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OLIGOTHIOPHENES AND USE THEREOF IN DYE-SENSITISED
SOLAR CELLS

Field

The present application relates to new chemical compounds useful in organic
photovoltaic applications, and to photovoltaic devices including solar cells and
dye sensitised solar cells and photodetectors.

Background
Photovoltaic devices include heterojunction and bilayer organic photovoltaic

cells, sometimes referred to as organic photovoltaics (OPVs), and dye
sensitised solar cells, which are also known as Grétzel cells.

Photovoltaic devices contain a combination of electron acceptor materials and
electron donor materials (or hole accepting materials) in the active layer.
Absorption of a photon results in the generation of a weakly-bound electron-
hole pair in the active layer. Dissociation of the bound electron-hole pair is
facilitated by the interface between the electron donor and electron acceptor
materials. The separated holes and electrons travel towards respective
electrodes and consequently generate a voltage potential at the electrodes.

Poly 3-hexylthiophene is an example of a polymeric organic material used as
an electron donor material in polymeric photovoltaic devices, together with
fullerene as an example of an electron acceptor material. The two materials
may be present as layers, forming a bilayer photovoltaic cell, or may be present
as a blend, forming a bulk heterojunction photovoltaic cell. In dye sensitised
solar cells, dye materials, also known as “sensitisers” or charge transporting
chromophores, are used as a charge generating material, typically with an
inorganic semiconductor. One example of this is the use of electron donor
dyes with an n-type semiconductor such as titania, as the electron acceptor
material.

There has been an emerging trend to develop new chemical compounds
capable of charge transportation (as either the electron donor or electron
acceptor material) for use in organic photovoltaic applications, such as dye
sensitised solar cells.

In charge transportation materials recently developed for such applications, the
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trend has been towards the use of compounds containing a donor electron
group (such as an N,N-diarylamino group) at one end, a combination of an
oligothiophene and an acceptor electron group at the other end, and a highly -
aromatic linker based on a pi system, such as phenyl, linking the two ends.

There is a need for further chemical compounds that can be used in such
applications, which may provide improved charge delocalization in the
compound. There is also a need for devices containing these new compounds.

Summary

According to the present invention there is provided a compound of formula I:

CcC——C

N

CO,R5

R3 R4
R1 / \ CN
\, /
RZ S H
n

formula |

wherein: ,
R' and R? are each independently selected from the group consisting of alkyl,
aromatic or heteroaromatic groups, or may together comprise linked alkyt,
aromatic or heteroaromatic groups,

R® and R* are each independently selected from the group consisting of alkyl, |
alkoxy or H, or R3 and R* may together comprise a divalent alkyl group, a
divalent alkoxy or alkyldioxy group, or R® and R* may together comprise a
heterocyclic, heteroaromatic or aromatic group linked or fused to the thiophene
group,

R®is H or alkyl, and

n is an integer between 1 and 10.

According to the present invention there is also provided a photovoltaic device
comprising:

- a first electrode,

- a second electrode, and

- an active material in electrical contact with the first and second electrodes, the
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active material comprising a compound of formula | and a second material
which is either an electron donor material or a charge accepting material,
wherein the device generates an electrical potential upon the absorption of
photons.

The charge accepting material may be an electron acceptor material.

In one embodiment, the device is a dye sensitised solar cell comprising:

- an anode

- a cathode, ‘

- an electron acceptor material on the anode,

“a compound of formula | in contact with the electron acceptor material, and

- a charge transport material in contact with the compound of formula | and the
cathode. '

In second embodiment, the device is a dye sensitised solar cell comprising:

- an anode

- a cathode,

- an electron donor material on the cathode,

- a compound of formula | in contact with the electron donor material, and

- a charge transport material in contact with the compound of formula | and the
anode.

Preferred details of the compound and the device are set out in the detailed
description below.

Brief Description of the Figures

Figure 1 is a schematic illustration of a photovoltaic device, in the form of a dye
sensitised solar cell, according to one embodiment of the invention.

Figure 2 is a photocurrent action spectrum for a photovoltaic device of one
embodiment of the invention.

Detailed Description

The present invention relates to novel compounds, and their use in photovoltaic
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devices. It is noted that the term “device” is used broadly to refer to any device
containing the stated electrodes and active material, and thus encompasses
solar cells, photodetectors and the like.

The compounds of the present application are based on a donor-acceptor
design which has greater absorption of visible light than current oligothiophene-
based materials. This is due to the greater charge delocalisation improving
charge transport through more efficient orbital overlaps which also leads to
greater absorption extinction coefficients. The induced dipole caused by the
donor and acceptor provide broader absorption (absorb more of the visible
spectrum) and greater extinction coefficients (the amount of absorption at a
given wavelength) than the same length oligthiophene without the donor and
acceptor. The compound also contains an acid group or an ester derivative
(which can be converted into an acid) for binding to titania, which makes it
suitable for use in dye sensitised solar cells.

The structure includes a direct link between the amino nitrogen atom and the
thiophene (or oligothiophene) unit, which is then directly linked to a strongly
electron withdrawing group containing a carboxylic acid or ester, for binding to
titania. The absence of a highly aromatic benzene or fluorene group between
the thiophene and amine, and the inclusion of the thiophene linking group '
provides a better energy balance and greater charge delocalisation which
serves to produce resonance delocalisation to give further absorption.
Photovoltaic devices containing such compounds will benefit from these
properties.

In formula |, n is an integer between 1 and 10. According to one embodiment, n
is between 2 and 10. Compounds based on n of 2 or greater are
oligothiophene compounds. According to some embodiments, n is between 2
and 6.

In formula I, R® and R* are each independently selected from the group
consisting of alkyl, alkoxy or H, or R® and R* may together comprise a divalent
alkyl group, a divalent alkoxy or alkyldioxy group, or R? and R* may together
comprise a heterocyclic, heteroaromatic or aromatic group linked or fused to
the thiophene group. Expressed in another way, R3; and R4 are independently'
selected from the group consisting of hydrogen, optionally substituted C4-Cjg



WO 2010/132952 PCT/AU2010/000613

10

15

20

25

30

35

-5-

alkyl, optionally substituted C3-C1s cycloalkyl and optionally substituted C4-C+s
alkoxy groups, or R3 and R4 may together with the carbon atoms to which they
are attached comprise an optionally substituted saturated or unsaturated ring
which may optionally contain one or more heteroatoms selected from the group'
consisting of O, N and S, and may optionally be further fused to one or more
other rings.

