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ABSTRACT: A method to exchange the counterion of
cyanine dyes to A-TRISPHAT™ and PFy~ is presented. The
influence of these counterions on the photophysical and
electrochemical properties of the cyanine dye in solution is
discussed, and tendencies in the solid packing are highlighted
by X-ray crystal structures. The compounds were applied in
semitransparent bilayer organic solar cells together with Cg,,
and a power conversion efficiency of 2.2% was achieved while
maintaining a high transparency level in the visible region of
66%.

O rganic dyes that absorb in the near-infrared (NIR) region
are finding interest in different applications in organic
electronics, such as for light-to-energy conversion in organic
photovoltaic (OPV) cells. The synthesis and analysis of new
NIR dyes is of importance for further development of OPV
technology; strong NIR absorbers not only allow more low
energy photons to be harvested, as is required for multijunction
cells, for example, but also permit (semi)transparent solar cells
with high visible light transparency to be produced. Many dyes
are known that have several or broad absorption bands, tailing
into the NIR region." However, the possibilities for achieving
chromophores with a single sharp absorption maximum (4,,,,)
above 750 nm are limited. Dyes with that feature can be found,
among others, in the classes of squaraine dyes, croconian dyes,
and polymethine dyes. Polymethine dyes are known for their
outstanding optical properties, such as tunable absorption
maximum (4,,,,) by elongation of the methine chain and high
molar extinction coefficients (¢ > 10° M™! cm™). Additionally,
their redox potentials are suitable for electron transfer to
fullerenes,” which are ubiquitous electron acceptors in OPV
cells. Polymethine dyes have been shown to be useful
candidates for applications in dye-sensitized solar cells
(DSSCs)? as well as in OPV cells.* The focus in this paper is
on heptamethine dyes, which exhibit A, > 750 nm, € > 3 X
10° M™' cm™, and on their application in semitransparent OPV
cells.

Polymethine dyes are cationic, and their properties can be
tuned not only by structural modification of the dye core but
also by the choice of counterion. The presence of mobile ions
has been found to be beneficial for the performance of organic
semiconductor devices such as organic solar cells.” Bouit et al.
have intensively investigated the influence of different counter-
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ions on the photophysical properties of heptamethine dyes.®
Small, hard counterions polarize the cationic dye core, leading
to a bond length alteration (BLA) and disruption of the ideal
polymethine state (IPS),® which is manifested as a blue shift of
Amax and a decreased . They could show that soft, bulky anions,
such as the TRISPHAT™ anion,” are the most suitable for
reaching IPS.

The PF4~ counterion has previously been used for cyanine
dyes in OPV applications, mainly via trimethine cyanine PF,~
salts,® which are commercially available. To our knowledge,
cyanines with TRISPHAT™ as the counterion have not been
studied in solar cell applications so far. We speculated that the
aromatic moieties of the TRISPHAT™ anion could result in a
favorable interaction between the cyanine salt and Cg, at the
heterojunction, resulting in improved OPV cell performance.’

In this study, we present fast and easy methods for the
counterion exchange of heptamethine dyes from I” to PF¢~ and
TRISPHAT™. Compounds 1 and 2 (Figure 1) have been
prepared in high purity and were fully characterized (see the
Supporting Information). We investigate the influence of the
counterion on the optical and electrochemical properties,
crystal structure, and finally, the performance of bilayer organic
solar cells.

Synthesis of the heptamethine dye core was achieved via
Knoevenagel condensation reaction of an alkylated indole
precursor with an activated methyl group (S1, see the
Supporting Information) and a dianil compound carrying the
central cyclohexene moiety ($2).'"® The reaction was carried
out in ethanol under dry conditions, using sodium acetate as a
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Figure 1. Structure of the heptamethine cation with the counterions
hexafluorophosphate and TRISPHAT ™.

catalyst. Ion-exchange reactions were carried out using the
iodide salt of the heptamethine dye (S4). In order to exchange
I” for PF4", sodium hexafluorophosphate (NaPFg) was added
to a solution of $4, leading to precipitation of salt 1.6 Exchange
from I” to A-TRISPHAT™ was carried out by stirring a solution
of $4 and NBu,* TRISPHAT™ (S3) in DCM overnight
(Scheme 1). First, purification was achieved by column
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S4 = iodide salt of the heptamethine cation. For details
see Supporting Information.

chromatography. Then, both products 1 and 2 were recrystal-
lized from appropriate solvents to give salts of high purity,
confirmed by elemental analysis and NMR data. Synthetic
details of all compounds and precursors are given in the
Supporting Information.

