryloxycarbonyl group repre-
sented by A1, A2, A3, or A4, there may be mentioned, but not limited to, phenoxycarbonyl, 4-methylphenoxycarbonyl,
and the like.
[0043] In general formula (I), the cyano group (-CN), carbamoyl group (-C(=O)NH2), haloformyl group (-C(=O) -X,
wherein X represents a halogen atom), formyl group (-C(=O)-H), isocyano group, isocyanato group, thiocyanato group
or isothiocyanato group represented by A1, A2, A3, or A4 can be transformed, for example, from an alkoxycarbonyl group
by usual methods in organic chemistry. Further, the carbamoyl group (-C(=O)NH2), haloformyl group (-C(=O) -X, wherein
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X represents a halogen atom), formyl group (-C(=O)-H), or the like is interconvertible with a cyano group or an alkoxy-
carbonyl group by usual methods in organic chemistry.
[0044] In general formula (I), in each of the pair A1 and A2 and the pair A3 and A4, the groups may link to each other
to form a ring represent by -C(=O)-B-C(=O)- (wherein B is an oxygen atom or a group represented by -N(B1)-, and B1

is a hydrogen atom, a C1-C40 hydrocarbon group or a halogen atom).
[0045] For example, when A1, A2, A3, and A4 in general formula (I) are alkoxycarbonyl groups, they can be transformed
into carboxyl groups by usual methods in organic chemistry, and two adjacent carboxyl groups can be transformed into
a carboxylic anhydride, that is, a ring represented by -C(=O)-O-C(=O)-, through dehydration. Further, the carboxylic
anhydride can be transformed into an imide, a ring represented by -C(=O)-N(B1)-C(=O)-, (wherein B1 has the above
meaning) by usual methods in organic chemistry.
[0046] Alternatively, A3 and A4 in general formula (I) may link to each other to form a C4-C40 saturated or unsaturated
ring. The unsaturated ring may be an aromatic ring such as a benzene ring. The ring formed by linking of A3 and A4 is
preferably a 4- to 16-membered ring, and further preferably 4- to 12-membered ring. This ring may be either an aromatic
ring or an alicyclic ring, and may be substituted with a C1-C20 hydrocarbon group, a C1-C20 alkoxy group, a C6-C20
aryloxy group, an amino group, a hydroxyl group, a silyl group, or the like.
[0047] The saturated or unsaturated ring may be interrupted by an oxygen atom, a sulfur atom, or a group represented
by -N(R11)- (wherein R" is a hydrogen atom or a hydrocarbon group). R" is preferably a hydrogen atom or a C1-C6 alkyl
group, and further preferably a hydrogen atom or a C1-C4 alkyl group.
[0048] In general formula (I), n is an integer of 1 or more. Particularly in terms of the stability of the compound and the
lifetime of the photoelectric conversion device, n is preferably 1 or 2. When n is 1 or 2, the polyacene derivative is
tetracyclic or pentacyclic, that is, a naphthacene derivative or a pentacene derivative, respectively.
[0049] In conventional fused polycyclic aromatic compounds, the solubility tends to decrease with increase in the
number of aromatic rings in said compounds. However, according to the production method described later, even if the
number of aromatic rings in fused polycyclic aromatic compounds increases, solubility can be maintained by introducing
various appropriate substituents. Accordingly, n is not restricted to 1 or 2 and may be an integer of 3 or more, 4 or more,
or 5 or more. For example, a polyacene derivative with seven condensed benzene rings (which corresponds to n of 4)
can be easily obtained.
[0050] Unsubstituted pentacene is known to have the highest carrier mobility among currently known organic com-
pounds and is intensively studied. However, because this compound is not soluble in solvents, a vacuum vapor deposition
method is typically used for forming thin films, and a wet process such as spin coating cannot be employed. Among the
polyacene derivatives of the present invention represented by general formula (I), compounds wherein "at least one of
R1, R2, R3, R4, R5, R6, R7, R8, A1, A2, A3 and A4 is not a hydrogen atom" can be easily designed so as to be soluble in
solvents, and therefore can be formed into a thin film by spin coating or the like, resulting in a substantial improvement
in workability and productivity as compared with a case where vacuum vapor deposition is used. In addition, the crystal
form in the thin film can be controlled in a self-organizing manner by selecting the intramolecular and the intermolecular
interactions, the type of solvent, and the like.
[0051] As a method for producing the polyacene derivatives represented by general formula (I), which are materials
for photoelectric conversion devices, there may be mentioned, for example, a method in which a fused-ring hydrocarbon
represented by formula (II) below is aromatized in the presence of a dehydrogenating agent to obtain the polyacene
derivative represented by general formula (I).

[0052] [In the formula, R1, R2, R3, R4, R5, R6, R7, R8, A1, A2, A3, A4, and n have the above-described meanings. The
bond represented by the following symbol represents a single bond or a double bond.]
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[0053] The fused-ring hydrocarbon represented by formula (II) includes, for example, fused-ring hydrocarbons repre-
sented by formulae (IIa), (IIb), and (IIc) below according to the types of the bonds.

[0054] [In formulae (IIa), (IIb), and (IIc), R1, R2, R3, R4, R5, R6, R7, R8, A1, A2, A3, A4, and n have the above-described
meanings. R5a and R5b each have the same meaning as R5. R6a and R6b each have the same meaning as R6.]
[0055] When the fused-ring hydrocarbon represented by formula (II) is a fused-ring hydrocarbon represented by
formula (IIb) with n of an odd number, k in formula (IIb) is an integer represented by (n+1)/2. When the fused-ring
hydrocarbon represented by formula (II) is a fused-ring hydrocarbon represented by formula (IIc) with n of an even
number, m in formula (IIc) is an integer represented by n/2.
[0056] In the case of a fused-ring hydrocarbon represented by formula (IIa), one ring is to be aromatized, while in the
case of a fused-ring hydrocarbon represented by formula (IIb) or (IIc), two or more rings are to be aromatized.
[0057] Note that the fused-ring hydrocarbon represented by formula (II) includes a case in which a repeating unit
containing an aromatic ring and a repeating unit containing a nonaromatic ring are randomly repeated.
[0058] In the method for producing the polyacene derivative represented by general formula (I), it is preferred that the
dehydrogenating agent be a combination of a lithiating agent and a de-lithiating agent and that the lithiating agent be
first added to the above fused-ring hydrocarbon and subsequently the de-lithiating agent be added.
[0059] For this scheme, cases of fused-ring hydrocarbons represented by formulae (IIa), (IIb) and (IIc) will be shown
below as examples.
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[0060] [In the formula, R1, R2, R3, R4, R5, R6, R7, R8, A1, A2, A3, A4, and n have the above-described meanings. D1

is a nucleophilic group such as a C1-C6 alkyl group. D2 is a C1-C20 hydrocarbon group such as a C1-C6 alkyl group. Z1

is a leaving group such as a halogen atom.]
[0061] In this case, R3 and R8 in formula (IIa) are preferably hydrogen atoms in terms of ease in the synthesis of the
polyacene derivative.

