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ABSTRACT
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Association between cationic and anionic heptamethine dyes led to the formation of a new organic salt (3) displaying exceptional light-
harvesting properties in the NIR spectral range and having amphoteric redox character. Preliminary results of molecular bulk heterojunction
solar cells based on the title compound 3 and [60]PCBM as the only active layer reveal this new dye as a promising light-harvesting material

for photovoltaics.

Organic dyes displaying strong absorption/emission in the
near-infrared (NIR) have been the subject of great interest
over the past decade. On one hand, their fluorescence
properties in the “biological window” alowed design of

" University of Lyon.

* IMDEA-Nanociencia.

S Bavarian Centre for Applied Energy Research.
" Julius-Maximilians University of Wiirzburg.

+ Université de Rennes 1.

T Universidad Complutense de Madrid.

10.1021/01901764t CCC: $40.75
Published on Web 10/01/2009

© 2009 American Chemical Society

efficient bioprobes.* On the other hand, their exceptional
absorption properties have been used in the field of materials
science (nonlinear absorbing materials, hybrid solar cells®
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etc.). More recently, organic photovoltaic has appeared as a
new field of application for these light-harvesting molecules.*
After 16 years of intensive studies, bulk heterojunction (BHJ)
organic solar cells based on poly(3-hexylthiophene) (P3HT)
and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) have
reached around 5% of power conversion efficiency (PCE).>
However, the low absorbing properties of most of conjugated
polymers such as P3HT, especialy in the NIR range where
almost 50% of the sunlight intensity is displayed, remains
the main drawback of these devices.® To overcome this
trouble, a first strategy has been the use of low-band gap
polymers.® However, another appeding strategy is the
replacement of the polymer by organic dyes. Hence, in
addition to their good absorption properties, organic dyes
are monodisperse and are easily and reproducibly synthe-
sizable. In this context, PCEsin the range of 1.5% have been
described in the last few months using squaraine dyes,’
push—pull chromophores,® or Bodipy.*°

At the same time, we emphasize that the lowering of the
band gap of the donor material well below 2 eV (asin P3HT)
alone is not sufficient in the case of single-junction solar
cells, as other parameters, such as LUMO level of the donor,
should comply accordingly to keep the open circuit voltage
maximum.** Very low band gap materials with a gap of 1.2
eV could, however, find potential in the low-band-gap part
of organic multijunction cells. In this paper, we describe the
properties of a new organic salt composed of two NIR
absorbing cyanine dyes. In this salt, both the cationic and
the anionic moiety are chromophoric units. The outstanding
optical properties of this new dye are presented as well as
its electrochemical properties. As an example of its applica
tions, preliminary report of photovoltaic performance dis-
playing PCE of about 0.4% are presented.

Cyanine dyes are generally cationic organic colorant in
which a positive charge is delocalized on an odd-number
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carbon skeleton (for example, 1[Br],?® Figure 1). Some of
us previously reported an unusua anionic heptamethine
cyanine dye ([Na]2, Figure 1) in which the delocalized charge
is negative.? This chromophore displayed the typical pho-
tophysical properties of heptamethine dyes.
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Figure 1. Synthesis and structure of the new dye 3.

By mixing, the easily synthesizable 1[Br] and N&g2] in
dichloromethane at room temperature, spontaneous ion
metathesis occurred between the two chromophores, as
evidenced by thin-layer chromatography (TLC). Further
washing with water and chromatography on silicagel allowed
to remove the inorganic salt and to afford quantitatively the
new organic salt 3, composed by the two chromophores 1*
and 2 (Figure 1). NMR analyses clearly showed the presence
of both dyes in the complex 3 and elemental analysis
confirmed the removal of the inorganic counterions. Interest-
ingly, 3 presents good solubility in organic solvents, while
Na[2] was only solublein highly polar solvents. Zwitterionic
cyanines composed by cationic dye with tethered sulfonate
have already been described,™ but to our knowledge, thisis
the first example of such a compound in which both ions
are cyanines.

Optical properties of 3 were studied by means of UV —vis
spectroscopy. The absorption spectrum of 3 in dichlo-
romethane consists of two absorption bandsin the NIR with
high extinction coefficients [A; = 795 nm (¢ = 420000
L‘mol~*cm™2), 1, = 902 nm (¢ = 300000 L:mol~*cm™1)]
(Figure 2). Moreover, the compound displays an extinction
coefficient superior to 50000 L-mol~*cm~* between 700 and
940 nm. The two transitions are assigned to the two
chromophoric units of 3 (1 and 27), and the obtained
spectrum appears as a superposition of the spectra of 1[Br]
and [NBu,4]2 measured under the same experimental condi-
tions (Figure 2).2>'2 From these observations, we may
conclude that there is no electronic ground-state interaction
between the two chromophores. Nevertheless, it isimportant
to point out that they both conserve their particular optical
properties. The absorption spectra of solid films of 3, 2, and
1 made from chloroform solution (Figure S2, Supporting
Information) confirm that the spectrum of 3 is a superposition
of those of 2 and 1. It is evident that, in the solid state,
absorption up to 1050 nm with the chromophore 3 is possible,
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Figure 2. Absorption spectra in dichloromethane of 1[Br] (red),
[NBuy]2 (green), and 3 (blue) at room temperature.

thus making it an excellent candidate for NIR absorption.
Cyclic voltammetry (CV) was used to investigate the redox
properties of complex 3, as shown in Figure 3 (CH,Cl,, 0.2

000
7.50

5.00 , %\/ |

2.50
—_ N~

| (uA) / . /

-2.50

-5.00
-1.5 -1.0 05 Q 0.5 1.0 1.4

E LS SCEY

Figure 3. CV trace obtained for 3 (CH,Cl,, 0.2 M Bu;NPFg, v =
100 mV-s™Y). Inset shows the reversibility of the first two oxidation
processes.