UV—vis absorption spectra of the compounds in solution
have been recorded in different solvents, and their molar
extinction coefficients, integrated absorption coefficients
(IAC),"" and oscillation strengths were calculated. Absorption
spectra of the dyes in different solvents are shown in Figure 2, a
summary of the optical properties in chlorobenzene is given in
Table 1, and a more detailed overview with values from
different solvents is provided in the Supporting Information
(Table S3.1). The heptamethine dyes show a narrow
absorption band between 650 and 850 nm. The value of 4,
is equal for 1 and 2 in each solvent, suggesting that the ions
dissociate in solution and the absorption of the dye cation is
not influenced by the anions. With decreasing polarity of the
solvent,'” a slight bathochromic shift of 4, can be observed
(positive solvatochromism). However, the change in A, is so
small that it can be assumed that the nature of the ground state
and excited state remain similar. The solvent has an influence
on € as well as on the peak shape. In the case of 2,
extraordinarily high values for & are found in the chlorinated
solvents chloroform and chlorobenzene (375000 and 360000,
respectively, compared to an average value of 240000 M~' cm™!
in the other solvents). When comparing the IAC, however, it
can be seen that the area under the absorption band is very
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Figure 2. Absorption spectra of the dyes in different solvents
normalized to their molar extinction coeflicients at 4,
e ———

Table 1. Optical Properties of 1 and 2 in Chlorobenzene

A (nm) b IAC X 10'¢
dye (soln) M~ tem™) M1 em™ts7h) Vi
1 795 305000 9.16 1.32
2 796 360000 9.81 1.41

“Absorption maximum. YMolar extinction coefficient at A,
“Integrated absorption coefficient 9Qscillator strength. For details
about the determination of these values, see the Supporting
Information.

similar (9 X 10" to 1 x 10 M~ cm™ s™" in all solvents),
indicating an absorption of similar intensity in all solvents. The
difference in € arises from much narrower peak shapes in the
chlorinated solvents. This could be due to a better
solubilization of the dyes in these solvents, leading to less
dimerization/ aggregation.

Absorption spectra of thin films (20 nm) on glass substrates
spin-coated from chlorobenzene are shown in Figure S. In
contrast to the spectra in solution, the counterion has an effect
on the absorption in the solid state. Compound 1 has a broader
absorption band than 2, which indicates a stronger tendency to
aggregate in the case where PF4™ is chosen as the counterion.

CV measurements were carried out in DMF solution to
determine the redox potentials of the dyes (details are
described in the Supporting Information). It was found that
the counterion does not have an influence on the electro-
chemical properties of the cation. For both 1 and 2, the
oxidation potential vs vacuum E° was found to be —5.37 eV,
and the reduction potential E’. was at —4.20 eV. The
electrochemical band gap is 1.17 eV. The counterions
themselves are not redox active in the potential range of the
cation or Cg, which is beneficial for their application in solar
cells as the electrons cannot be trapped by the counterions.

Single crystals of 1 and 2 suitable for X-ray crystal structure
analysis could be grown by vapor diffusion of Et,O into DCM
solutions of each compound. The packing of the cations in the
crystal structures is influenced to a large extent by the
counterion.

With the PFy~ counterion (compound 1) a monoclinic
solvent-free crystal structure in the space group Pn was
obtained. The asymmetric unit (Figure 3a) contains four
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Figure 3. Crystal structure of 1: (a) asymmetric unit, (b) crystal
packing viewed along the a-axis, colored by symmetry equivalence.

symmetry-independent cations and anions. The independent
cations generally have very similar conformations with only
small differences in most torsion angles. The major differences
are that one cation has the terminal methyl group of one ethyl
substituent rotated by approximately 180° relative to its
orientation in the other three cations and that another cation
has the opposite half-chair puckering of the central six-
membered ring compared with the other cations. No additional
crystallographic symmetry could be found in the structure,
although the structure is pseudocentrosymmetric with an 83%
fit of the atoms to the additional symmetry element; the
differences between the conformations of the cations are
breaking the additional symmetry. No obvious interactions,
such as 7—x stacking, could be found (Figure 3b).