According to some embodiments, R® and R* are each independently selected
from selected from the group consisting of alkyl, alkoxy and H. Alkyl
encompasses straight chained, branched or cyclic alkyl groups of C1 to C18
(C3-C18 in the case of branched and cyclic groups), and encompasses groups
of the formula —C,H2x+1, where x is an integer between 1 and 18, such as .
between 1 and 10, or between 1 and 8. Examples include methyl, ethyl, propyl,
hexyl, iso-butyl, tert-butyl, and so forth. Unless the context requires otherwise,
alkyl also encompasses alkyl groups containing one less hydrogen atom, such
that the group is attached via two positions. Such groups are also referred to '
as “alkylene” groups. Alkoxy refers to the group -OCHa,+1, where x is an
integer between 1 and 18, or between 1 and 10. Examples include methoxy,
ethoxy, and so forth. The oxygen atom may be located along the hydrocarbon
chain, and need not be the atom linking the group to the remainder of the
compound.

According to some embodiments R%is H. According to some embodiments R*
is H. According to some embodiments, one of R® and R* is H, and the other of
R® and R* is alkyl. According to one embodiment, R® and R* are both H.

According to some embodiments R® and R* may together comprise an aliphatic
divalent linking group such as —alkyl—, —alkoxy—, dioxy, and dioxyalkyl, or R®
and R* may together comprise a heterocyclic, heteroaromatic or aromatic
groups linked or fused to the thiophene group. Examples of thiophene groups
containing divalent linking groups for —~R*-R*- are diazo thiophenes, - |
alkylenedioxythiophene (such as ethylenedioxythiophene) and
isobenzothiophene. Divalent alkyl groups have been described previously, and
encompass groups of the formula —C,Hz,- where n is a positive integer,
amongst others. Divalent alkoxy groups encompass groups containing one or
more alkyl or alkylene segments, and one or more oxygen atoms. Examples
include —CH,OCH,-. Dioxy groups are groups comprising two oxygen atoms.
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Dioxyalkyl groups encompass groups containing two oxygen atoms and an
alkyl group, such as ethylenedioxy (-OEtO-).

R® and R* may together comprise a heterocyclic, heteroaromatic or aromatic
group linked or fused to the thiophene group. An example of an aromatic group
is benzene, and when such an aromatic group is fused to the thiophene, R® and
R*, together with the thiophene ring form a substituted or unsubstituted
isobenzothiophene. More generally, “aromatic group” is used in accordance
with its usual meaning in the art and refers to an aromatic ring containing
system. Such groups may contain fused ring systems, linked ring systems
(such as biphenyl and fluorene groups), and may be substituted or
unsubstituted. The term “heteroaromatic group” refers to aromatic group
containing one or more heteroatoms. The heteroaromatic group may comprise
one or more rings, with one or more of the rings containing a heteroatom. The
heteroatom or heteroatoms in the heteroaromatic group may be selected from
one or more of O, N and S. The term “heterocyclic group” refers to any ring or
ring systems, including linked or fused ring systems, containing at least one
heteroatom, selected from O, N and S. The ring or rings may contain single
and/or double bonds, but the electron configuration is such that the ring or ring .
system is not aromatic. The heterocyclic, heteroaromatic or aromatic groups
may be fused to the thiophene unit, or may be linked through direct bonds or
other linking atoms.

R' and R? are each independently selected from the group consisting of alkyl,
aromatic or heteroaromatic groups, or may together comprise a linked alkyl,
aromatic or heteroaromatic group. To avoid any doubt, this encompasses the
situation where Ry and R; are independently selected from the group consisting
of optionally substituted C4-Cy alkyl, optionally substituted C3-Cg cycloalkyl,
optionally substituted aromatic, and optionally substituted heteroaromatic
groups or Ry and R; together with the nitrogen atom to which they are attached
comprise an optionally substituted saturated or unsaturated ring which may
optionally contain further heteroatoms selected from the group consisting of O,
N and S, and may optionally be further fused to one or more other rings.

According to some embodiments, R' and R? are each aromatic or
heteroaromatic groups, or may together with the nitrogen atom to which they
are attached comprise a linked aromatic or heteroaromatic group. The term
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“aromatic group” refers to any group containing an aromatic ring system. The
aromatic groups are attached to the nitrogen atom through an aromatic ring
carbon atom. Such groups may contain fused ring systems, linked ring
systems (such as biphenyl and fluorene groups), and may be substituted or
unsubstituted. Any substituents that do not adversely impact on the electronic
properties of the ring system are permissible, and suitable examples include
one or more substituents selected from alkyl, alkoxy, hydroxyl, carbonyl,
carboxylic acid, halo, aryl, thioalkyl, cyano, haloalkyl such as perfluorinated
alkyl, dialkylamino, diarylamine, N-carbazol, heteroaryl, biphenyl, silyl,
trimethylsilyl, silylether, methacryloxy, acryloxy, hydroxyalkyneneoxy and 2-
bromo-2methylpropanoate. Halo refers to a halogen. Haloalkyl refers to an alkyl
substituted with one or more halogen. Thioalkyl is the thio (S-containing)
equivalent of alkoxy. Carbonyl encompoasses, carboxylic acids, esters,
aldehydes and ketones.

The term “heteroaryl” or similarly “heteroaromatic group” refers to any group
containing a heteroaromatic ring system. The heteroatoms in the
heteroaromatic group may be selected from one or more of O, N and S. Where
one or both of R' and R? are heteroaromatic groups, the groups are attached to
the nitrogen atom through an atom in the heteroaromatic ring. Such groups may
be substituted or unsubstituted, and may contain fused ring systems, including
a fused heteroaromatic and carbon-based aromatic rings, and linked ring
systems. Suitable substituents are the same as those listed above for the
aromatic group.

Linked aromatic or heteroaromatic groups refers to a single group which
comprises at least two rings, each of the two rings being directly attached to the
nitrogen atom of the compound of formula |, and a linking group linking the two
aromatic/heteroaromatic rings. The linking group may be, for one example, an
alkyl group, or more specifically an alkylene group, of the formula —~CyHax—,
wherein x is an integer between 1 and 18. The linking group may be, for
another example, a direct bond between the aromatic/heteroaromatic 'rings.

