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Abstract: The common approach in organic materials
science is dominated by the perception that the proper-
ties of the bulk materials are virtually determined by
the properties of the molecular building blocks. In this
Concept Article, we advocate for taking into account
supramolecular organization principles for all kinds of
organic solid-state materials, irrespective of them being
crystalline, liquid crystalline, or amorphous, and discuss
a showcase example, that is, the utilization of merocya-
nine dyes as p-type organic semiconductors in bulk het-
erojunction (BHJ) solar cells. Despite their extraordi-
narily large dipole moments, which are considered to be
detrimental for efficient charge carrier transport, BHJ
organic photovoltaic materials of these dyes with ful-
lerenes have reached remarkable power conversion effi-
ciencies of meanwhile nearly 5%. These at the first
glance contradictory properties are, however, well-un-
derstandable on the systems chemistry level.

Keywords: dyes/pigments - organic semiconductors - so-
Qar cells - supramolecular chemistry - systems chemistry /

Introduction

Organic semiconductor research has experienced a growing
popularity during the last three decades and heralded the re-
vitalization of a classical field of organic chemistry, that is,
the research on m-conjugated systems, in particular dye
chemistry. At the time when this research field was almost
expatriated from traditional organic chemistry courses the
first technological applications of organic semiconductors in
photocopiers and later on in laser printers emerged from in-
dustrial laboratories as key materials of a multi-billion
dollar industry in the 1980s.!! Subsequently, within one
decade in the 1990s organic light-emitting diodes (OLEDs)
have been developed from technological curiosity to com-
mercial products by concerted research efforts of academic
and industrial laboratories, which are now approaching the
next major challenges of high relevance for modern society.
These are the scientific understanding and technological re-
alization of efficient and robust organic transistors® and
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solar cells.’) For the latter, the bridge to traditional dye
chemistry is obvious because in addition to typical specifica-
tions of an organic semiconductor, that is, good charge carri-
er mobilities, intense absorption bands in the visible and
near infrared spectral range are essential criteria. In this
Concept Article, we will particularly focus on solution-pro-
cessed bulk heterojunction (BHJ) organic photovoltaic
(OPV) materials based on small molecules and illustrate the
recent achievements based on the class of merocyanine colo-
rants as a model case for a systems chemistry approach in
organic materials science. To start with, it appears appropri-
ate to provide a lean overview on the current state-of-the-
art materials applied in BHJ-OPVs.

A milestone for organic photovoltaics was laid in 1986
with vacuum-deposited bilayer solar cells (sometimes called
as “Tang cells”) with about 1% power conversion efficien-
cy (PCE) containing a p-n heterojunction of a p-type
copper phthalocyanine and an n-type perylenetetracarboxyl-
ic bisbenzimidazole dye. The limitation of this single hetero-
junction cell is due to the modest exciton diffusion length of
the molecular materials that is around 20 nm. A device with
such a thin active layer cannot absorb the solar irradiation
efficiently, whereas for a thicker one the excitons cannot
reach the donor-acceptor interface to generate the charge
carriers. Nearly a decade later, BHJ solar cells containing a
single active layer have been introduced.’* These BHJ ma-
terials consist of blends of a p-type semiconducting polymer
and a n-type semiconducting Cy-fullerene derivative, usually
[6,6]-phenyl Cg-butyric acid methyl ester (PCBM). The
major advantage of these polymer/fullerene systems is a fa-
vorable phase separation of the semiconducting polymer
and the fullerenes on an ideal length scale of about 20 nm
accomplished by a facile solution-cast deposition.® This
nanophase separation can be further optimized by solvent
variations and thermal annealing processes.™ The initial
choices for the donor polymers were derivatives of poly(-
phenylenevinylene) such as MEH-PPV (Figure 1). In combi-
nation with PCBM power conversion efficiencies up to
2.5% were reported.”® The second generation of materials
was based on regioregular poly-(3-hexylthiophene) (P3HT),
which achieved PCEs of up to 5% after optimization of the
morphology by proper choice of solvent and thermal anneal-
ing procedures.”™¥ While these materials were homopoly-
mers, the third and most recent generation of materials in-
troduced the concept of donor/acceptor co-polymers (so
called low-bandgap polymers) to extend the absorption
more into the NIR region of the solar spectrum. Most re-
cently, PCEs >7% have been reported for these materials.”!

However, the disadvantages of these polymer-based mate-
rials are the cumbersome purification and the difficult struc-
tural optimization of the polymers in terms of their molecu-
lar weight, polydispersity, and regioregularity, and the chal-
lenge involved in the formation of well-defined and long-
term stable interpenetrating networks for such blend materi-
als. Thus, several groups have started in the last few years to
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Figure 1. Four levels of structural hierarchy that need to be optimized to
achieve an efficient BHJ solar cell. On the first level, optical and electro-
chemical properties are optimized on the molecular level. An ideal
donor/acceptor dye combination provides a high open-circuit voltage Ve
(left) and a broad absorption band over the entire range of the solar
spectrum (right). The displayed molecular structures show the structural
improvements during the last fifteen years for p-type semiconducting
polymers. The second and the third levels illustrate supramolecular and
morphological aspects, and the fourth level the device architecture. See
the text for details.