With A-TRISPHAT™ as the counterion (compound 2), a
triclinic crystal structure in the space group P1 was obtained. In
contrast to the structure with PF4~, only one cation and anion
is found in the asymmetric unit alongside some highly
disordered solvent molecules which are assumed to be diethyl
ether (Figure 4a). In the crystal packing (Figure 4b), the
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Figure 4. Crystal structure of 2: (a) asymmetric unit, (b) crystal
packing viewed along the b-axis, colored by symmetry equivalence.
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cations and anions form layers parallel to the a-axis. However,
the distances between the 7z-systems of the cyanine cations are
on the order of 10 A, and thus no 7—x stacking occurs. More
details about the X-ray crystal structure determination and
refinement can be found in the Supporting Information.
Bilayer organic solar cells were fabricated with 1 or 2 as the
electron donor and Cg, as the electron acceptor. The cathode
was either composed of an 80 nm thick reflective Ag layer;
alternatively, semitransparent cells were fabricated with an Ag
(12 nm)/Alg;" (60 nm) electron-collecting electrode (Figure
Sb). Therefore, highly transparent devices were obtained with
average (450—670 nm) visible transmittance values of 62% (for
1) and 66% (for 2) and maximum transparencies of over 75%
(Figure 5a)."* For semitransparent OPV cells, best perform-
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Figure S. (a) Absorbance spectra of thin films of Cy, 1, and 2;
transmittance spectra of solar cells. (b) Schematic of the optimized
semitransparent cyanine/Cgy, cell architecture. (c) White light (solid
lines) and dark (dotted lines) solar cell J—V characteristics for solar

cells with 1 (black) and 2 (red).

ances were (for 1) J,. = 3.6 mA cm™2, V,_ = 0.38 V, FF = 64.8%,
7 = 0.9% and (for 2) J,. = 6.4 mA cm™2, V,_ = 0.63 V, FF =
54.0%, = 2.2% (Figure Sc).15 For nontransparent devices, 1§ =
1.8% for 1 and n = 2.8% for 2 were measured. In general,
semitransparent devices have a lower performance compared to
devices that use a highly reflective back metal contact. Average
performance values are given in the Supporting Information.

The influence of the counterion on solar cell performance is
notable. The decreased J for 1, despite its broader absorption
spectrum (Figure Sa), indicates a lower charge generation yield
at the dye/Cg, heterojunction. Also, V. for 1 is considerably
lower as compared to 2. It has been shown that V,_ is correlated
to the redox energy levels of the active donor and acceptor
materials,"® and specific factors have been identified that limit
Voo such as morphology, bimolecular charge recombination, or
shunt conduction.'” Indeed, reverse dark current densities for
cells using 1 (—2 mA cm™ at —1 V) were considerably higher
than for 2 (—0.04 mA cm™2), resulting in a lowered V. and
eroding the device efficiency partly.

In ongoing work, we also consider that the packing of the
ions in the film, the formation of dipole layers, and potential
shifts at the dye/Cq, interface have a strong influence on the
energetics of the relevant redox levels. The redox levels as
measured by CV in solution are the same for 1 and 2, and E° .4
(—4.20 eV) is in principle unfavorable for electron transfer after
dye excitation to Cgqy (E’eq = —3.85 eV from CV in o-
dichlorobenzene'*). Therefore, we must assume that the redox
potentials of individual molecules in solution do not reflect the
energetic situation in the solid film and hence in the actual
OPV cells.

In conclusion, we demonstrated the small effect of different
counterions of a cyanine dye on its properties in solution but
found that the counterion influences the packing and
arrangement of the dyes in the crystalline state substantially.
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The influence of the counterion on the X-ray crystal structures
is notable; however, these structures do not allow conclusions
to be made about the arrangement of dye cations and
counterions in the spin-coated films used in solar cells, as
they are expected to be amorphous. NIR-absorbing cyanine
dyes are a suitable class of small molecules for semitransparent
OPYV cells, and the proper choice of the dye counterion appears
to have a pronounced influence on their performance.
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Details about the preparation and characterization of the
compounds, solar cell fabrication, and crystal structure data
(CIF). This material is available free of charge via the Internet
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