[In the formula, R1, R2, R3, R4, R5, R6, R7, R8, A1, A2, A3, A4, and k have the above-described meanings. D1 is a 
nucleophilic group such as a C1-C6 alkyl group. D2 is a C1-C20 hydrocarbon group such as a C1-C6 alkyl group. Z1 is a 
leaving group such as a halogen atom.]

[0062] In this case, R3, R5, R6, and R8 in formula (IIb) are preferably hydrogen atoms in terms of ease in the synthesis
of the polyacene derivative.
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[In the formula, R1, R2, R3, R4, R5a, R5b, R6a, R6b, R7, R8, A1, A2, A3, A4, and m have the above-described meanings. 
D1 is a nucleophilic group such as a C1-C6 alkyl group. D2 is a C1-C20 hydrocarbon group such as a C1-C6 alkyl group. 
Z1 is a leaving group such as a halogen atom.]

[0063] In this case, R3, R5a, R6a, and R8 in formula (IIc) are preferably hydrogen atoms in terms of ease in the synthesis
of the polyacene derivative.
[0064] In the above schemes, for convenience in clearly showing the carbon atoms on which lithiating agent (IV)
represented by Li-D1 acts, a fused-ring hydrocarbon represented by formula (IIa), (IIb), or (IIc) is used. Needless to say,
the combination of a lithiating agent and a de-lithiating agent can be widely applied to the fused-ring hydrocarbons
represented by formula (II) as a dehydrogenating agent.
[0065] Reaction of the fused-ring hydrocarbon represented by formula (IIa), (IIb), or (IIc) with lithiating agent (IV) yields
a lithiated fused-ring hydrocarbon represented by formula (Va), (Vb), or (Vc), respectively. As lithiating agent (IV), a
C1-C20 lithiohydrocarbon such as an alkyllithium and an aryllithium is used preferably. For example, a C1-C6 alkyllithium
such as butyllthium and a C6-C20aryllithium such as phenyllthium are suitably used.
[0066] It is preferred to use an activating agent for lithiating agents together with lithiating agent (IV). The activating
agent is preferably a tertiary amine; for example, N,N,N’,N’-tetraalkylalkylenediamine such as N,N,N’,N’-tetramethyleth-
ylenediamine (TMEDA) is used. An alkyllithium is considered to exist as an oligomer such as a tetramer in solution, and
when a tertiary amine co-exists, it is considered the nitrogen atom(s) in the amine coordinate(s) to the lithium atom in
the alkyllithium to destruct the oligomeric structure. Thus, the lithium atom in the alkyllithium is likely to be exposed to
the solution, increasing the reactivity.
[0067] As the solvent, an organic solvent is preferred, and particularly a non-polar organic solvent is preferably used.
For example, an alkane such as hexane and an aromatic compound such as benzene are preferred.
[0068] The reaction temperature is preferably 0 to 200°C, more preferably 20 to 100°C, and furthermore preferably
30 to 80°C.
[0069] Subsequently, reactions of the obtained fused-ring hydrocarbons represented by formulae (Va), (Vb), and (Vc)
with a de-lithiating agent (VI) presumably yield intermediates represented by formulae (VIIa), (VIIb), and (VIIc), respec-
tively, and these intermediates are decomposed to give polyacene derivatives represented by formulae (I), (Ib), and (Ic),
respectively.
[0070] As the de-lithiating agent (VI), for example, an alkyl halide is suitably used. The alkyl halide is preferably an
alkyl halide having 6 or less carbon atoms, for example, methyl iodide, ethyl bromide, and the like.
[0071] When compounds having a small number of carbon atoms are used as the lithiating agent (IV) and the de-
lithiating agent (VI) in this reaction, for example, when butyllithium and methyl iodide are used as the lithiating agent (IV)
and the de-lithiating agent (VI), respectively, lithium iodide and hexane are eliminated. Hexane can be removed simul-
taneously when the solvent is removed. Lithium iodide can be removed by washing the resultant reaction mixture with
water. Accordingly, such a combination of a lithiating agent and a de-lithiating agent is preferred in terms of ease in
purification of a reaction mixture.
[0072] In the method for producing the polyacene derivative represented by general formula (I), the dehydrogenating
agent is preferably the compound represented by formula (III).
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[0073] [In the formula, X1, X2, X3, and X4 are independent from each other, either the same or different, and each
represents a fluorine atom or a cyano group.]
[0074] The compound represented by formula (III) reacts with the fused-ring hydrocarbon represented by formula (II)
to be converted to a 1,4-dihydroxycyclohexane derivative.
[0075] The halogen atom represented by X1, X2, X3, or X4 in formula (III) is preferably a chlorine atom, a bromine
atom or an iodine atom, more preferably a chlorine atom or a bromine atom, and furthermore preferably a chlorine atom.
[0076] For example, all of X1, X2, X3 and X4 may be chlorine atoms, that is, the compound represented by formula
(III) may be chloranil. Alternatively, X1 and X2 may be cyano groups and X3 and X4 may be chlorine atoms, that is, the
compound may be 2,3-dichloro-5,6-dicyanoquinone. All of X1, X2, X3, and X4 may be cyano groups, that is, the compound
may be 1,2,5,6-tetracyanoquinone.
[0077] When the compound represented by formula (III) is used, Diels-Alder reaction of the compound represented
by formula (III) and the product, polyacene derivative, may take place to generate a by-product, which is removed by
column chromatography or the like, if necessary.
[0078] In order to prevent the generation of such a byproduct, the compound represented by formula (III) is used
preferably in an amount of 0.9 to 1.2 equivalents, more preferably 0.9 to 1.15 equivalents, and furthermore preferably
0.95 to 1.05 equivalents with respect to the compound represented by formula (II).
[0079] As the solvent, an organic solvent is preferred, and an aromatic compound such as benzene is particularly
preferred.
[0080] The reaction temperature is preferably -80 to 200°C, more preferably 0 to 100°C, and furthermore preferably
10 to 80°C. If necessary, light may be blocked during the reaction.
[0081] In the method for producing the polyacene derivative represented by formula (I), the dehydrogenating agent
preferably contains palladium. For example, palladium supported on carbon such as activated carbon, which is com-
mercially available as so-called palladium on carbon (Pd/C), can be suitably used. Pd/C is a catalyst widely used for
dehydrogenation and can be applied to the present invention as in conventional cases. When Pd/C is used, the reaction
temperature is, for example, 200 to 500°C, although the reaction temperature may be selected as appropriate according
to conditions relating to the starting materials and other various factors.
[0082] The fused-ring hydrocarbon represented by formula (II) can be obtained, for example, by the following scheme.