M BusNPFs, v = 100 mV-s™%). This compound undergoes
two reversible monoelectronic oxidations at E°o; = 0.39 V
vs SCE (AE, = 60 mV, Ipdlpa =~ 1) and E°, = 0.70 V vs
SCE (AE, = 60 mV, Ip/l,a ~ 1), followed by a third
irreversible oxidation at Ey, = 1.19 V. Comparison of the
CV traces with those of 1[Br] and N&a[2] (Figures S2 and
S3, Supporting Information) suggests that the first and second
oxidation processes correspond, respectively, to the oxidation
of 27 (E°%x = 0.39 V, AE, = 60 mV, I/l ~ 1) and 1*
(E°x = 0.69 V, E, = 90 mV, ly/lga = 0.5), while the
irreversible oxidation has been assigned to the second
oxidation of 27 (E°x = 1.22 V).*2 On the other hand, the
broad signal observed at negative potential for 3 (E,. =
—0.69V and E, = —0.58 V) is ascribed to the overlapping
of their partialy reversible reduction processes (E°eq =
—0.62 V, AE, = 70 mV, lyd/lpa =~ 0.65 for 1™ and E°eq =
—0.69 V AE, = 90 mV, Ipd/lsa ~ 0.85 for 27). From these
experiments, it appears that each chromophoric unit con-
serves its own redox properties in the complex 3 but with a
notable increase in the reversibility of the second oxidation
corresponding to oxidation of the 1* moiety.
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To justify our assumption on the applicability of the
chromophores 1—3 for photovoltaic energy conversion, we
fabricated solar cellsin a configuration glass/ITO/PEDOT:
PSS/chromophore:[60]PCBM/CalAl. The details on device
fabrication are available in the Supporting Information. The
external quantum efficiency (EQE) and the current—voltage
(J—V) characteristics were measured for chromophores 3 and
2 based devices (no operating devices with 1 could be made
so far). The EQE determines the number of generated charge
carriers extracted into the outer circuit relative to the number
of incident photons. Additionally, the short circuit current
density of the solar cell can be calculated for any illumination
spectrum at given intensity, in our case, for the AM1.5G
solar spectrum at 100 mW/cm?. The J-V measurements, and
hence the PCE determination, were performed with a solar
simulator. Generally, the spectrum of the latter differs from
the AM 1.5G,; therefore, a so-called mismatch factor should
be calculated by using a reference cell with the known
spectral response.™ In a next step, the light intensity of the
solar simulator should be adjusted to yield the expected short
circuit current of the reference cell, i.e,, the short-circuit
current of the reference cell under AM 1.5G divided by the
mismatch factor. By using this intensity, the organic solar
cell can finally be measured. This procedure is a common
way for an accurate PCE determination. Thisis an indirect
method to accurately determine the main solar cell param-
eters, such as the short circuit current density (Jsc), open-
circuit voltage (Voc), and fill factor (FF) of the solar cell. In
Figure 4, the EQE spectra of BHJ solar cells with 3 and 2,
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Figure 4. Externa quantum efficiency of BHJ solar cells fabricated
with chromophore 3 (blue, red) and 2 (green, yellow) blended with
[60]PCBM in a2:1 weight ratio. For comparison, the EQE spectra
measured with and without white light bias are shown.

as electron donor, and [60]PCBM, as acceptor, are shown.
The best EQE values of 11% were obtained at a wavelength
of 785 nm for the chromophore 3. At a closer look at the
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EQE, one can see that there are two regions, where light is
absorbed and charge carriers are generated: the first one
around 400 nm (related to the absorption of PCBM, see
Figure S6, Supporting Information) and the second one
between 700 to 1000 nm (related to the NIR absorption of
the dye).
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Figure 5. Current—voltage characteristics of BHJ solar cells
fabricated with chromophores 3 (blue) and 2 (green) blended with
[60]PCBM in a 2:1 weight ratio under illumination. PEC (3) =
0.37%; PCE (2) = 0.0 7%.

By applying the optical bias we are able to assess the
role of traps as limiting factors. It can also be seen that
steady-state white light bias affects the photocurrent
measurement of a solar cell. It should be mentioned that
this white light does not contribute to the photocurrent
directly, as the lock-in technique was used. Therefore, we
concluded that the effect of the light bias is directly related to
the trap filling and therefore hindering the transport of charge
cariers.

The corresponding J—V curves are shown in Figure 5.
As can be seen, the highest short circuit current density of

Org. Lett, Vol. 11, No. 21, 2009

3.78 mA/cm? was achieved with 3:[60]PCBM blends. For
the 3:[60]PCBM blend system we found the optimal blend
ratio of 1:2. For this device, the PCE was found to be 0.4%,
which is, to our knowledge, one of the best results obtained
for a cyanine-based photovoltaic device.*

In summary, a readily available new dye has been
prepared, by association of two NIR absorbing cyanine dyes,
which exhibits a good solubility in organic solvents and
outstanding light-harvesting propertiesin the NIR region with
giant extinction coefficients. The cyclic voltammetry mea-
surements of 3 reveal an amphoteric redox character,
preserving the typical features of their components (1 and
2). Furthermore, in preliminary experiments, we were able
to demonstrate photovoltaic activity for chromophores 3 and
2 on BHJ solar cells using [60]PCBM as acceptor. The sun
to power conversion efficiency (0.4%) obtained for
3:[60]PCBM revealsthat the new dye is an appealing system
for further studies as NIR light harvester for photovoltaics,
for example, in conjunctions with other materials or in
tandem solar cells.
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