develop BHJ devices based on composites of electron-rich
and electron-poor m-conjugated small molecules with good
hole and electron transport characteristics, respectively, in
their pristine states.®! Scheme 1 shows a selection of the
“first generation” solution-processable electron-rich small
molecules that afforded reasonably good BHJ-OPV blends
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in combination with the electron-poor fullerene derivative
PCBM. It is remarkable that the molecular design of all of
these hole-transporting molecules is based on well-estab-
lished classes of p-type organic semiconductors, such as, tri-
arylamines,”! oligothiophenes,'”’ and acenes."!! These three
classes of compounds as well as fullerenes are outstanding
with regard to their rather low reorganization energies upon
photoexcitation, and formation of stable radical anion or
cation, which is considered as a prerequisite for fast charge
separation and transport.'? So far power conversion effi-
ciencies up to approximately 2% have been achieved for
photovoltaic blends of these p-type molecular semiconduc-
tors in combination with PCBM.®

Hierarchy Levels in BHJ Solar Cells

BHJ organic solar cells offer a most favorable example to il-
lustrate the importance of materials optimization on various
levels of structural hierarchy (Figure 1).

The first level is the molecular level (Iength scale of about
1 nm) at which the electron-donor and electron-acceptor
molecules (or the conjugated segments of a polymer) have
to be optimized with regard to their optical and redox prop-
erties. Concerning the optical properties, it is desirable that
the two individual molecules complement each other in
spectral absorption to ensure the highest possible utilization
of the terrestrial solar irradiation. With regard to the redox
properties, the HOMO and LUMO levels of the two mole-
cules need to be adjusted in such a way that a rapid photoin-
duced electron transfer from the electron donor to the elec-
tron acceptor is ensured, while the highest possible open-cir-
cuit voltage Vi is maintained which is dependent on the
difference of the HOMO level of the donor and LUMO of
the acceptor. Because of the still unmatched amenities of
fullerenes, in particular [60]JPCBM (and more recently also
[70]PCBM owing to better absorption properties), most re-
search work has been focussed on the search of electron-do-
nating molecules with redox properties that properly match
with those of fullerenes and whose absorption bands cover a
large fraction of the solar light. The latter aspect is of partic-
ular importance because fullerenes are rather poor absorb-
ers in the entire visible range. In general, suitable m-conju-
gated molecules can be explored in a rational way by
making use of established structure—property relationships,
performing quantum-chemical calculations,'! and character-
izing new molecules by UV/Vis absorption spectroscopy and
cyclic voltammetry.

The second level is the supramolecular level (length scale
of about 10 nm) where two issues need to be addressed. The
first one is the necessity of proper phase separation of the
two molecular building blocks which requires a distinct pref-
erence for the formation of homoaggregates instead of het-
eroaggregates for the two individual species. This is a deli-
cate issue because self-aggregation is directed by weak inter-
molecular interactions.™ On the one hand, dispersion inter-
actions may help to trigger the formation of homoaggregates
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Scheme 1. A selection of the first generation of small molecules for which appreciable photovoltaic efficiencies were demonstrated with fullerenes in so-
lution-cast BHJ solar cells: Amorphous oligothiophenes 1 by Zhu and co-workers,® oligothiophene dendrimers 2 by Biuerle and co-workers,™! accept-
or-functionalized triarylamines 3 by Roncali and co-workers,**! and acenes 4 by Anthony and co-workers.*!

because they are maximized by contacts between molecules
of the same kind (“similia similibus solvuntur”). On the
other hand, co-crystallization, that is, heteroaggregation, has
been observed between electron-rich and electron-poor mol-
ecules if charge-transfer interactions prevail. The well-
known fact that polymer mixtures are prone to phase sepa-
ration, as widely utilized in block copolymers, is an impor-
tant reason why the concept of BHJ-OPV worked out so fa-
vorably for a large number of polymer/fullerene blends. But
also the globular shape of the fullerenes seems to play a
role because their shape does not ideally match the shape of
planar m-conjugated molecules, and thus facilitates phase
separation and formation of microcrystalline fullerene do-
mains.”! Note that the magnitude of dispersion interactions
strongly depends on the contact surface between the in-
volved molecules, which is necessarily not ideal between
molecules of such different shape. Besides the necessity of
phase separation, a second issue needs to be considered on
the supramolecular level and this is the homo-self-assembly
of the respective building blocks. Well-ordered aggregates
appear promising, in particular if the molecular packing is
favorable for desired intermolecular couplings for exciton
transport to the BHJ interface and charge transport to the
electrodes. For this reason, regioregular poly-(3-hexylthio-
phene) (P3HT) exhibits better transport characteristics than
the more amorphous irregular P3HT. For fullerenes it is as-
sumed that they form nanocrystalline domains that ensure a
rapid transport of the photogenerated charge carriers away
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from the BHJ interface, and thus decrease the probability
for undesired charge carrier recombinations.[*

The third level of hierarchy (systems level in Figure 1),
that is, the formation of optimal domains and percolation
paths for charge carriers to the electrodes over macroscopic
dimensions (length scale of 100 nm), is probably the level
that is most difficult to address by rational means. Thus,
even for optimally mastered functional properties of the
molecules and most desirable supramolecular arrangements
for the two constituent species their proper intermixing and
macroscopic orientation is a big challenge, for which barely
rational design concepts exist and accordingly time-consum-
ing optimization by trial-and-error is warranted. In the area
of printable electronics, variations of the solvent, the deposi-
tion technique and, in particular, thermal post-treatment
(“annealing”) of the cast photoactive layers are the most
commonly applied strategies for successfully approaching
this issue.™ Structure—property relationships are not easily
accessible on this level because it is rather difficult to get in-
sight into the organization of the constituent molecules in
the interior of soft matter.