EP 1 763 087 B1

13

5

10

15

20

25

30

35

40

45

50

55

[0083] [In the formula, R1, R2, R4, R5, R6, R7, A3, A4, and n have the above-described meanings. A1a and A2a are
independent from each other, either the same or different, and each represents a
[0084] C6-C40 alkoxycarbonyl group optionally having a substituent containing a halogen atom(s) or a C6-C40 aryloxy-
carbonyl group optionally having a substituent containing a halogen atom(s). X is a leaving group such as a halogen
atom. The bond represented by the following symbol represents a single bond or a double bond:

[0085] M represents a metal belonging to any of Groups 3 to 5 in the periodic table or a lanthanide metal; L1 and L2

are independent from each other, either the same or different, and each represents an anionic ligand, L1 and L2 may
link to each other; and Y1 and Y2 are independent from each other, either the same or different, and each represents a
leaving group.]
[0086] Hereinafter, the photoelectric conversion devices of the present invention will be explained. The configuration
of the photoelectric conversion devices of the present invention is not particularly limited. For example, when the pho-
toelectric conversion device is of a pn junction type, it has a structure in which a support, electrode A, a photoelectric
conversion layer, electrode B, and a coating layer are sequentially laminated. In the present embodiment, electrode A
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is used as an electrode having the higher work function, while electrode B is used as an electrode having the lower work
function. In the photoelectric conversion device, it is necessary to transmit irradiation light to the photoelectric conversion
layer through at least one of electrodes A and B. In order to transmit irradiation light to the photoelectric conversion layer
through the support and electrode A, the support and electrode A are formed using light-transmitting materials. Similarly,
in order to transmit irradiation light to the photoelectric conversion layer through the coating layer and electrode B, the
coating layer and electrode B are formed using light-transmitting materials. In order to transmit irradiation light from the
both sides, the support, electrode A, electrode B, and the coating layer are formed using light-transmitting materials.
[0087] There are no particular limitations on material or thickness of the support, provided that the support can stably
hold electrode A on the surface thereof. Therefore, the shape of the support may be either plate or film. As the support,
for example, there are used metals such as aluminum and stainless steel, alloys thereof, plastics such as polycarbonate
and polyester, wood, paper, cloth, and the like. When irradiation light is incoming from the side of support, since the
support is required to be composed of a light-transmitting substance (material), glass having transparency, transparent
plastics or the like may be used. Here, the term transparency means the property of transmitting light in a predetermined
wavelength region used for photoelectric conversion devices, for example, light in visible region with a high transmittance.
The photoelectric conversion device of the present invention is desirably formed on the surface of the support; however,
when electrode A itself has certain degree of hardness and thus self-standing ability, there may be adopted a configuration
in which electrode A serves also as the support, and in this case the support may be omitted.
[0088] The work function of electrode A, which has the higher work function, is preferably 4.5 V or more and more
preferably 4.8 V or more in order to enable formation of a nearly ohmic junction with an organic p-type semiconducting
compound contained in the photoelectric conversion layer. On the other hand, the work function of electrode B, which
has the lower work function, is preferably 4.5 V or less in order to enable formation of a nearly ohmic junction with an
n-type organic semiconducting compound. In the present invention, the work functions of a pair of electrodes disposed
in a face-to-face arrangement may be arbitrarily selected provided that one is relatively higher than the other (that is,
the work functions are different from each other). Accordingly, also for the present embodiments, it suffices that the work
function of electrode A is higher than that of electrode B. In this case, the difference in work functions between the two
electrodes is preferably 0.5 V or more.
[0089] As electrode A, there may be used metals such as gold, platinum, and the like; and metal oxides such as zinc
oxide, indium oxide, tin oxide (NESA), tin-doped indium oxide (ITO), fluorine-doped tin oxide (FTO), and the like. On the
other hand, the electrode substance used for electrode B includes, for example, lithium, lithium-indium alloy, sodium,
sodium-potassium alloy, calcium, magnesium, magnesium-silver alloy, magnesium-indium alloy, indium, ruthenium,
titanium, manganese, yttrium, aluminum, aluminum-lithium alloy, aluminum-calcium alloy, aluminum-magnesium alloy,
graphite thin film, tin-doped indium oxide (ITO), and the like. These electrode substances may be used alone or in a
combination of a plurality thereof. The electrode can be formed using these electrode substances, for example, by a
vapor deposition method, a sputtering method, an ionization vapor deposition method, an ion-plating method, a cluster
ion beam method, or the like. The electrodes may be formed by calcination through a sol-gel process or the like. The
cathode may be either as a single-layer structure or a muiti-layer structure. The thickness of electrode, which depends
on the material to be used as the electrode substance, is typically set to about 5 to about 1000 nm, and more preferably
about 10 to about 500 nm. At least one of the electrodes is required to be transparent or semitransparent, and it is more
preferred to select the material and thickness of the electrode so that the transmittance can be 70% or more.
[0090] The photoelectric conversion layer is of pn junction type, in which at the electrode/semiconductor interfaces,
the n-type semiconductor layer makes a nearly ohmic junction with electrode B which has the lower work function, and
the p-type organic semiconductor layer makes a nearly ohmic junction with electrode A which has the higher work
function. Accordingly, it is considered that electrons generated at the pn junction are injected into electrode B, while
holes generated at the pn junction are injected into electrode A, generating a potential difference between electrodes A
and B, and thereby supplying electric current outside.
[0091] In the photoelectric conversion device of the present invention, the polyacene derivative of the present invention
represented by general formula (I) can work as either a p-type organic semiconducting compound or an n-type organic
semiconducting compound depending on its structure. Generally, an n-type organic semiconducting compound can be
obtained by introducing an electron-withdrawing functional group(s) in the polyacene skeletal structure as a substituent(s),
while a p-type organic semiconducting compound can be obtained by introducing other functional group(s). Such organic
semiconductors can also be obtained by doping a publicly-known compound.
[0092] The electron-withdrawing functional group includes publicly-known electron-withdrawing groups such as a
carbonyl group, a cyano group, a nitro group, a sulfonyl group, a phosphonyl group, and a halo group; and functional
groups bonded with these electron-withdrawing groups. Particularly, when the polyacene is used as an n-type organic
semicondutting compound, the electron-withdrawing group is introduced in either of A1, A2, A3, and A4 in general formula
(I).
[0093] The polyacene derivative of the present invention represented by general formula (I) is also suitably used as
a charge-transfer material or a hole-transporting material in a charge-transfer layer or a hole-transporting layer in a dye-
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sensitized photoelectric conversion device.
[0094] In the photoelectric conversion device of the present invention, it is essential to use the polyacene derivative
in the photoelectric conversion layers as specified, and publicly-known semiconducting compounds may be used in
other layers. In the organic semiconductor layer using the polyacene derivative, the polyacene derivative may be used
alone, in a combination of a plurality thereof, or in a combination with a publicly-known semiconducting compound(s).
[0095] As other p-type semiconducting compounds usable in the present invention, there may be mentioned a phthalo-
cyanine pigment, an indigo pigment, a thioindigo pigment, a quinacridone pigment, and the like. As other compounds
having hole-injecting/transporting function usable in the present invention, there may be mentioned a triarylmethane