In embodiments where R' and R? comprise alkyl, the term alkyl has the same
definition as provided above in the context of R® and R*. Where R' and R?

together comprise a linked alkyl group, the linked alkyl group may for instance
be of the formula —C,H2,—, where n is an integer between 4 and 10. The alkyl
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group may be substituted by any suitable substituent such as one or more
substituents selected from alkyl, alkoxy, halo, aryl, thioalkyl, cyano,and
haloalkyl such as perfluorinated alkyl.. A suitable subset of substituents is alkyl,
alkoxy, halo, thioalkyl, cyano and haloalkyl such as perfluorinated alkyl.

According to some embodiments, R' and R? are each independently selected
from the group consisting of phenyl, substituted phenyl, fluorenyl, and
substituted fluorenyl. According to other embodiments, R and R? are
independently selected from the group consisting of - phenyl, - phenyl |
substituted by one or more alkyl, alkyoxy, carbonyl, carboxylic acid, aryl or
heteroaryl, - an aryl other than phenyl, - an aryl other than phenyl substituted by
one or more alkyl, alkyoxy, carbonyl, carboxylic acid, aryl or heteroaryl, -
heteroaryl, or - heteroaryl substituted by one or more alkyl, alkyoxy, carbonyl,
carboxylic acid, aryl or heteroaryl.

The term “aryl” refers to aromatic groups based on one ring, or up to 3 fused or
linked rings, in which the linking groups are alkyl (specifically, alkylene) groups,
and thus encompasses phenyl, napthyl, fluorenyl and so forth. The term
“heteroaryl” refers to the heteroaromatic equivalent of “aryl” and thus refers to
one heteroaromatic ring, or up to 3 fused rings including at least one
heteroatom. Examples of “heteroaryl” include pyridyl, thienyl, furyl, indonlinyl
and so forth. Unless otherwise specified, the terms “aryl” and “heteroaryl” refer
to unsubstituted groups. An example of a substituted heteroaryl (specifically an
alkoxy substituted heteroaryl) is ethylenedioxythiophene.

According to some embodiments, R' and R? are each independently selected
from the group consisting of - phenyl, - phenyl substituted by one or more alkyl,
alkyoxy, carbonyl, carboxylic acid, or aryl, - fluorenyl and - fluorenyl substituted
by one or more alkyl.

R® in formula | is H or alkyl. According to one embodiment, R’ is H, such that
the end group is a carboxylic acid.

Unless stated otherwise, references to optional substituents refers to one or
more substituents selected from the group consisting of alkyl, alkoxy, hydroxyl,
carbonyl, carboxylic acid, halo, aryl, thioalkyl, cyano, haloalkyl such as
perfluorinated alkyl, dialkylamino, diarylamine, N-carbazol, heteroaryl, biphenyl,
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silyl, trimethyisilyl, silylether, methacryloxy, acryloxy, hydroxyalkyneneoxy and
2-bromo-2methylpropanoate.

As indicated by the wavy line in formula |, the compounds of the present
application are not limited to any particular stereochemistry. The compounds
may comprise mixtures of isomers in any ratio, racemic mixtures, a single |
isomer of the compound, or otherwise. The absence of a wavy line at a
position corresponding to that shown in figure | in other parts of this
specification should not be taken to imply specific stereochemistry about the
double bond. The actual stereochemistry can only be determined by
assessment of the compound as synthesised by the specified synthetic
procedure.

Synthesis of compounds.

Examples demonstrating the synthesis of compounds of a range of
embodiments of the invention are set out in the Example section.

Generally the synthesis involves:

- obtaining an amine of the formula R'R*NH (noting that many such amines are-
available for purchase, or can be synthesised by very straight-forward
techniques known in the art)

- reacting the amine R'R®*NH with:
X

S
| )—SnBu;
R3

R4
X =Br, Cl
to form a tributylstannyl thiophene derivative of the amine:
R1

I
N

R2” S SnBu
\ 3
3

R R4
(Compound A)

(noting that variants with appropriate groups R® and R* can be purchased or
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synthesised by techniques known in the art)
- reacting the tributylstannyl thiophene derivative of the amine with an iodo-
thiophene-carbaldehyde of formula:

| S CHO

n-1

(Compound B)

(which may be purchased, or may be synthesised from the simple thiophene or.
oligothiophene by deprotonation with BuLi followed by trapping with CO; to give
the aldehyde, then iodination) to produce a formyl precursor containing the
selected groups R', R% R®, R* and n:

R R4
R1
N / \
RZ S H
(Compound C)

and then

- reacting the formy! precursor, Compound C, with cyanoacetic acid (suitably in
an alcohol at reflux, and optionally with a catalytic amount of a base, such as an
amine) to produce the target compound of formula | (for R®=H). The
corresponding ester (R® = alkyl) may be made by suitable esterification
technique known in the art.

As a further example, the following procedure could be used to prepare the
starting materials for the preparation of the compounds of the invention
containing longer oligothiophene units:

R? Pd(dba)2 R

X

) S o
A hosphine ligand !
rz N + :\I/\/e—SnBu;; phospine 9 Rz,N S
3 SnBu
R R4 NaOtBu 1/2/ 3
3
X = Br. Cl Toluene reflux R R4

Compound A
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Typically a repetitive use of i) formylation (Vilsmeier-Haack reaction as a non- ’
limiting example), ii) iodination (via N-iodosuccinimide as a non-limiting
example) and iii) coupling to a thiophene with R? and R* substituents to the iodo
(oligo)thiophene via Suzuki coupling (via a boronic ester or acid with the
iodothiophene or via Stille coupling) will give access to a variety of
oligothiophene lengths with a substituted amine at one end and an aldehyde at
the other. The publication by Tao and Wong et al. in Advanced Materials 2008
doi: 10.1002/adma.200703032 illustrates the technique in making
oligothiophene of various lengths using a compound containing triarylamine
boronic esters that would apply to compounds of this invention.

The following reaction scheme shows the construction of oligothiophenes of a
desired length. First a formylation is performed and then cycle of iodination and
Suzuki coupling. It is understood that simple variation such as the use of a
dithiophene boronic acid/ester or tristhiophene boronic acid/ester would allow
oligothiophene length increases of two and three thiopehene units respectively
in each cycle.