The fourth level of hierarchy (device level in Figure 1) in-
volves the interfacing of the two-component BHJ material
with the electrodes. This is primarily a research area of sur-
face physics and a number of principles for the proper
choice of the respective contact materials based on their
work functions have been elaborated. In particular, for
vapor-deposited organic solar cells additional hole and elec-
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tron-blocking layers are typically introduced to improve the
charge extraction from the active layer. But also in solution-
based OPV cells additional layers like PEDOT-PSS (poly-
(3,4-ethylenedioxythiophene)  polystyrenesulfonate) are
commonly applied.

From this discussion it becomes clear that the first and
fourth level of hierarchy are scientifically the best under-
stood ones. Chemists have a profound knowledge on semi-
conducting molecules whose optical and redox properties
can be predicted based on structure—property relationship
guidelines and theoretical calculations, and characterized by
relatively simple experimental techniques. Likewise, in-
depth knowledge in work functions of various metals and
the organic material/metal contact has been acquired by sur-
face and device physicists. Now, the most serious challenges
remain on the supramolecular/systems levels if BHJ materi-
als or other complex organic materials are to become acces-
sible by rational design in the future.

Merocyanine Colorants

The utilization of p-type semiconducting polymers such as
P3HT or related amorphous oligothiophenes in BHJ-OPV is
very reasonable owing to their outstanding hole-transport
properties. For a hopping-transport process, it is known
from experimental and theoretical studies that small reor-
ganization energies upon oxidation of the neutral molecules
to their radical cations are advantageous!'? as well as the ab-
sence of dipolar groups in molecules.'¥ According to Bor-
senberger and Bissler, dipolar groups generate a random
electrostatic potential in amorphous solid-state materials
leading to a larger energetic disorder that slows down the
charge-carrier transport (“dispersive” transport).¥ There-
fore, dipolar molecules and even dipolar functional groups
should actually be avoided in organic photo- and semicon-
ducting materials. Although, for a better adjustment of the
p-semiconductors’ frontier orbitals Roncali and Béuerle
have introduced dicyanovinyl substituents symmetrically to
triarylamines, for example, compound 3 (Scheme 1), and to
oligothiophenes.[* 1!

On the basis of the above-mentioned considerations, the
class of merocyanine dyes does not appear promising at all
for application as semiconducting materials due to their
large dipole moments. Indeed, the highest dipole moments
among all known dye molecules have been reported for
merocyanine dyes."! Nevertheless, merocyanine dyes are ex-
cellent colorants with tunable optical properties and intense
absorption bands (i.e. large transition dipole moments) that
could be beneficially utilized in thinner photoactive layers.
From our earlier work in the field of nonlinear optics and
photorefractive materials,'”) we realized that the reorganiza-
tion energy of merocyanines upon oxidation should be
rather small if they exhibit equal dipole moments in the
ground and the excited state (so-called “cyanine limit”),
which relates to equal contributions of the polyene-type and
the zwitterionic resonance structures in the valence bond
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© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

model (Scheme 2). Merocyanines in the cyanine limit are
also dyes with most favorable absorption properties, that is,
intense absorption bands at the longest possible wavelength

N, N, .
“C__¢=N “c__g=N
M \N_ s J -l N S=
NTsT = s L
5
N N~
\@\R/Ex ¢
+ A\
/N/S\ S>\<C\
‘N

Scheme 2. Polyene-type and zwitterionic resonance structures for two dif-
ferent merocyanine dye scaffolds. Note that for 5 the zwitterionic struc-
ture is disfavored by the loss of aromaticity in both heterocyclic units.
This is the reason why its constitutional isomer 6 as well as derivative 7
are significantly more dipolar in the ground state (Figure 2).

for a given polymethine chain (Figure 2), and they possess
enhanced thermal and photochemical stability owing to
equalized bond orders."”®!
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Figure 2. UV/Vis absorption spectra of three merocyanine dyes 5-7 and
their dipole moments in the ground (u,) and the excited state (u,) in di-
oxane.'’) Note that the characteristic sharp and intense absorption band
of a cyanine has been realized for merocyanine 7 with almost equal
dipole moments in the ground and the excited state.

Moreover, in our earlier work we discovered that such
highly dipolar merocyanine dyes self-assemble into strongly
bound centrosymmetric dimer aggregates with vanishing
dipole moments already in dilute solutions as well as in
polymeric matrices."”) Figure 3 shows the calculated electro-
static potential map for centrosymmetric dimers of the dipo-
lar merocyanine dye 8 (u,=17 D) at a larger and a closer
distance.™™ From this presentation it becomes not only clear
that the overall dipolarity has vanished in a dimer aggregate
but that even an amalgamation of the electrostatic charge
density has occurred. Accordingly, we envisioned that the
unfavorable dipolar molecular properties of merocyanines
might be healed on the supramolecular level and that exper-
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4,=0D

Figure 3. Formation of dimer aggregates of merocyanine dye 8 and elec-
trostatic potential energy maps for two centrosymmetrically arranged
highly dipolar monomers at a distance of 6.5 A (left) and for a m-stacked
dimer at the experimentally observed distance of 3.25 A in single crys-
tals.""!

imental investigations on their utilization in BHJ solar cells
are warranted.