derivative, a triarylamine derivative, an oxazole derivative, a hydrazone derivative, a stilbene derivative, a pyrazoline
derivative, a polysilane derivative, polyphenylenevinylene and a derivative thereof, polythiophene and a derivative there-
of, a poly-N-vinylcarbazole derivative, and the like. The triarylamine derivative includes, for example, 4,4’-bis[N-phenyl-
N-(4"-methylphenyl)amino]biphenyl, 4,4’-bis[N-phenyl-N-(3"-methylphenyl)amino]biphenyl, 4,4’-bis[N-phenyl-N-(3"-
methoxyphenyl)amino]biphenyl, 4,4-bis[N-phenyl-N-(1"-naphthyl)amino]biphenyl, 3,3-dimethyl-4,4-bis[N-phenyl-N-(3"-
methylphenyl)amino]biphenyl, 1,1-bis[4-[N,N-di(4"-methylphenyl)amino]phenyl]cyclohexane, 9,10-bis[N-(4-methylphe-
nyl)-N-(4"-n-butylphenyl)amino]phenanthrene, 3,8-bis(N,N-diphenylamino)-6-phenylphenanthridine, 4-methyl-N,N-
bis[4",4"’-bis[N,N-di(4-methylphenyl)amino]biphenyl-4-yl]aniline, N,N-bis[4-(diphenylamino)phenyl]-N,N-diphenyl-1,3-
diaminobenzene, N,N-bis[4-(diphenylamino)phenyl]-N,N-diphenyl-1,4-diaminobenzene, 5,5"-bis[4-(bis[4-methylphe-
nyl]amino)phenyl]-2,2:5,2"-terthiophene, 1,3,5-tris(diphenylamino)benzene, 4,4,4"-tris(N-carbazolyl)triphenylamine,
4,4,4"-tris[N-(3"’-methylphenyl)-N-phenylamino]triphenylamine, 4,4,4"-tris[N,N-bis(4"’-tert-butylbiphenyl-4""-yl)ami-
no]triphenylamine,
1,3,5-tris[N-(4-diphenylaminophenyl)-N-phenylamino]benzene, and the like. The compounds having hole-injecting/trans-
porting function may be used alone or in a combination of a plurality thereof.
[0096] As other n-type semiconducting compounds usable in the present invention, there may be used an organic
compound such as a perylene pigment, a perynone pigment, a polycyclic quinone pigment, an azo pigment, C60, C70
fullerene, and the like; and an inorganic compound such as zinc oxide, titanium oxide, cadmium sulfide, and the like.
Also, there may be used an organometallic compound [for example, tris(8-quinolinolato)aluminum, bis(10-benzo[h]qui-
nolinolato)beryllium, beryllium salt of 5-hydroxyflavone, aluminum salt of 5-hydroxyflavone], an oxadiazole derivative
[for example, 1,3-bis[5-(p-tert-butylphenyl)-1,3,4-oxadiazol-2-yl]benzene], a triazole derivative [for example, 3-(4-tert-
butylphenyl)-4-phenyl-5-(4"-biphenyl)-1,2,4-triazole, a triazine derivative, a quinoline derivative, a quinoxaline derivative,
a diphenylquinone derivative, a nitro-substituted fluorenone derivative, a thiopyran dioxide derivative, and the like.
[0097] The method for forming the photoelectric conversion layer is not particularly limited. For example, the photoe-
lectric conversion layer can be produced by forming a thin film using a vacuum vapor deposition method, an ionization
vapor deposition method, or a solution coating method (for example, spin-coating, casting, dip-coating, bar-coating, roll-
coating, Langmuir-Blodgett method, inkjet method, etc.). When each layer is formed by a vacuum vapor deposition
method, the conditions for vacuum vapor deposition are preferably, but not limited to, under vacuum at a pressure of
approximately 10-5 Torr or less, a boat temperature (deposition source temperature) of about 50 to about 600°C, a
substrate temperature of about -50 to about 300°C and a deposition rate of about 0.005 to about 50 nm/sec. In this case,
by forming the layers successively under vacuum, a photoelectric conversion device more excellent in various charac-
teristics can be produced. When each layer is formed using a plurality of compounds by a vacuum vapor deposition
method, it is preferred that the compounds are co-deposited while the temperature of each boat containing each com-
pound is individually controlled.
[0098] When each layer is formed by a solution coating method, the component(s) forming each layer, or the compo-
nent(s) and a binder resin or the like, are dissolved or dispersed in an appropriate organic solvent and/or water to prepare
a coating solution. The usable binder resin includes, for example, a polymer such as poly-N-vinylcarbazole, polyallylate,
polystyrene, polyester, polysilane, poly(methyl acrylate), poly(methyl methacrylate), polyether, polycarbonate, polya-
mide, polyimide, polyamideimide, poly-p-xylylene, polyethylene, polyethylene ether, polypropylene ether, polyphenylene
oxide, polyether sulfone, polyaniline and a derivative thereof, polythiophene and a derivative thereof, polyphenylenevi-
nylene and a derivative thereof, polyfluorene and a derivative thereof, polythienylenevinylene and a derivative thereof,
and the like. The binder resins may be used alone or in a combination of a plurality thereof.
[0099] As the appropriate solvent used in the solution coating method, there may be mentioned, for example, a
hydrocarbon solvent such as hexane, octane, decane, toluene, xylene, ethylbenzene, 1-methylnaphthalene, and the
like; a ketone-type solvent such as acetone, methyl ethyl ketone, methyl isobutyl ketone, cyclohexanone, and the like;
a halogenated hydrocarbon solvent such as dichloromethane, chloroform, tetrachloromethane, dichloroethane, trichlo-
roethane, tetrachloroethane, chlorobenzene, dichlorobenzene, chlorotoluene, and the like; an ester-type solvent such
as ethyl acetate, butyl acetate, amyl acetate, and the like; an alcoholic solvent such as methanol, ethanol, propanol,
butanol, pentanol, hexanol, cyclohexanol, methylcellosolve, ethylcellosolve, ethylene glycol, and the like; an ethereal
solvent such as dibutyl ether, tetrahydrofuran, dioxane, anisole, and the like; a polar solvent such as N,N-dimethylfor-
mamide, N,N-dimethylacetamide, 1-methyl-2-pyrrolidone, 1,3-dimethyl-2-imidazolidinone, dimethyl sulfoxide, and the
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like; and others. A thin film can be formed from the coating solution by various kinds of coating methods.
[0100] The method for dispersing is not particularly limited, and a dispersion containing fine particulates can be pre-
pared, for example, using a ball mill, a sand mill, a paint shaker, an atoliter, a homogenizer, or the like. The concentration
of the coating solution may be set in a range suitable for preparing a film with the desired thickness by the method to
be employed without particular limitations. The concentration of the solution is typically about 0.1 to about 50 mass%,
and preferably about 1 to about 30 mass%. When the binder resin is used, its amount to be used is set to, but not limited
to, typically about 5 to about 99.9 mass%, preferably about 10 to about 99 mass%, and more preferably about 15 to
about 90 mass% with respect to the amount of the component forming each layer (when a single-layer device is produced,
with respect to the total amount of the components).
[0101] With the polyacene derivative, molecules soluble in solvents can easily be designed, and hence a thin film can
be suitably formed by the above-described solution coating methods such as spin-coating, resulting in significant im-
provement in workability and productivity.
[0102] The thickness (film thickness) of the photoelectric conversion layer is preferably set to, but not limited to, about
5 nm to about 5 mm in general. For the purpose of preventing contact with oxygen, moisture or the like, the produced
device may be provided with a protective layer (blocking layer), or may be protected by sealing the device into an inert
substance, for example, paraffin, liquid paraffin, silicone oil, fluorocarbon oil, zeolite-containing fluorocarbon oil, and the
like.
[0103] The material used for the protective layer includes, for example, an organic polymer material (for example,
fluororesin, epoxy resin, silicone resin, epoxysilicone resin, polystyrene, polyester, polycarbonate, polyamide, polyimide,
polyamideimide. poly-p-xylylene, polyethylene, polyphenylene oxide), an inorganic material (for example, diamond thin
film, amorphous silica, electric insulating glass, metal oxide, metal nitride, metal carbide, metal sulfide), photocurable
resin, and the like. The materials used for the protective layer may be used alone or in a combination of a plurality thereof.
The protective layer may be either a single-layer structure or a multi-layer structure.
[0104] The electrode may be provided, for example, with a metal oxide film (for example, aluminum oxide film) or a
metal fluoride film as a protective film. Further, on the electrode surface, there may be provided an interface layer
(intermediate layer) made of an organophosphorous compound, polysilane, an aromatic amine derivative, a phthalocy-
anine derivative (for example, copper phthalocyanine), or carbon. Further, the electrode may be used after the surface
thereof is treated, for example, with an acid or ammonia/hydrogen peroxide or after plasma treatment.
[0105] The material for photoelectric conversion devices and the photoelectric conversion device using said material,
which are related to the present invention, are suitably used for a solar cell.