43
R3 R4 R R4 formylation R4 R3 R4 jodination R'R
s — U—UJ
S )
1. nBuli N-iodosuccinimide
2.N formylmorpholine I
coupling
3 4
ROR Pd(PPha)q
S B(OH), .

43 4 4 03 4 R3 R4
R R*R R'R RRl R o 1. iodination R® R'RY R'R

Ty 7\ T\ 1"\ 4 2.coupling 7\ 7\ 1\ 4
S S S S S S S

H 1 efc....

o)

Compound B
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Once in hand, the aldehyde functional oligothiophene may terminated with a
boronic ester or iodide (to yield Compound B), to allow subsequent coupling to.
either disubstituted amine directly or a disubstituted aminothiophene as shown
below (illustrating a Stille coupling).

R3 R4 R3 R4

R R® R* R n-BuLi/Bu3SnCl R
1 y 1 \
NH Pd(OAC)2/P(t-Bu)3 / - 1 \ﬂ_
Ry ,M RYN s THF/ -78C RN TNg” T SNBYs
S t-BuOH 2
o-xylene

R® R‘RE R o Bis(PPh3)P(ICI

Compound C~

It is understood that a variety of synthetic paths may be used to make
compounds of the type C and that compounds of type C may have a 1 to 10
thiophene units.

The formyl precursor (Compound C) can then be reacted with cyanoa'cetic acid
(suitably in an alcohol at reflux, and optionally with a catalytic amount of a base,
such as an amine) to produce the target compound of formula | (for R® = H),
optionally followed by esterification to produce a compound of formula | where
R® is alkyl.

A broad range of compounds with R® and R* being H can be purchased from
Sigma Aldrich, Apollo Chemicals, and others, which can be conveniently
converted into the starting materials such as Compound B using simpler
reactions, examples of which are presented below.
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/O
STN
s S ~ N-iodosuccinimide ' ST\
—— | —
| e | S S
> ]
Buy from Acros Organics
Maybridge
Apollo Chemicals
OHC
T T
S, S _
1. BuLi, CO2
SN\ STN
S, S = NG - - N
PN 2. N-iodosuccinimide | )
Buy from Sigma Aldrich

As described above, the precursor formyl compound is then reacted with
cyanoacetic acid (suitably in an alcohol at reflux, and optionally with a catalytic
amount of a base, such as an amine) to produce the target compound of
formula | (for R® = H). The corresponding ester (R® = alkyl) may then be
prepared by esterification of the carboxylic acid.

Photovoltaic Devices

The compound of formula | outlined above is suitably used in a photovoltaic
device. The photovoltaic device generally comprises:
- a first electrode,
- a second electrode, and _
- an active material in electrical contact with the first an second electrodes, the
active material comprising
(i) the compound of formula |, and
(i) a second material which is either an electron donor material or a
charge accepting material.

The device generates an electrical potential upon the absorption of photons. In
other words, the active material is arranged such that the device generates an
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electrical potential upon the absorption of the photons.

Examples of charge accepting materials include electron accepting materials
and hole accepting materials.

The compound of formula | may be seen as being “ambi-polar”, and may act
either as an electron donor material or an electron acceptor material, depending
on the relative HOMO and LUMO levels of the compound and those of the
second material. In some embodiments, the compound of formula | is an
electron donor and the second material is an electron acceptor.

The photovoltaic device may be in the form of an organic solar cell, such as a
bulk heterojunction organic solar cell, a bilayer organic solar cell, or a dye
sensitised solar cell.

Two forms of the photovoltaic device are described in further detail below.

First form of photovoltaic device

The first electrode may be an anode. Any suitable anode materials can be
used. The anode material is suitably a transparent anode material. According
to some embodiments the anode is a metal oxide anode, including doped metal
oxides, such as indium tin oxide, doped tin oxide, doped zinc oxide (such as
aluminium-doped zinc oxide), metals such as gold, alloys and conductive
polymers and the like. The anode may be supported on a suitable support.
Supports include transparent supports, such as glass or polymer plates.

The second electrode may be a cathode. Any suitable cathode material can be.
used. According to some embodiments the cathode is a metal or metal alloy.
Suitable metals and alloys are well known in the art and include aluminium,
lithium, and alloys of one or both.

The second material may be an electron acceptor material. According to some
embodiments, the second material is an n-type inorganic semiconductor
material. Suitable n-type inorganic semiconductor materials are well known in
the art, and include titanium dioxide (TiO3).
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The second material is suitably a particulate material. The particulate second
material provides a high surface area for the attachment of molecules of the
compound of formula |, which allows for high exposure to the incident light, and
to high contact between the molecules of formula | and the electrolye. Particles
of a nanometer size are particularly suited, and encompass particles of
between 0.1nm to 400nm in size, such as between 10 and 50nm sized
particles. o

Second form of photovoltaic device

The first electrode may be a cathode. Any suitable cathode materials can be
used. The cathode material is suitably a transparent cathode material.
According to some embodiments the cathode is a metal oxide cathode,
including doped metal oxides, such as indium tin oxide, doped tin oxide, doped
zinc oxide (such as aluminium-doped zinc oxide), metals such as gold, alloys
and conductive polymers and the like. The cathode may be supported on a
suitable support. Supports include transparent supports, such as glass or
polymer plates.

The second electrode may be an anode. Any suitable anode material can be
used. According to some embodiments the anode is a metal or metal alloy.
Suitable metals and alloys are well known in the art and include aluminium,
lithium, and alloys of one or both.

The second material may be an electron donor material. According to some
embodiments, the second material is a p-type inorganic semiconductor
material. Suitable p-type inorganic semiconductor materials are well known in
the art, and include nickel oxide.

The second material is suitably a particulate material. The particulate second
material provides a high surface area for the attachment of molecules of the
compound of formula |, which allows for high exposure to the incident light, and
to high contact between the molecules of formula | and the electrolyte.
Particles of a nanometer size are particularly suited, and encompass particles
of between 0.1nm to 400nm in size, such as between 10 and 50nm sized
particles.
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According to some embodiments, the photovoltaic device comprises a charge
transport material in contact with the compound of formula | and the second
electrode. This embodiment is particularly relevant to dye sensitised solar cells.
Suitable charge transport materials, which may be solid or liquid, are well
known in the art and include solid and liquid electrolytes, room temperature
ionic liquids, organic electrolytes and aqueous electrolytes. The charge
transport material, or electrolyte, may be doped with a charge carrying species.
Suitable electrolytes include iodide electrolytes. |

The device may further comprise any additional features known in the art.
Some photovoltaic devices contain interfacial layers between one or both of the
anodes and the active material, and such features may be incorporated in to
the photovoltaic devices of the present application. The devices may be
constructed by any techniques known in the art.