Pleasingly, already the first photovoltaic blends composed
of available photorefractive ATOP (aminothienyl-oxopyri-
dine compound 9, Scheme 3) dyes and PCBM afforded
power conversion efficiencies close to 1% (Table 1).*”
Structural variations revealed that electronically and optical-
ly related dyes with an indolenine (“Fischer base”) electron-
donating group provided even better performance.?!! The

Scheme 3. A selection of merocyanine dyes that have been applied in so-
lution-processed BHJ solar cells.?!!

Table 1. Photovoltaic characteristics of solution-processed BHIJ solar
cells composed of merocyanines 9-13 and PCBM under AM 1.5 illumina-
tion.l"!

Dye Voc [V] Jsc [mA cm™?] FF 7 [%]
9 (ATOP) 0.73 4.0 0.32 091
10 (IDOP) 0.77 4.0 0.29 0.87
11 (HB 194) 0.94 8.24 0.34 2.59
12 (MD 304) 0.76 6.3 0.36 1.74
13 0.31 12.6 0.47 1.79

[a] Typical device architecture: ITO/PEDOT:PSS layer, MC:PCBM
layer, Al layer; Voc: open circuit voltage; Jgc: short circuit current; FF:
fill factor; 1: power conversion efficiency.
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exceptional behavior of this electron-donor group is attrib-
uted to its sterically demanding 3,3'-dimethyl subunit that
affords much better soluble dyes and slipped packing ar-
rangements in the solid state (Figure 4d,e). By simple con-
densation reactions with CH-acidic heterocyclic acceptor
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Figure 4. Schematic representation of molecular arrangements of dipolar
merocyanine dyes (simplified representation by the direction of their
dipole moments) as observed by X-ray diffraction in single crystals. The
arrow color denotes isolated dimers (grey), one-dimensional stacks with
H-coupling (blue), and one- and two-dimensional slipped arrangements
with J-coupling (red).

units a broad variety of merocyanines became accessible
whose absorption bands cover the whole visible range
(Figure 5). Note that these absorption spectra have been re-
corded in dilute solution, whilst upon aggregation in concen-
trated solution and in thin films a significant broadening of
the absorption bands is observed. Owing to this band broad-
ening, a combination of three of these dyes already ensures
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Figure 5. Terrestrial solar spectrum (black) and UV/Vis absorption spec-
tra of merocyanine dyes 10 (red), 11 (violet), 12 (blue), and 13 (green) in
dilute dichloromethane solution.
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absorption of the entire visible and part of the near infrared
spectral range,”"! which might offer interesting perspectives
for multi-junction devices based on a single class of dyes.

The arrangement of the dipolar dyes in the solid state de-
serves some further discussion as it has an impact on solar
cell efficiency. In more than twenty single-crystal analyses of
merocyanine dyes we found centrosymmetric arrangements
with almost perfect antiparallel orientations of the dipole
moments of adjacent molecules in most cases. Schematic
representations of the observed arrangements are depicted
in Figure 4 in a simplified way based on the dyes’ dipole mo-
ments. A common motif in the molecular arrangements are
sandwich-type dimeric units (Figure 4a—c). Even for one-di-
mensional s-stacks with alternating dipole orientation (Fig-
ure 4b,c) often a difference in the distances of a molecule
to its upper and the lower adjacent one (Figure 4b) was
found, thus confirming the presence of centrosymmetric di-
meric supramolecular synthons™ (see Figure 3) in the crys-
talline state. Remarkably, the bulkiness of the 3,3'-dimethyl
groups of the indolenine dyes induces different packing pat-
terns like the one shown in Figure 4d,e which suggest favor-
able exciton and charge percolation pathways in one (Fig-
ure 4d) or two (Figure 4e) dimensions. Further studies will
be necessary to reveal the influence of the packing motifs
on the optical and reorganization energies that are decisive
for the exciton and charge transport properties in these ma-
terials.

In parallel to our work, other groups have also searched
for new solution-processable p-type molecular semiconduc-
tor materials for OPVs based on typical colorants such as
merocyanines, for example, squaraines,*'>*) bodipy dyes,?
diketopyrrolopyrroles,™ indigoids,* and phthalocya-
nines.””! Like merocyanines, these compounds possess high
tinctorial strength and often contain polar functional groups.
However, these polar groups are invariably arranged sym-
metrically leading to quadrupolar instead of dipolar mole-
cules. This implies that the rationale behind the chromo-
phore design for organic electronic materials is still domi-
nated by the paradigm that dipolar molecules should be
avoided due to their severe limitations in charge carrier
transport.' In this regard, our concept is unique because it
is clearly not based on a material design with focus on mo-
lecular properties (level 1 in Figure 1) but on supramolec-
ular level 2 and systems level 3. Thus, we anticipated that
strongly dipolar merocyanines should be treated as centro-
symmetric dimer aggregates, which are quadrupolar and not
dipolar functional entities on the supramolecular level
(Figure 1, level 2) and that their polar character should
favor homoaggregation by pronounced electrostatic interac-
tions between these molecules, leading to phase-separated
morphologies with nonpolar fullerene derivatives on the sys-
tems level (Figure 1, level 3). It is likely that the latter argu-
ments hold also true for the successful utilization of other
quadrupolar compounds mentioned here™® that gain addi-
tional intermolecular interaction energies by electrostatic
forces compared to pure polycyclic aromatic hydrocar-
bons.!
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Summary and Outlook

In this article, we have disclosed the concepts behind our
recent work on new materials for bulk heterojunction solar
cells. Based on three concepts, that is, small reorganization
energies for merocyanines in the cyanine limit (molecular
level), preferential and strong dimerization of these dipolar
dyes into antiparallel dimer units (supramolecular level),
and pronounced phase separation from fullerenes (systems
level), we have achieved BHJ organic photovoltaic materials
with a class of colorants that initially appeared to be not at
all suitable for this purpose on the basis of solely molecular
considerations.