Examples

[0106] Hereinafter, the present invention will be explained in more detail with reference to Examples, but the present
invention is not limited to these examples.

Synthesis Example 1 [Synthesis of Compound 1]

[0107] Compound 1 represented by the following formula was synthesized as follows.

[0108] To zirconocene dichloride dissolved in THF, 2 equivalents of n-butyllithium were added at -78°C, and the
resultant mixture was stirred for 1 hr. To this solution was added I equivalent of Diyne 1, the compound shown below,
and the mixture was stirred at room temperature to generate Zirconacyclopentadiene 1, the compound shown below.
To this compound were added 2 equivalents of NiCl2(PPh3)2 complex and I equivalent of diphenylacetylene, and the
resultant mixture was stirred at 50°C for 3 hr to obtain dihydro-compound of Compound 1, which was reacted with 1
equivalent of 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) to obtain Compound 1 as red crystals. Compound 1 obtained
here was purified by sublimation and used for evaluation of the photoelectric conversion device described below.
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Synthesis Example 2 [Synthesis of Compound 2]

[0109] Compound 2 represented by the following formula was synthesized as follows.

[0110] To zirconocene dichloride dissolved in THF, 2 equivalents of n-butyllithium were added at -78°C, and the
resultant mixture was stirred for 1 hr. To this solution was added 1 equivalent of Diyne 2, the compound shown below,
and the mixture was stirred at room temperature to generate Zirconacyclopentadiene 2, the compound below. To this
compound were added 2 equivalents of CuCl, 3 equivalents of N,N-dimethylpropyleneurea (DMPU), and 1 equivalent
of dimethyl acetylenedicarboxylate (DMAD), and the resultant mixture was stirred at 50°C for 3 hr to obtain dihydro-
compound of Compound 2, which was reacted with 1 equivalent of 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) to
obtain Compound 2. Compound 2 obtained here was purified by sublimation and used for evaluation of the photoelectric
conversion device described below.

Synthesis Example 3 [Synthesis of Compound 3]

[0111] Compound 3 represented by the following formula was synthesized as follows.
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[0112] To zirconocene dichloride dissolved in THF, 2 equivalents of n-butyllithium were added at -78°C, and the
resultant mixture was stirred for 1 hr. To this solution was added 0.5 equivalent of Tetrayne 3, the compound shown
below, and the mixture was stirred at room temperature to generate Zirconacyclopentadiene 3, the compound below.
To this compound were added 4 equivalents of NiCl2(PPh3)2 complex and 2 equivalents of 5-decyne, and the resultant
mixture was stirred at 50°C for 3 hr to obtain tetrahydro-compound of Compound 3, which was reacted with 2 equivalents
of chloranil to obtain Compound 3. Compound 3 obtained here was purified by sublimation and used for evaluation of
the photoelectric conversion device described below.

Synthesis Example 4 [Synthesis of Compound 4]

[0113] Compound 4 represent by the following formula was synthesized as follows.

[0114] To a methanolic solution of Compound 2 obtained in Synthesis Example 2, KOH was added and the reaction
was performed at 100°C for 6 hr. The product was treated with hydrochloric acid to obtain a dicarboxylic acid. Acetic
anhydride was added to this compound and the mixture was refluxed for 3 hr to obtain an acid anhydride, which was
reacted with methylamine to obtain Compound 4. Compound 4 obtained here was purified by sublimation and used for
evaluation of the photoelectric conversion device described below.

Synthesis Example 5 [Synthesis of Compound 5]

[0115] Compound 5 represented by the following formula was synthesized as follows.
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[0116] To a methanolic solution of the tetraester represented by the following formula obtained from Zirconacyclopen-
tadine 3, KOH was added and the mixture was heated at 100°C for 6 hr. The product was treated with hydrochloric acid
to obtain a tetracarboxylic acid. Acetic anhydride was added to this compound and the mixture was refluxed for 3 hr to
obtain an acid anhydride, which was reacted with methylamine to obtain Compound 5. Compound 5 obtained here was
purified by sublimation and used for evaluation of the photoelectric conversion device described below.