In this second form of the device, according to some embodiments, the
compound of formula | comprises at least one carbonyl substituent, such as a
carboxylic acid group substituent. As an example, according to one
embodiment, R' and R? are each substituted aromatic groups, in which at least
one substituents is a carbonyl group. According to further embodiments, R'
and R? are independently selected from the group consisting of substituted
phenyl and substituted fluorenyl groups, in which at least one substituent is a
carboxylic acid group. The manner in which this form of photovoltaic device
may be constructed is described in Bach ef al. Nature Materials 9, 31 - 35
(2010).

Where the device is a dye sensitised solar cell, the dye sensitised solar cell in
general terms comprises:

- an anode,

- a cathode,

- a charge accepting material on one electrode,

- a compound of formula |, as define above, in contact with the charge
accepting material, and

- a charge transport material in contact with the compound of formula | and the
other electrode.

The term “charge accepting material” includes electron accepting materials and
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hole accepting materials.

According to one embodiment, the photovoltaic device is a dye sensitised solar
cell, comprising: o

- an anode

- a cathode,

- an electron acceptor material on the anode,

- a compound of formula | in contact with the electron acceptor material,

and ,
- a charge transport material in contact with the compound of formula | and the
cathode.

According to a second embodiment, the photovoltaic device is a dye sensitised
solar cell, comprising:

- an anode

- a cathode,

- an electron donor material on the cathode,

- a compound of formula | in contact with the electron donor material,

and

- a charge transport material in contact with the compound of formula 1| and the
anode.

The preferred features of the dye sensitised solar cell are as described
previously in the context of photovoltaic devices. In such devices, the
compound of formula | acts as a “sensitiser”.

In another embodiment the photovoltaic device is in the form of a
photodetector. The photodetector comprises two electrodes and the compound
of formula | (and thus has a similar structure to solar cells), and produces
variations in current or voltage output in response to light.
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Examples

The present invention will now be described in further detail with reference to
the following examples, relating to some embodiments of the invention. It will |
be understood that the invention is not limited to the embodiments provided by
way of example.

Example 1: Synthesis of 5”-carboxycyanovinylidene-5-(N,N-di-p-tolylamino)
2.2':5'2"-terthiophene (also known as AG4-47)

Synthesis of 5”-formyl-5-(N,N-di-p-tolylamino)-2,2":5'2"-
terthiophene.

CHO
CHO .
[ _Bisermpdanel -
/@ Usmsw \ / \ DMF s
CgH;I0S, /©/

C30H43NSSn 320
568 C27H2]NOS3
471

To a degassed solution of N,N-dip-tolyl-5-(tributylstannyl)thiophen-2-amine
(10g, 17.6 mmol) and 5’iodo-2,2'bithiophene-5-carbaldehyde (5.64g, 17.6
mmol) in dimethYIformamide (100ml) was added
bis(triphenylphosphine)palladium(ll) chloride (445mg, 0.634mmol). The mixture
was heated to 80°C for 10 min, then cooled to 40°C and stirred under nitrogen
for overnight. The orange coloured solution was worked up with
dichloromethane and water and the organic layer was washed with water
followed by brine and finally dried over anhydrous sodium sulphate and
recovered to get 6.0g (72.3%) of the crude titled material which was subjected
to column chromatography (Hexane: Ethyl acetate : : 80:20) to obtain the
purified product.

'"H NMR (200MHz, C6D6) 59.54 (s, 1H), 6.49 (d, J=3.95Hz, 1H), 6.80 (d,
J=3.88Hz, 1H), 6.74-6.68 (m, 2H), 6.87 (d, J=3.97Hz, 2H), 7.01 (m, 4H), 7.22
(m, 4H), 2.16 (s, 6H) '

2. Synthesis of 5”-carboxycyanovinylidene-5-(N,N-di-p-tolylamino)
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2,2':5'2"-terthiophene.

CHO
STN
COOH

N__S S + < CHCly/Piperidine
JO RSNy,
C;H;NO,
C,7H, NOS; 85 /Q/

471

C30H22N,0,83
538

5  To a solution of 5”-formyl-5-(N,N-di-p-tolylamino)-2,2":5'2"-terthiophene (400
mg, 0.85 mmol) and cyanoacetic acid (2.2 meq, 1.87 mmol, 159 mg) in
chloroform (30 ml) was added piperidine (1.5 mi, 0.425 mmol) at room
temperature. The resulting mixture was refluxed overnight and thin layer
chromatograph (TLC) was checked giving the indication of the desired product.

10 The reaction mixture was acidified with 20% aqueous HCI and extracted with
dichloromethane. The organic layer was washed twice with water and finally
dried over anhydrous sodium sulphate and the solvent was removed in vacuo.
The residue was purified on a silica gel column with chloroform/methanol as
eluent to give 200 mg (43.5%) of the desired purified black shiny material.

15 'H NMR (200MHz, DMSO) 58.05 (s, 1H), 7.65 (d, J= 4.08 Hz, 1H), 7.38 (t,
J=3.89Hz, 2H), 7.11-7.15 (m, 6H), 7.02 (m, 4H), 6.45 (d, J= 3.98 Hz, 1H), 2.26
(s, 6H)

The material of Example 1 had the properties shown in the following table.
20 HOMO and LUMO levels were calculated in the conventional manner using

cyclic voltametry and UV-Vis spectroscopy. In addition PESA (PhotoElectron

Spectroscopy in Air) was used to calculate HOMO of the material as a thin film..