Currently, it is not possible to reliably predict the perspec-
tives of these novel photovoltaic materials compared to
those achieved by more traditional organic semiconductor
designs. The tunability of the absorption properties and the
simplicity of adjustment of the HOMO levels are clearly ad-
vantageous properties of merocyanine dyes. Thus, rather
high open-circuit voltages could be achieved even for dyes
like 11 and 12 (Scheme 3) whose absorption bands already
reach the NIR region in thin films. The higher permittivity
(dielectric constant) of dipolar and quadrupolar molecules
might be advantageous for charge carrier separation at the
p—n interface, but appears disadvantageous for the transport
of these charge carriers to the electrodes. A critical issue
will remain the optimization of the fill factors (Table 1),
which seem to depend on problems of charge extraction due
to the limited hole carrier mobility. Nevertheless, for mero-
cyanine 11 an acceptable hole mobility of >107°> ecm*V~!s7!
has been obtained,”?! which was even surpassed by squar-
ain-type merocyanine 13.”"! Apparently, the “right” balance
between (micro)crystalline and amorphous domains will be
of crucial importance for the further development of these
materials. Here we are currently pursuing different strat-
egies, including the deposition of merocyanine/fullerene
BHI layers under high-vacuum conditions by thermal evap-
oration where our initial attempts afforded right away
power conversion efficiencies close to 5% for the combina-
tion of merocyanine 11 (HB 194) and Cgy-fullerene in a very
simple device architecture.” It is noteworthy that this value
already reaches the performance level of the currently most
efficient vacuum-processed BHJ devices based on single
photoactive layers®®! (not tandem cells), which substantiates
the arguments outlined in this article for the applicability of
this unconventional class of semiconductor chromophores
for organic photovoltaics owing to their advantageous self-
organization properties.

Irrespective of the future developments and the most ob-
vious question, which organic semiconductor materials will
ultimately enter into the photovoltaic market (if at all), we
hope that this striking example of a function-enabling supra-
molecular arrangement will influence the further thinking of
chemists for the development of new organic materials. The
lesson to be learned is that new properties can emerge in a
complex molecular solid that are quite distinct from those
expected from a pure molecular point of view. Due to the
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formation of centrosymmetric aggregates, strongly dipolar
merocyanines have been rather disappointing in the field of
nonlinear optics,'™ but have now been surprisingly well-
suited for organic photovoltaics.

Acknowledgements

We are particularly grateful to BASF SE for financial support of this con-
cept at a stage where our ideas appeared to be highly speculative. For
funding of our current activities in organic photovoltaics, we are very
much obliged to the DFG and the BMBF. We acknowledge the hard
work of all our co-workers involved in this project.

[1] For a recent review article on organic photoconductors, see: D. S.
Weiss, M. Abkowitz, Chem. Rev. 2010, 110, 479-526.

[2] Organic Electronics (Ed.: H. Klauk ), Wiley-VCH, Weinheim, 2006.

[3] For general reviews on organic photovoltaics, see for example:
a) Organic Photovoltaics: Materials, Device Physics, and Manufac-
turing Technologies (Eds.: C. Brabec, U. Scherf, V. Dyakonov),
Wiley-VCH, Weinheim, 2008; b) special issue: Acc. Chem. Res.
2009, 42(11).

[4] C. W. Tang, Appl. Phys. Lett. 1986, 48, 183-185.

[5] a) G. Yu, J. Gao, J. C. Hummelen, F. Wudl, A.J. Heeger, Science

1995, 270, 1789-1791; b) S. E. Shaheen, C.J. Brabec, N. S. Sariciftci,

F. Padinger, T. Fromherz, J. C. Hummelen, Appl. Phys. Lett. 2001,

78, 841-843; ¢) G. Li, V. Shrotriya, J. Huang, Y. Yao, T. Moriarty, K.

Emery, Y. Yang, Nat. Mater. 2005, 4, 864—868; d) W. Ma, C. Yang,

X. Gong, K. Lee, A.J. Heeger, Adv. Funct. Mater. 2005, 15, 1617—

1622.

a) R. A.J. Janssen, J. C. Hummelen, N. S. Saricifti, MRS Bull. 2005,

30, 33-36; b) A. J. Moulé, K. Meerholz, Adv. Funct. Mater. 2009, 19,

3028-3036.

a) S. H. Park, A. Roy, S. Beaupré, S. Cho, N. Coates, J. S. Moon, D.

Moses, M. Leclerc, K. Lee, A.J. Heeger, Nat. Photonics 2009, 3,

297-303; b) J. Peet, J. Y. Kim, N. E. Coates, W. L. Ma, D. Moses,

A.J. Heeger, G. C. Bazan, Nat. Mater. 2007, 6, 497-500; c) J. Hou,

H.-Y. Chen, S. Zhang, R.I. Chen, Y. Yang, Y. Wu, G. Li, J. Am.

Chem. Soc. 2009, 131, 15586-15587; d) H. Y. Chen, J. H. Hou, S. Q.