Synthesis Example 6 [Synthesis of Compound 6]

[0117] Compound 6 represented by the following formula was synthesized as follows.

[0118] Reaction of Zirconacyclopentadiene 3 with 2 equivalents of dicyanoethylene in the presence of 2 equivalents
of copper chloride and 3 equivalents of N,N-dimethylpropyleneurea (DMPU) yielded tetrahydro-compound of Compound
6, which was reacted with 2 equivalents of 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) to obtain Compound 6. Com-
pound 6 obtained here was purified by sublimation and used for evaluation of the photoelectric conversion device
described below.
[0119] The compound represented by the following formula was used as Compound 7.

[Comparative Compounds]

[0120] The following compounds were purchased from Tokyo Chemical Industry Co., Ltd. and purified by sublimation
to use as Comparative Compounds.
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Example 1 (Evaluation of Schottky barrier photoelectric conversion devices)

[0121] A glass substrate equipped with an ITO transparent electrode of 130 nm in thickness was subjected to ultrasonic
cleaning using acetone, substrate cleaner, distilled water, and isopropyl alcohol in this order, further subjected to
UV/ozone cleaning, and then fixed on a holder of a vacuum vapor deposition apparatus. The deposition chamber was
evacuated to approximately 10-6 Torr and the p-type organic semiconducting compound shown in Table 1 below was
deposited on the ITO transparent electrode at a film thickness of approximately 500 nm. Subsequently, a patterned
mask (light receiving area was 2 mm x 2 mm) was put on the deposited film and aluminum was deposited through this
mask at a film thickness of approximately 150 nm as another electrode to produce a Schottky barrier photoelectric
conversion device. The characteristics of this photoelectric conversion device were evaluated with white light at an
intensity of 100 mW/cm2 using a photoelectric conversion device evaluation system manufactured by Bunkoh-Keiki Co.,
Ltd. The results are shown in Table 1.

Table 1

Structure of device Results of evaluation

p-type organic 
semiconducting compound

Open circuit 
voltage (V)

Short circuit current 
(mA/cm2)

Fill 
factor

Conversion 
efficiency (%)

Example 1-1 Compound 1 0.61 0.08 0.40 0.02

Example 1-2 Compound 2 0.63 0.06 0.44 0.02

Example 1-3 Compound 7 0.60 0.05 0.38 0.01
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Example 2 (Evaluation of pn junction photoelectric conversion devices)

[0122] An ITO transparent electrode was cleaned similarly to Example 1, and the p-type organic semiconducting
compound shown in Table 2 below was deposited on the ITO substrate at a film thickness of approximately 50 nm, and
thereon were deposited the n-type organic semiconducting compound shown in Table 2 at a film thickness of approxi-
mately 50 nm, lithium fluoride at a thickness of approximately 1 nm, and aluminum, which served as an electrode, at a
thickness of approximately 150 nm in this order to produce a pn junction photoelectric conversion device. The charac-
teristics of this photoelectric conversion device were evaluated similarly to Example 1. The results are shown in Table 2.

Example 3 (Evaluation of pn junction photoelectric conversion devices)

[0123] An ITO transparent electrode was cleaned similarly to Example 1, and the ITO substrate was coated with the
solution prepared by dissolving the p-type organic semiconducting compound shown in Table 3 below in 1,2-dichlo-
roethane, and the coating was dried to prepare a thin film having a thickness of 100 nm. Subsequently the substrate
was fixed on a substrate holder of the vapor deposition apparatus, and hereinafter similarly to Example 1, there were
deposited Comparative Compound 2 at a film thickness of approximately 50 nm, lithium fluoride at a thickness of
approximately 1 nm, and aluminum, which served as an electrode, at a thickness of approximately 150 nm in this order
to produce a pn junction photoelectric conversion device. The characteristics of this photoelectric conversion device

(continued)

Structure of device Results of evaluation

p-type organic 
semiconducting compound

Open circuit 
voltage (V)

Short circuit current 
(mA/cm2)

Fill 
factor

Conversion 
efficiency (%)

Comparative 
Example 1-1

Comparative Compound 1 No photovoltaic generation was observed.

Comparative 
Example 1-2

Comparative Compound 2 No photovoltaic generation was observed.

Table 2

Structure of device Results of evaluation

n-type organic 
semiconducting 
compound

p-type organic 
semiconducting 
compound

Open 
circuit 
voltage (V)

Short circuit 
current 
(mA/cm2)

Fill 
factor

Conversion 
efficiency 
(%)

Example 2-1 Comparative 
Compound 2

Compound 1 0.61 0.85 0.38 0.20

Example 2-2 Comparative 
Compound 2

Compound 2 0.65 0.65 0.42 0.17

Example 2-3 Comparative 
Compound 2

Compound 3 0.63 0.90 0.38 0.22

Example 2-4 Compound 4 Comparative 
Compound 1

0.60 0.53 0.40 0.13

Example 2-5 Compound 5 Comparative 
Compound 1

0.58 1.1 0.45 0.30

Example 2-6 Compound 6 Comparative 
Compound 1

0.55 1.2 0.40 0.28

Example 2-7 Compound 5 Compound 2 0.64 1.1 0.47 0.35

Example 2-8 Comparative 
Compound 4

Compound 7 0.58 0.52 0.43 0.13

Comparative 
Example 2-1

Comparative 
Compound 2

Comparative 
Compound 1

0.43 0.63 0.39 0.11
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were evaluated similarly to Example 1. The results are shown in Table 3.

Example 4 (Evaluation of dye-sensitized photoelectric conversion devices)

[0124] In a mixture consisting of 10 mL of 2-propanol, 380 mL of ion-exchanged water, and 3 mL of 70% nitric acid,
62.5 mL of titanium tetraisopropoxide was dissolved and hydrolyzed at 80°C for 8 hr. The resultant solution was con-
centrated by evaporating solvent to prepare a stable colloid solution of titanium oxide. The particle size of titanium oxide
in this colloid solution was approximately 8 nm. The surface of an ITO substrate having a thickness of 0.5 mm was spin-
coated with a mixture consisting of 10 g of the above colloid solution, 2 g of TiO2 fine powder (Trade name "P-25",
Nippon Aerosil Co,. Ltd.), and 2 g of polyethylene glycol, and then the coating was calcined at 500°C for 1 hr to prepare
a porous titanium oxide film having a thickness of 10 mm. Next, this substrate was immersed in an ethanolic solution of
sensitizer dye, cis-di(thiocyanato)-N,N-bis(2,2-bipyridyl-4,4-dicarboxylic acid)ruthenium(II), and the solution was refluxed
for 1 hr so that the dye was adsorbed on the substrate. Subsequently, the compound shown in Table 4 below was
deposited at a film thickness of 500 nm to prepare a thin film, on which platinum was deposited at a film thickness of
approximately 100 nm, which served as an electrode, to produce a dye-sensitized photoelectric conversion device. The
characteristics of this photoelectric conversion device were evaluated similarly to Example 1. The results are shown in
Table 4.