Film Egap HOMO (eV) LUMO (eV)
Amax/ons (V)
et (nm)
Ccv PESA CV-Egap  PESA-
Egap
1 470/650 2.00 -5.20 -5.25 -3.20 -3.25

(AG4-47)
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3. Variations

Further compounds within general formula | can be prepared through the
selection of appropriate starting materials. In the preparation of the precursor
as per step 1 above, the starting amine (R'R?NH) for forming the tributylstannyl
thiophene derivative (the equivalent of 568 in the reaction scheme) can be
synthesised or purchased with the appropriate groups R'and R?. The iodo-
carbaldehyde can also be prepared with the appropriate groups R%and R*, and
with the appropriate number of thiophene units (of n-1 in number). From those
starting materials, the appropriate formyl precursor containing the selected
groups R', R? R3 R*and n is prepared. Step 2 is prepared as shown above
from the new formyl precursor to produce the desired target compound. If R®is
an alkyl group, the ester is formed by esterification of the carboxylic acid
produced from Step 2 with an alcohol R°0OH in the presence of an acid.

4. Dye Sensitised Solar Cell

A dye sensitised solar cell (1) of one embodiment of the invention is illustrated .
in Figure 1. The dye sensitised solar cell comprises a transparent layer of
indium tin oxide as the anode (2) supported on a plastic support (3). A layer of
particulate titanium dioxide (4) of an average particle size of 20nm is located on
the surface of the anode (2), which is an n-type inorganic semiconductor
material and acts as an electron acceptor material. The titanium dioxide layer
(4) is coated on its surface with the 5”-carboxycyanovinylidene-5-(N,N-di-p-
tolylamino) 2,2":5'2"-terthiophene (5) prepared as described in Example 1
above, acting as the sensitiser, or electron donor material. This is represented
schematically by an area marked with the numeral (5) in Figure 1, but in reality
would be a thin coating on the particles. This is applied by any suitable '
technique, such as by dissolving in a solvent, and contacting with the titanium '
dioxide layer, to load the sensitiser onto the surface. The sensitiser binds to the
TiO, surface through the acid group. A cathode (6) in the form of a platinum
cathode is placed above the layer of sensitiser (5), and an electrolyte (7) filled
in the space between the sensitiser (5) and the cathode (6), contacting the two
materials. The electrolyte is of any suitable type, and in the illustrated '
embodiment is a solution of acetonitrile containing iodine/iodide ions and other
ions and/or co-solvents. The edges of the device are sealed to encase the
electrolyte (7) between the anode (2) and cathode (6). The device may be in



WO 2010/132952 PCT/AU2010/000613

10

15

20

25

30

35

-21-

the form of a single cell, or multiple cells connected in parallel and/or series.
The device typically further comprises positive and negative terminals (not
illustrated) for connection to an energy storage device or other electrical
component(s) or circuit(s).

The electrolyte is of any suitable material that can carry charge. Without
limiting the choice of electrolyte system, there are typically three classes of
electrolyte. Prior art concerning organic dyes and the electrolyte systems can
be obtained from the publication by Mishra, Fischer and Baurerle in |
Angeewandte Chemie International edition 2009, 48, 2474-2499 (doi :
10.1002/anie200804709) and references therein. There are liquid electrolytes
of which /13" acetonitrile is common, lonic liquid electrolytesare used due to
potential advantages of lower volatility, thermal stability and high ionic
conductivity. There is a wide range range of ionic liquids that canbe used and
te reference may be consulted. lonic liquid electrolyte may contain such
materials as but not be limited to 1-ethyl-3-methylimidazolium iodide, 1,3-
dimethylimidazolium iodide, 1-ethyl-3-methylimidazolium tetracyanoborate,
lithium iodide, lodine, N-methylbenzimidazole. Solid electrolytes otherwise
known as holetransporting matierals (HTM) are organic materials. An example
is 2,2',7,7'-tetrakis-(N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene known -
as spiro-MeOTAD). Solid electrolyte systems may contain other additives such
as t-butylpyridine and lithium bis(trifluorosulfonyl)imide (LI[CF3SO2]2N). Itis
understood that the electrolytes may contain other additives that may improve
the performance, fabrication or stability of the device.

Example 2: Fabrication and testing of Dye Sensitised Solar Cells (DSSC)

Part 1: Liquid electrolyte DSSC.

Device fabrication

The dye of Example 1 was tested in photovoltaic devices using standard
mesoporous titanium dioxide (TiO;) with a 6pm thick transparent layer of 20nm
sized particles and a 6um thick scattering layer of 400 nm sized particles on top
of fluorine-doped tin oxide (FTO) coated glass. The films were immersed for 5
hours in a solution of 0.3 mM dye and 10 mM chenodeoxycholic acid (cheno)
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as coadsorbant in 8:2 mixture of dichloromethane and ethanol. Cells were
sealed with a platinised FTO counter electrode using a hot-melt (Surlyn, ‘
DuPont). Cells were then filled with an electrolyte through a hole in the counter
electrode. The hole was then sealed with a Surlyn disk and a thin glass to
avoid the leakage of electrolyte.

The electrolyte used was volatile solvent based and its composition was as

follows:

1.0 M 1,3-dimethylimidazolium iodide, 0.03 M iodine, 0.1 M guanidinium
thiocyanate, 0.5 M tert-butylpyridine, 0.05 M lithium iodide in a mixture of
acetonitrile and valeronitrile (85/15, v/v).

Photovoltaic characterization

A 450 W xenon light source was used to give an irradiance of 100mW cm-? (the
equivalent of one sun at air mass global, AM 1.5G, at the surface of solar cells).
The spectral output of the lamp was matched in the region of 350-750 nm with .
the aid of a sunlight filter to reduce the mismatch between the simulator and the
true solar spectra to less than 2%. The current-voltage characteristics of the
cells were obtained by applying an external potential bias to the cell and
measuring the generated photocurrent with a digital source meter (Keithley,
USA). The effective area of the devices was defined with the use of a metal

mask to be 0.16cm?.

A similar data acquisition system was used to control the incident photon-to-
current conversion efficiency (IPCE) measurement. Under computer control,
light from a 300 W xenon lamp was focused through a double monochromator
onto the photovoltaic cell under test. A computer controlled monochromator
was incremented through the spectral range (300-900 nm) to generate a

photocurrent action spectrum.
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Compound Voc Jsc FF Efficiency Area
(mV) (mA/cm2) (%) (cm2)

AG 4-47 734.8 11.36 0.73 6.06 0.16

Part 2: Solid State Electrolyte DSSC

Device fabrication

Unless otherwise stated, all other reagents were obtained from Sigma-Aldrich -

and used as received.