Zhang, Y. Y. Liang, G. W. Yang, Y. Yang, L. P. Yu, Y. Wu, G. Li,

Nat. Photonics 2009, 3, 649—-653.

a) X. Sun, Y. Zhou, W. Wu, Y. Liu, W. Tian, G. Yu, W. Qiu, S. Chen,

D. Zhu, J. Phys. Chem. B 2006, 110, 7702-7707; b) S. Roquet, A.

Cravino, P. Leriche, O. Aléveque, P. Frere, J. Roncali, Adv. Mater.

2006, 18, 3033-3037; c) M. T. Lloyd, A. C. Mayer, S. Subramanian,

D. A. Mourey, D. J. Herman, A. V. Bapat, J. E. Anthony, G. G. Mal-

liaras, J. Am. Chem. Soc. 2007, 129, 9144-9149; d) C.-Q. Ma, M.

Fonrodona, M. C. Schikora, M. M. Wienk, R.A.J. Janssen, P.

Biuerle, Adv. Funct. Mater. 2008, 18, 3323-3331; e) for a recent

review, see: J. Roncali, Acc. Chem. Res. 2009, 42, 1719-1730.

[9] a) C. Lambert, G. Noll, J. Am. Chem. Soc. 1999, 121, 8434-8442;
b) C. Lambert, G. Noll, J. Schelter, Nat. Mater. 2002, 1, 69-73.

[10] A. Mishra, C.-Q. Ma, J. Segura, P. Biuerle, Handbook of Thio-
phene-based Materials: Applications in Organic Electronics and Pho-
tonics, Vol. 1 (Eds.: L. F. Perepichka, D. F. Perepichka), Wiley, New
York 2009, pp. 1-131.

[11] J. E. Anthony, Angew. Chem. 2008, 120, 460-492; Angew. Chem.
Int. Ed. 2008, 47, 452-483.

[6

—_

7

—

8

=

CONCEPT

[12] J. L. Brédas, D. Beljonne, V. Coropceanu, J. Cornil, Chem. Rev.
2004, 104, 4971-5004.

[13] Z. Chen, A. Lohr, C. R. Saha-Moller, F. Wiirthner, Chem. Soc. Rev.
2009, 38, 564-584.

[14] a) A. Dieckmann, H. Bissler, P. M. Borsenberger, J. Chem. Phys.
1993, 99, 8136-8141; b) M. Van der Auweraer, F. C. De Schryver,
P. M. Borsenberger, H. Bassler, Adv. Mater. 1994, 6, 199-213.

[15] K. Schulze, C. Uhrich, R. Schiippel, K. Leo, M. Pfeiffer, E. Brier, E.
Reinold, P. Biauerle, Adv. Mater. 2006, 18, 2872-2875.

[16] a) M. Blanchard-Desce, V. Alain, P. V. Bedworth, S. R. Marder, A.
Fort, C. Runser, M. Barzoukas, S. Lebus, R. Wortmann, Chem. Eur.
J. 1997, 3, 1091-1104; b) J. J. Wolff, R. Wortmann, Adv. Phys. Org.
Chem. 1999, 32, 121-217.

[17] a) F. Wiirthner, R. Wortmann, K. Meerholz, ChemPhysChem 2002,
3, 17-31; b) F. Wiirthner, R. Wortmann, R. Matschiner, K. Lukas-
zuk, K. Meerholz, Y. De Nardin, R. Bittner, C. Briuchle, R. Sens,
Angew. Chem. 1997, 109, 2933-2936; Angew. Chem. Int. Ed. Engl.
1997, 36, 2765-2768; c) F. Wiirthner, C. Thalacker, R. Matschiner,
K. Lukaszuk, R. Wortmann, Chem. Commun. 1998, 1739-1740;
d) K. Meerholz, Y. De Nardin, R. Bittner, R. Wortmann, F. Wiirth-
ner, Appl. Phys. Lett. 1998, 73, 4—6.

[18] S.R. Marder, B. Kippelen, A. K.Y. Jen, N. Peyghambarian, Nature
1997, 388, 845-851.

[19] a) F. Wiirthner, S. Yao, Angew. Chem. 2000, 112, 2054—-2057; Angew.
Chem. Int. Ed. 2000, 39, 1978-1981; b) F. Wiirthner, S. Yao, T. De-
baerdemacker, R. Wortmann, J. Am. Chem. Soc. 2002, 124, 9431 -
9447.

[20] K. Meerholz, F. Wiirthner, Internat. Patent Appl. WO002009/
007340, 2009 (filed 07.07.2007).

[21] a) N. M. Kronenberg, M. Deppisch, F. Wiirthner, H. W. A. Lade-
mann, K. Deing, K. Meerholz, Chem. Commun. 2008, 6489-6491;
b) U. Mayerhoffer, K. Deing, K. GruB, H. Braunschweig, K. Meer-
holz, F. Wiirthner, Angew. Chem. 2009, 121, 8934-8937; Angew.
Chem. Int. Ed. 2009, 48, 8776-8779; c) H. Biirckstimmer, N. M.
Kronenberg, M. Gsinger, M. Stolte, K. Meerholz, F. Wiirthner, J.
Mater. Chem. 2010, 20, 240-243.

[22] G.R. Desiraju, Angew. Chem. 1995, 107, 2541-2558; Angew. Chem.
Int. Ed. Engl. 1995, 34, 2311-2327.