Industrial Applicability

[0125] The present invention can provide materials for photoelectric conversion devices that have excellent workability
and productivity, low toxicity, high photoelectric conversion efficiency and can be easily flexibilized; and photoelectric
conversion devices using said materials.

Claims

1. A photoelectric conversion device of a pn junction type, comprising : a p-type organic semiconductor layer and an
n-type organic semiconductor layer disposed between two electrodes, at least one of which is light-transmitting,
wherein
the n-type organic semiconductor layer contains an n-type organic semiconducting compound composed of a poly-
acene derivative represented by general formula (I) below, wherein any one of A1, A2, A3, and A4 contains an
electron-withdrawing functional group, and

Table 3

Structure of device Results of evaluation

p-type organic 
semiconducting compound

Open circuit 
voltage (V)

Short circuit current 
(mA/cm2)

Fill 
factor

Conversion 
efficiency (%)

Example 3-1 Compound 1 0.60 0.40 0.25 0.06

Example 3-2 Compound 2 0.63 0.35 0.27 0.06

Example 3-3 Compound 7 No thin film could be formed due to lack of solubility in solvent.

Comparative 
Example 3-1

Comparative Compound 1 No thin film could be formed due to lack of solubility in solvent.

Table 4

Structure of device Results of evaluation

hole-transporting 
layer

Open circuit 
voltage (V)

Short circuit current 
(mA/cm2)

Fill 
factor

Conversion 
efficiency (%)

Example 4-1 Compound 1 0.54 1.3 0.35 0.25

Example 4-2 Compound 2 0.52 1.1 0.37 0.21

Comparative 
Example 4-1

Comparative 
Compound 3

0.42 0.07 0.30 0.01
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the p-type organic semiconductor layer contains a p-type organic semiconducting compound of a polyacene deriv-
ative represented by general formula (I) below:

wherein R1, R2, R3, R4, R5, R6, R7, and R8 are independent from each other, either the same or different, and
each represents a hydrogen atom, a halogen atom, an optionally substituted hydrocarbon group having 1 to 40
carbon atoms, an optionally substituted alkoxy group having 1 to 40 carbon atoms, an optionally substituted
aryloxy group having 6 to 40 carbon atoms, an optionally substituted amino group, a hydroxyl group, or an
optionally substituted silyl group;
A1, A2, A3, and A4 are independent from each other, either the same or different, and each represents a hydrogen
atom, a halogen atom, an optionally substituted hydrocarbon group having 1 to 40 carbon atoms, an optionally
substituted alkoxy group having 1 to 40 carbon atoms, an optionally substituted aryloxy group having 6 to 40
carbon atoms, an optionally substituted alkylaryloxy group having 7 to 40 carbon atoms, an optionally substituted
alkoxycarbonyl group having 2 to 40 carbon atoms, an optionally substituted aryloxycarbonyl group having 7
to 40 carbon atoms, a cyano group (-CN), a carbamoyl group (-C(=O)NH2) , a haloformyl group (-C(=O)-X,
wherein X represents a halogen atom), a formyl group (-C(=O)-H), an isocyano group, an isocyanato group, a
thiocyanato group, or a thioisocyanato group; or for each of the pair A1 and A2 and the pair A3 and A4, the
groups may link to each other to form a ring represented by -C(=O)-B-C(=O)-, wherein B is an oxygen atom or
a group represented by -N(B1) -, B1 being a hydrogen atom, a hydrocarbon group having 1 to 40 carbon atoms
or a halogen atom; and A3 and A4 may link to each other to form a saturated or unsaturated ring having 4 to 40
carbon atoms, the saturated or unsaturated ring being optionally interrupted by an oxygen atom, a sulfur atom,
or a group represented by -N(R11)-, wherein R11 is a hydrogen atom or a hydrocarbon group, the saturated or
unsaturated ring optionally having a substituent(s); and
n is an integer of 1 or more.

2. The photoelectric conversion device of a pn junction type according to claim 1, wherein the n-type organic semi-
conducting Compound is one selected from the compounds (4), (5), and (6) below:
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and wherein the p-type organic semiconducting compound is one selected from the compounds (1), (2), (3), and
(7) below:

3. The photoelectric conversion device of a pn junction type according to claim 2, wherein the n-type organic semi-
conducting compound is compound (5) and wherein the p-type organic semiconducting compound is compound (2).

Patentansprüche

1. Photoelektrische Umwandlungsvorrichtung vom pn-Übergangstyp, welche aufweist: eine organische Halbleiter-
schicht vom p-Typ und eine organische Halbleiterschicht vom n-Typ, welche zwischen zwei Elektroden angeordnet
sind, wobei mindestens eine von diesen lichtleitend ist, wobei
die organische Halbleiterschicht vom n-Typ eine organische halbleitende Verbindung vom n-Typ enthält, welche
aus einem Polyacen- Derivat, das durch die allgemeine Formel (I) unten dargestellt ist, besteht, wobei jeder der
Reste A1, A2, A3 und A4 eine elektronenziehende funktionelle Gruppe enthält, und
die organische Halbleiterschicht vom p-Typ eine organische halbleitende Verbindung eines Polyacen- Derivats vom
p-Typ, welches durch die allgemeine Formel (I) unten dargestellt ist, enthält:



EP 1 763 087 B1

25

5

10

15

20

25

30

35

40

45

50

55

wobei R1, R2, R3, R4, R5, R6, R7, und R8 unabhängig voneinander, entweder gleich oder verschieden, sind,
und jeweils ein Wasserstoffatom, ein Halogenatom, eine gegebenenfalls substituierte Kohlenwasserstoffgruppe
mit 1 bis 40 Kohlenstoffatomen, eine gegebenenfalls substituierte Alkoxygruppe mit 1 bis 40 Kohlenstoffatomen,
eine gegebenenfalls substituierte Aryloxygruppe mit 6 bis 40 Kohlenstoffatomen, eine gegebenenfalls substi-
tuierte Aminogruppe, eine Hydroxylgruppe, oder eine gegebenenfalls substituierte Silylgruppe darstellen;
A1, A2, A3, und A4 unabhängig voneinander, entweder gleich oder verschieden, sind, und jeweils ein Wasser-
stoffatom, ein Halogenatom, eine gegebenenfalls substituierte Kohlenwasserstoffgruppe mit 1 bis 40 Kohlen-
stoffatomen, eine gegebenenfalls substituierte Alkoxygruppe mit 1 bis 40 Kohlenstoffatomen, eine gegebenen-
falls substituierte Aryloxygruppe mit 6 bis 40 Kohlenstoffatomen, eine gegebenenfalls substituierte Alkylarylo-
xygruppe mit 7 bis 40 Kohlenstoffatomen, eine gegebenenfalls substituierte Alkoxycarbonylgruppe mit 2 bis 40
Kohlenstoffatomen, eine gegebenenfalls substituierte Aryloxycarbonylgruppe mit 7 bis 40 Kohlenstoffatomen,
eine Cyanogruppe (-CN), eine Carbamoylgruppe (-C (=O) NH2), eine Haloformylgruppe (-C(=O)-X, wobei X ein
Halogenatom darstellt), eine Formylgruppe (-C(=O)-H), eine Isocyanogruppe, eine Isocyanatgruppe, eine Thi-
ocyanatgruppe, oder eine Thioisocyanatgruppe; oder sich bei jedem von dem Paar A1 und A2 und dem Paar
A3 und A4 die Gruppen miteinander verknüpfen können, um einen Ring zu bilden, der durch -C(=O)-B-C(=O)-
dargestellt ist, wobei B ein Sauerstoffatom ist oder eine Gruppe ist, welche durch -N(B1)-dargestellt ist, wobei
B1 ein Wasserstoffatom, eine Kohlenwasserstoffgruppe mit 1 bis 40 Kohlenstoffatomen oder ein Halogenatom
ist; und A3 und A4 können sich miteinander verknüpfen, um einen gesättigten oder ungesättigten Ring mit 4 bis
40 Kohlenstoffatomen zu bilden, wobei der gesättigte oder ungesättigte Ring gegebenenfalls durch ein Sauer-
stoffatom, ein Schwefelatom oder eine Gruppe, dargestellt durch -N(R11)-, unterbrochen ist, wobei R11 ein
Wasserstoffatom oder eine Kohlenwasserstoffgruppe ist, wobei der gesättigte oder ungesättigte Ring gegebe-
nenfalls einen oder mehrere Substituenten aufweist; und
n eine ganze Zahl von 1 oder mehr ist.

2. Die photoelektrische Umwandlungsvorrichtung vom pn-Übergangstyp nach Anspruch 1, wobei die organische halb-
leitende Verbindung vom n-Typ eine ist, die aus den nachfolgenden Verbindungen (4), (5), und (6) ausgewählt ist:
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und wobei die organische halbleitende Verbindung vom p-Typ eine ist, die aus den nachfolgenden Verbindungen
(1), (2), (3) und (7) ausgewählt ist:

3. Die photoelektrische Umwandlungsvorrichtung vom pn-Übergangstyp nach Anspruch 2, wobei die organische halb-
leitende Verbindung vom n-Typ Verbindung (5) ist, und wobei die organische halbleitende Verbindung vom p-Typ
Verbindung (2) ist.

Revendications

1. Dispositif de conversion photoélectrique de type à jonction pn, comprenant : une couche de semi-conducteur orga-
nique de type p et une couche de semi-conducteur organique de type n disposée entre deux électrodes, au moins
l’une d’entre elles étant phototransmettrice, dans lequel
la couche de semi-conducteur organique de type n contient un composé semi-conducteur organique de type n
constitué d’un dérivé de polyacène représenté par la formule générale (I) ci-dessous, dans laquelle l’un quelconque
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parmi A1, A2, A3 et A4 contient un groupe fonctionnel électro-attracteur, et
la couche de semi-conducteur organique de type p contient un composé semi-conducteur organique de type p d’un
dérivé de polyacène représenté par la formule générale (I) ci-dessous :

dans laquelle R1, R2, R3, R4, R5, R6, R7 et R8 sont indépendants les uns des autres, identiques ou différents,
et chacun représente un atome d’hydrogène, un atome d’halogène, un groupe hydrocarboné éventuellement
substitué ayant de 1 à 40 atomes de carbone, un groupe alcoxy éventuellement substitué ayant de 1 à 40
atomes de carbone, un groupe aryloxy éventuellement substitué ayant de 6 à 40 atomes de carbone, un groupe
amino éventuellement substitué, un groupe hydroxyle ou un groupe silyle éventuellement substitué ;
A1, A2, A3 et A4 sont indépendants les uns des autres, identiques ou différents, et chacun représente un atome
d’hydrogène, un atome d’halogène, un groupe hydrocarboné éventuellement substitué ayant de 1 à 40 atomes
de carbone, un groupe alcoxy éventuellement substitué ayant de 1 à 40 atomes de carbone, un groupe aryloxy
éventuellement substitué ayant de 6 à 40 atomes de carbone, un groupe alkylaryloxy éventuellement substitué
ayant de 7 à 40 atomes de carbone, un groupe alcoxycarbonyle éventuellement substitué ayant de 2 à 40
atomes de carbone, un groupe aryloxycarbonyle éventuellement substitué ayant de 7 à 40 atomes de carbone,
un groupe cyano (-CN), un groupe carbamoyle (-C(=O)NH2), un groupe halogénoformyle (-C(=O)-X, où X
représente un atome d’halogène), un groupe formyle (-C(=O)-H), un groupe isocyano, un groupe isocyanato,
un groupe thiocyanato, ou un groupe thioisocyanato ; ou pour chacun des membres de la paire A1 et A2 et de
la paire A3 et A4, les groupes peuvent être reliés les uns aux autres afin de former un cycle représenté par
-C(=O)-B-C(=O)-, dans lequel B est un atome d’oxygène ou un groupe représenté par -N(B1)-, B1 étant un
atome d’hydrogène, un groupe hydrocarboné ayant de 1 à 40 atomes de carbone ou un atome d’halogène ; et
A3 et A4 peuvent être reliés l’un à l’autre afin de former un cycle saturé ou insaturé ayant de 4 à 40 atomes de
carbone, le cycle saturé ou insaturé étant éventuellement interrompu par un atome d’oxygène, un atome de
soufre, ou un groupe représenté par -N (R11) -, dans lequel R11 est un atome d’hydrogène ou un groupe
hydrocarboné, le cycle saturé ou insaturé ayant éventuellement un ou plusieurs substituants ; et n est un entier
égal à 1 ou plus.

2. Dispositif de conversion photoélectrique de type à jonction pn selon la revendication 1, dans lequel le composé
semi-conducteur organique de type n est un composé choisi parmi les composés (4), (5) et (6) ci-dessous :
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et dans lequel le composé semi-conducteur organique de type p est un composé choisi parmi les composés (1),
(2), (3) et (7) ci-dessous :

3. Dispositif de conversion photoélectrique de type à jonction pn selon la revendication 2, dans lequel le composé
semi-conducteur organique de type n est le composé (5) et dans lequel le composé semi-conducteur organique de
type p est le composé (2).
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