Fluorine doped Indium tin oxide (FTO) coated glass with a sheet resistance of -
10 Q/square was purchased from Asahi, Japan. Lithium bis-
trifluoromethanesulfonyl imide ([(CF3S0,).N]Li") was purchased from Aldrich.
Dyesol-90T paste was purchased from Dyesol Ltd, Australia. The small
molecule spiroMeOTAD [(2,2'-7,7'-tetrakis(N,N-di-p-methoxyphenyl-amine)
9,9’-spirobifluorene, >99% purity characterised by HPLC] was synthesized in-
house according to the Covion patent (US 7,250,519). Gold granules
(99.999%) were purchased from Sydney Gold Bullion-exchange. UV-ozone
cleaning of ITO substrates was performed using a Novascan PDS-UVT,
UV/ozone cleaner with the plafform set to maximum height, the intensity of the
lamp is greater than 36 mW/cm? at a distance of 100 cm. At ambient conditions

the ozone output of the UV cleaner is greater than 50 ppm.

SpiroMeOTAD from a solution in chlorobenzene was deposited in air using a
Laurell WS-400B-6NPP Lite single wafer spin processor. Film thicknesses
were determined using a Dektak 6M Profilometer. Vacuum depositions were
carried out using an Edwards 501 evaporator inside a glovebox. Samples were
placed on a shadow mask in a tray with a source to substrate distance of
approximately 25 cm. The area defined by the overlap of the patterned gold
electrode with the FTO electrode gave a device area of 0.12 cm?. Deposition
rates and film thicknesses were measured using a calibrated quartz thickness

monitor inside the vacuum chamber.



WO 2010/132952 PCT/AU2010/000613

10

15

20

25

30

-24 -

Fabrication

The solid state (DSSC) was fabricated as described in detail in U. Bach; D.
Lupo; P. Comte; J.E. Moser; F. Weissortel; J. Salbeck; H. Spreitzer; M. Gratzel.
Nature, 1998, 395, 583; and M. Gratzel, Thin Solid Film, 2008, 516, 4613.

FTO coated glass was cleaned by sonication for 10 mins in (a)10% Decon 90
detergent; (b) DI water; (c) acetone; (d) ethanol. The substrates were then
exposed to a UV-ozone clean (at 30°C) for 10 minutes. The thin, dense TiO?
compact layer of around 100-150 nm was deposited onto FTO glass (Asahi, 10
Q/cm) by spray pyrolysis of a solution of 40 mM [Ti(acac)z(i-C3H7)2-2i-C3H;OH]
at 450 °C. It is noted that acac is the standard abbreviation for acetylacetonate.
Nanocrystalline TiO; films were manually screen printed on top of the compact
layer and sintered at 450 °C for 30 minutes to give a thickness of about 2 um |
and an area of 0.88cm?. The formed TiO; films were then cooled down to room
temperature and immersed in a 0.04 M TiCl, solution at 70 °C for 30 min. After
rinsing with de-ionised water and ethanol, the films were annealed again at 450
°C for 30 min, then cooled down to 90 °C prior to being immersed into a 0.3 mM
dye solution in dichloromethane/ethanol (6.5:1 vol%). The dye was the
compound of Example 1:AG4-47. The dye solution also contained 10 mM
chenodeoxycholic acid as a coadsorbant. The substrate was immersed in the
dye solution for 19-20 hrs. After rinsing with acetonitrile, each dyed substrate
was deposited by spin coating 30 ulL of a spiroMeOTAD solution (170 mM)
consisting of 13 mM Li[(CF3SO2)2N , and 130 mM t-butylpyridine in
chlorobenzene at 2500 rpm for 60 sec in air. The devices were dried under vac
for 1h at 45 °C before being transferred to a vacuum evaporator. A layer of Ag
(10nm) was deposited by thermal evaporation through a shadow mask at
pressures below 2x107° mbar. This was followed by a layer of Au (80-90nm) at

below 3 x10~° mbar.

A small amount of silver paint (Silver Print Il, GC electronics, Part no.: 22-023)
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was deposited onto the gold electrodes and the other connection was made by
soldering a wire onto the FTO. The cells were tested with an Oriel solar
simulator fitted with a 1000W Xe famp filtered to give an output of 100mW/cm?
at AM 1.5. The lamp was calibrated using a standard, filtered Si cell from
Peccell limited (The output of the lamp was adjusted to give a Jsc of 0.605 mA).
The estimated mismatch factor of the lamp is 0.95. Values were not corrected

for this mismatch.

The Incident Photon Collection Efficiency (IPCE) data was collected using an
Oriel 150W Xe lamp coupled to a monochromator and an optical fibre. The
output of the optical fibre was focussed to give a beam that was contained
within the area of the device. The IPCE was calibrated with a standard,

unfiltered Si cell.

For both the solar simulator and the IPCE measurements, devices were
operated using a Keithley 2400 Sourcemeter controlled by Labview Software.
The measurements on the solar simulator gave the cell efficiency under AM 1.5
ilumination. The measurements on the IPCE setup gave them cell efficiency at

individual wavelengths.

Device Performance

The following table sets out the photovoltaic performances of solid state DSSC
based on the material of Example 1 (AG4-47) dye, illuminated at 100mW/cm? at
AM1.5: TiO, thickness ~ 2um, device area 0.12 cm?*:

Compound Voc Jsc (mAIcmz) FF Efficiency Area

(mV) (%) (cm?)
1 (AG4-47) 785 12.7 0.58 5.80 0.12
1 (AG4-47) 807 11.1 0.60 5.34 0.12

The efficiency of >5% is reproducible and the second highest efficiency is
5.34% from a different batch of devices.
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Alternative device configurations using a metal oxide photocathode can be
made as has been previously described, see for example, Bach et al., Nature
Materials 9, 31 - 35 (2010)

it will be understood to persons skilled in the art of the invention that many
modifications may be made without departing from the spirit and scope of the
invention.
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Claims
1. A compound of formula
RS R*
R1
NN
N
S

R2

CN
:C<

I—0

CO,R®

formula |
wherein:
R' and R? are each independently selected from the group consisting of alkyl, -
aromatic or heteroaromatic groups, or R' and R? may together comprise a
linked alkyl, aromatic or heteroaromatic group,
R® and R* are each independently selected from the group consisting of alkyl,
alkoxy or H, or R® and R* may together comprise a divalent alkyl group, a
divalent alkoxy or alkyldioxy group, or R® and R* may together comprise a
heterocyclic, heteroaromatic or aromatic group linked or fused to the thiophene
group, |
R®is H or alkyl, and
n is an integer between 1 and 10.