[23] a) F. Silvestri, M. D. Irwin, L. Beverina, A. Facchetti, G. A. Pagani,
T. J. Marks, J. Am. Chem. Soc. 2008, 130, 17640—17641; b) B. Fan, Y.
Maniglio, M. Simeunovic, S. Kuster, T. Geiger, R. Hany, F. Nuesch,
Int. J. Photoenergy 2009, 581068; c) G. Wei, S. Wang, K. Renshaw,
M. E. Thompson, S. R. Forrest, ACS Nano 2010, 4, 1927-1934.

[24] T. Rousseau, A. Cravino, T. Bura, G. Ulrich, R. Ziessel, J. Roncali,
J. Mater. Chem. 2009, 19, 2298 -2300.

[25] B. Walker, A. B. Tamayo, X.-D. Dang, P. Zalar, J. H. Seo, A. Garcia,
M. Tantiwiwat, T.-Q. Nguyen, Adv. Funct. Mater. 2009, 19, 3063 —
3069.

[26] J. Mei, K. R. Graham, R. Stalder, J. R. Reynolds, Org. Lett. 2010,
12, 660-663.

[27] Y. Matsuo, Y. Sato, T. Niinomi, I. Soga, H. Tanaka, E. Nakamura, J.
Am. Chem. Soc. 2009, 131, 16048 -16050.

[28] N. M. Kronenberg, V. Steinmann, H. Biirckstimmer, J. Hwang, D.
Hertel, F. Wiirthner, K. Meerholz, Adv. Mater. 2010, 22, DOI:
10.1002/adma.201000800.

[29] J. Xue, B.P. Rand, S. Uchida, S.R. Forrest, Adv. Mater. 2005, 17,
66-71.

Received: April 30, 2010
Published online: July 19, 2010

Chem. Eur. J. 2010, 16, 9366 —9373

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org — 9373


http://dx.doi.org/10.1021/cr900173r
http://dx.doi.org/10.1021/cr900173r
http://dx.doi.org/10.1021/cr900173r
http://dx.doi.org/10.1063/1.96937
http://dx.doi.org/10.1063/1.96937
http://dx.doi.org/10.1063/1.96937
http://dx.doi.org/10.1126/science.270.5243.1789
http://dx.doi.org/10.1126/science.270.5243.1789
http://dx.doi.org/10.1126/science.270.5243.1789
http://dx.doi.org/10.1126/science.270.5243.1789
http://dx.doi.org/10.1063/1.1345834
http://dx.doi.org/10.1063/1.1345834
http://dx.doi.org/10.1063/1.1345834
http://dx.doi.org/10.1063/1.1345834
http://dx.doi.org/10.1038/nmat1500
http://dx.doi.org/10.1038/nmat1500
http://dx.doi.org/10.1038/nmat1500
http://dx.doi.org/10.1002/adfm.200500211
http://dx.doi.org/10.1002/adfm.200500211
http://dx.doi.org/10.1002/adfm.200500211
http://dx.doi.org/10.1038/nphoton.2009.69
http://dx.doi.org/10.1038/nphoton.2009.69
http://dx.doi.org/10.1038/nphoton.2009.69
http://dx.doi.org/10.1038/nphoton.2009.69
http://dx.doi.org/10.1038/nmat1928
http://dx.doi.org/10.1038/nmat1928
http://dx.doi.org/10.1038/nmat1928
http://dx.doi.org/10.1021/ja9064975
http://dx.doi.org/10.1021/ja9064975
http://dx.doi.org/10.1021/ja9064975
http://dx.doi.org/10.1021/ja9064975
http://dx.doi.org/10.1038/nphoton.2009.192
http://dx.doi.org/10.1038/nphoton.2009.192
http://dx.doi.org/10.1038/nphoton.2009.192
http://dx.doi.org/10.1021/jp060128o
http://dx.doi.org/10.1021/jp060128o
http://dx.doi.org/10.1021/jp060128o
http://dx.doi.org/10.1021/ja072147x
http://dx.doi.org/10.1021/ja072147x
http://dx.doi.org/10.1021/ja072147x
http://dx.doi.org/10.1002/adfm.200800584
http://dx.doi.org/10.1002/adfm.200800584
http://dx.doi.org/10.1002/adfm.200800584
http://dx.doi.org/10.1021/ar900041b
http://dx.doi.org/10.1021/ar900041b
http://dx.doi.org/10.1021/ar900041b
http://dx.doi.org/10.1021/ja991264s
http://dx.doi.org/10.1021/ja991264s
http://dx.doi.org/10.1021/ja991264s
http://dx.doi.org/10.1038/nmat706
http://dx.doi.org/10.1038/nmat706
http://dx.doi.org/10.1038/nmat706
http://dx.doi.org/10.1002/ange.200604045
http://dx.doi.org/10.1002/ange.200604045
http://dx.doi.org/10.1002/ange.200604045
http://dx.doi.org/10.1002/anie.200604045
http://dx.doi.org/10.1002/anie.200604045
http://dx.doi.org/10.1002/anie.200604045
http://dx.doi.org/10.1002/anie.200604045
http://dx.doi.org/10.1039/b809359h
http://dx.doi.org/10.1039/b809359h
http://dx.doi.org/10.1039/b809359h
http://dx.doi.org/10.1039/b809359h
http://dx.doi.org/10.1063/1.465640
http://dx.doi.org/10.1063/1.465640
http://dx.doi.org/10.1063/1.465640
http://dx.doi.org/10.1063/1.465640
http://dx.doi.org/10.1002/adma.19940060304
http://dx.doi.org/10.1002/adma.19940060304
http://dx.doi.org/10.1002/adma.19940060304
http://dx.doi.org/10.1002/adma.200600658
http://dx.doi.org/10.1002/adma.200600658
http://dx.doi.org/10.1002/adma.200600658
http://dx.doi.org/10.1002/chem.19970030717
http://dx.doi.org/10.1002/chem.19970030717
http://dx.doi.org/10.1002/chem.19970030717
http://dx.doi.org/10.1002/chem.19970030717
http://dx.doi.org/10.1016/S0065-3160(08)60007-6
http://dx.doi.org/10.1016/S0065-3160(08)60007-6
http://dx.doi.org/10.1016/S0065-3160(08)60007-6
http://dx.doi.org/10.1016/S0065-3160(08)60007-6
http://dx.doi.org/10.1002/1439-7641(20020118)3:1%3C17::AID-CPHC17%3E3.0.CO;2-N
http://dx.doi.org/10.1002/1439-7641(20020118)3:1%3C17::AID-CPHC17%3E3.0.CO;2-N
http://dx.doi.org/10.1002/1439-7641(20020118)3:1%3C17::AID-CPHC17%3E3.0.CO;2-N
http://dx.doi.org/10.1002/1439-7641(20020118)3:1%3C17::AID-CPHC17%3E3.0.CO;2-N
http://dx.doi.org/10.1002/ange.19971092436
http://dx.doi.org/10.1002/ange.19971092436
http://dx.doi.org/10.1002/ange.19971092436
http://dx.doi.org/10.1002/anie.199727651
http://dx.doi.org/10.1002/anie.199727651
http://dx.doi.org/10.1002/anie.199727651
http://dx.doi.org/10.1002/anie.199727651
http://dx.doi.org/10.1039/a804168g
http://dx.doi.org/10.1039/a804168g
http://dx.doi.org/10.1039/a804168g
http://dx.doi.org/10.1063/1.122950
http://dx.doi.org/10.1063/1.122950
http://dx.doi.org/10.1063/1.122950
http://dx.doi.org/10.1038/42190
http://dx.doi.org/10.1038/42190
http://dx.doi.org/10.1038/42190
http://dx.doi.org/10.1038/42190
http://dx.doi.org/10.1002/1521-3757(20000602)112:11%3C2054::AID-ANGE2054%3E3.0.CO;2-A
http://dx.doi.org/10.1002/1521-3757(20000602)112:11%3C2054::AID-ANGE2054%3E3.0.CO;2-A
http://dx.doi.org/10.1002/1521-3757(20000602)112:11%3C2054::AID-ANGE2054%3E3.0.CO;2-A
http://dx.doi.org/10.1002/1521-3773(20000602)39:11%3C1978::AID-ANIE1978%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3773(20000602)39:11%3C1978::AID-ANIE1978%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3773(20000602)39:11%3C1978::AID-ANIE1978%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3773(20000602)39:11%3C1978::AID-ANIE1978%3E3.0.CO;2-0
http://dx.doi.org/10.1021/ja020168f
http://dx.doi.org/10.1021/ja020168f
http://dx.doi.org/10.1021/ja020168f
http://dx.doi.org/10.1039/b813341g
http://dx.doi.org/10.1039/b813341g
http://dx.doi.org/10.1039/b813341g
http://dx.doi.org/10.1002/ange.200903125
http://dx.doi.org/10.1002/ange.200903125
http://dx.doi.org/10.1002/ange.200903125
http://dx.doi.org/10.1002/anie.200903125
http://dx.doi.org/10.1002/anie.200903125
http://dx.doi.org/10.1002/anie.200903125
http://dx.doi.org/10.1002/anie.200903125
http://dx.doi.org/10.1039/b916181c
http://dx.doi.org/10.1039/b916181c
http://dx.doi.org/10.1039/b916181c
http://dx.doi.org/10.1039/b916181c
http://dx.doi.org/10.1002/ange.19951072105
http://dx.doi.org/10.1002/ange.19951072105
http://dx.doi.org/10.1002/ange.19951072105
http://dx.doi.org/10.1002/anie.199523111
http://dx.doi.org/10.1002/anie.199523111
http://dx.doi.org/10.1002/anie.199523111
http://dx.doi.org/10.1002/anie.199523111
http://dx.doi.org/10.1021/ja8067879
http://dx.doi.org/10.1021/ja8067879
http://dx.doi.org/10.1021/ja8067879
http://dx.doi.org/10.1021/nn100195j
http://dx.doi.org/10.1021/nn100195j
http://dx.doi.org/10.1021/nn100195j
http://dx.doi.org/10.1039/b903189h
http://dx.doi.org/10.1039/b903189h
http://dx.doi.org/10.1039/b903189h
http://dx.doi.org/10.1002/adfm.200900832
http://dx.doi.org/10.1002/adfm.200900832
http://dx.doi.org/10.1002/adfm.200900832
http://dx.doi.org/10.1021/ol902512x
http://dx.doi.org/10.1021/ol902512x
http://dx.doi.org/10.1021/ol902512x
http://dx.doi.org/10.1021/ol902512x
http://dx.doi.org/10.1021/ja9048702
http://dx.doi.org/10.1021/ja9048702
http://dx.doi.org/10.1021/ja9048702
http://dx.doi.org/10.1021/ja9048702
http://dx.doi.org/10.1002/adma.200400617
http://dx.doi.org/10.1002/adma.200400617
http://dx.doi.org/10.1002/adma.200400617
http://dx.doi.org/10.1002/adma.200400617
www.chemeurj.org