2. The compound of claim 1, wherein R%is H.
3. The compound of claim 1 or claim 2, wherein R*is H.
4, The compound of claim 1, wherein one of R3 and R* is H, and the other .

of R® and R* is alkyl.
5. The compound of claim 1, wherein R? and R* are both H.

6. The compound of any one of claims 1 to 5, wherein R" and R? are each
independently selected from - phenyl, - phenyl substituted by one or more alkyl, .
alkoxy, carbonyl, carboxylic acid, aryl or heteroaryl, - an aryl other than phenyl,
- an aryl other than phenyl substituted by one or more alkyl, alkyoxy, carbonyl,
carboxylic acid, aryl or heteroaryl, - heteroaryl, or - heteroaryl substituted by
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one or more alkyl, alkyoxy, carbonyl, carboxylic acid, aryl or heteroaryl.

7. The compound of claim 6, wherein R' and R? are each independently
selected from - phenyl, - phenyl substituted by one or more alkyl, carbonyl,
carboxylic acid, alkoxy or aryl, - fluorenyl and - fluorenyl substituted by one or
more alkyl, carbonyl, carboxylic acid, alkoxy or aryl.

8. The compound of any one of claims 1 to 7, wherein R®is H. »

9. The compound of any one of claims 1 to 8, wherein n is an integer
between 2 and 10.

10. A photovoltaic device comprising:
- a first electrode,
- a second electrode, and
- an active material in electrical contact with the first and second electrodes, the
active material comprising
(i) a compound of formula |

R3 R4
R1 CN
\N / \ c——c/
y —
S J, \C02R5
n

formula |

R2

wherein:

R' and R? are each independently selected from the group consisting of
alkyl, aromatic or heteroaromatic groups, or R' and R? may together
comprise a linked alkyl, aromatic or heteroaromatic group,

R? and R* are each independently selected from the group consisting of
alkyl, alkoxy or H, or R® and R* may together comprise a divalent alkyl
group, a divalent alkoxy or alkyldioxy group, or R® and R* may together
comprise a heterocyclic, heteroaromatic or aromatic group linked or
fused to the thiophene group,

R%is Horalkyl, and

n is an integer between 1 and 10, and

(i) a second material which is either an electron donor material or an
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electron acceptor material,
wherein the device generates an electrical potential upon the
absorption of photons.

1. The photovoltaic device of claim 10, wherein the compound of formula |
is as defined in any one of claims 2 to 9.

12. The photovoltaic device of claim 10 or claim 11, wherein the first

electrode is an anode.

13. The photovoltaic device of claim 12, wherein the anode is a metal oxide
anode.
14. The photovoltaic device of any one of claims 10 to 13, wherein the

second electrode is a cathode.

15. The photovoltaic device of claim 14, wherein the cathode is a metal or
metal alloy cathode.

16. The photovoltaic device of any one of claims 10 to 15, wherein the
second material is an electron acceptor material.

17. The photovoltaic device of any one of claims 10 to 16, wherein the
second material is an n-type inorganic semiconductor material.

18. The photovoltaic device of claim 10 or claim 11, wherein the first
electrode is a cathode.

19. The photovoltaic device of claim 18, wherein the cathode is a metal
oxide cathode.

20. The photovoltaic device of any one of claims 18 to 19, wherein the
second electrode is an anode.

21. The photovoltaic device of claim 20, wherein the anode is a metal or
metal alloy anode.
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22. The photovoltaic device of any one of claims 18 to 21, wherein the
second material is an electron donating material.

23. The photovoltaic device of any one of claims 18 to 22, wherein the

'second material is a p-type inorganic semiconductor material.

24. The photovoltaic device of any one of claims 10 to 23, wherein the
second material is a particulate material.

25. The photovoltaic device of claim 24, wherein the second material is of a
particle size of between 0.1nm — 400nm

26. The photovoltaic device of any one of claims 10 to 25, wherein second
material is in contact with the first electrode, and the compound of formula | is
adsorbed onto or bound to the second material.

27. The photovoltaic device of any one of claims 10 to 26, further
comprising an electrolyte in contact with the compound of formula | and the
second electrode.

28. A dye sensitised solar cell comprising:

- an anode

- a cathode,

- a charge accepting material on one electrode,

- a compound of formula | in contact with the charge accepting material,

c—=C
H

RS R4
;
R\ / \ /CN
N
R? S CO,R®
formula |
wherein:
R' and R? are each independently selected from the group consisting of
alkyl, aromatic or heteroaromatic groups, or R' and R? may together
comprise a linked alkyl, aromatic or heteroaromatic group,
R3 and R* are each independently selected from the group consisting of
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alkyl, alkoxy or H, or R® and R* may together comprise a divalent alky!
group, a divalent alkoxy or alkyldioxy group, or R® and R* may together
comprise a heterocyclic, heteroaromatic or aromatic group linked or
fused to the thiophene group,
R®is H or alkyl, and
n is an integer between 1 and 10,
and
- a charge transport material in contact with the compound of formula | and the
cathode.

29. The solar cell of claim 28, wherein the compound of formula 1 is as
defined in any one of claims 2 to 9.

30. The solar cell of claim 28 or claim 29, wherein the anode is a metal
oxide anode.
31. The solar cell of any one of claims 28 to 30, wherein the cathode is a

metal or metal alloy cathode.

32. The solar cell of any one of claims 28 to 31, wherein charge accepting
material is an electron acceptor material.

33. The solar cell of claim 32, wherein the electron acceptor material is an
n-type inorganic semiconductor material.

33. The solar cell of claim 28 or claim 29, wherein the cathode is a metal
oxide cathode.

34. The solar cell of claim 33, wherein the anode is a metal or metal alloy |
anode.
35. The solar cell of any one of claims 33 to 34, wherein the charge

accepting material is an electron donating material.

36. The solar cell of claim 35, wherein the electron acceptor material is a p-'
type inorganic semiconductor material.
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37. The solar cell of any one of claims 28 to 36, wherein the charge
accepting material is a particulate material.

38. The solar cell of claim 37, wherein the electron acceptor material is of a
5  particle size of between 0.1nm — 400nm. '
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