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A series of near-infrared absorbing merocyanine dyes bearing the strong electron-accepting 2-oxo-5-dicyanomethylene-pyrrolidine unit was
synthesized and applied in combination with PCs;BM and PC7;BM in solution-processed photoactive layers of bulk heterojunction solar cells,
exhibiting a remarkable performance range with power conversion efficiencies from 0.01% to 1.00%.

Merocyanine dyes represent a traditional class of chro-
mophores with a general structural feature consisting of an
electron-donating and an electron-accepting moiety that are
connected by a polymethine chain. Their unique dipolar and
polarizability properties enable gpplications in nonlinear optics
and as photorefractive materias.* The absorption wavelengths
as well as band gaps of these chromophores are easily tunable
by variation of the chain length and the donor and acceptor
groups.* These featuresin combination with their high tinctoria
strengths add up to materials well-suited for implementation in
organic photovaltaics. Recently, we have shown the application
of merocyanine dyes as electron donors in solution-processed
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and vapor-deposited bulk heterojunction (BHJ) organic solar
cellsin combination with a fullerene as an acceptor.> Moreover,
merocyanine dyes have been used in dye-sensitized solar cells
(aso called Graetzel cellg).?

In the field of solution-processed BHJ organic solar cells,
great attention has been paid particularly to the combination of
the polymeric donor poly(3-hexylthiophene) (P3HT) and the
electron-accepting fullerene derivative PCs;BM, with enormous
research efforts on the optimization of structural festures such
as regioregularity of the P3HT polymer and the morphology
of the active BHJ layer by post-treatment of the devices*

More recently, in order to improve the absorption proper-
ties and harvest more photons, low-bandgap polymers have
been developed, and very high power conversion efficiencies
(PCEs) exceeding 7% have been achieved.> Another recent
strategy toward BHJ solar cells is based on substitution of
the polymeric donor by small molecules whose monodis-
persity enables facile synthesis and convenient optimization
of the absorption and redox properties. In the past years,



Scheme 1. Syntheses of Merocyanine Dyes 2 and 10a—c
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increasingly promising results were reported with various
types of dyes such as oligothiophene,® squaraine,” cyanine®
BODIPY ° diketopyrrolopyrrole (DPP),*? indigoid,** acene,*?
and dibenzo[b,def] chrysene,*® leading to PCEs up to 4.4%.1%

The photon flux of sunlight displays a maximum at ~690 nm
(1.8 eV).* Thus, to achieve an ided spectral overlgp of the
absorption of solar cdls with the solar irradiation, materias with
aosorption reaching in the near-infrared (NIR) region are required.*
Moreover, photovoltaics with NIR absorption render transparent
lar cdls for sun sheding and solar power window gpplications
possible.’® Here, we report the synthesis and characterization of
the opticdl, eectrochemica, and photovoltaic properties of aseries
of new merocyanine (MC) dyes containing the strong electron-
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acoeptor moiety 2-oxo-5-dicyanomethylene-pyrrolidine 5 (Scheme
1), which imparts absorption of the MC dyes in the NIR’
Application of the present merocyanine chromophoresin solution-
processed solar cdlls based on blendswith PC7:BM yielded devices
with PCEs of up to 1%.

The reference chromophore 2 condggting of an aniline donor and
the heterocydlic acceptor that are directly connected was synthe-
Szed by the dkylation of 12 with benzyl bromidein ahigh yidd
of 93% (Scheme 1). The synthes's of more extended merocyanine
dyes 10a—c involves three mgjor sequences. the syntheses of the
acceptor and the donor moieties and the condensation of these two
moieties into the desired chromophores. The synthesis of the
acceptor 5a starts with the reaction of enolate 3 with maononitrile
in the presence of triethylamine as abaseto afford theintermediate
4.in 60% yidd.™® The subsequent condensation reaction of 4 with
diethyl oxalate under basic condition results in the acceptor 5a,%°
which exhibits poor solubility and thus was used in the further
reaction as obtained. The donor component 8a was built up by
deprotonation of indolenine 6 (“Fischer basg’)?* followed by
condensation with phenylacetaldenyde in methanol.? The two-
step reaction afforded 8a in a moderate yield of 32%. A higher
yield of 54% was obtained for the methyl derivative 8b by
condensation of the commercidly available indolenine 7b with
phenylacetadehyde? The coupling of the donor and acceptor
moieties comprises the in Stu generation of component B by
chlorination and protonation of dianionic acceptor 5, followed by
addition of component 8 to B leading to dimination of 1 equiv
HCI to result in chromophores 9a—c. A high yidd of 93% was
obtained in the case of 9c, whereas the dyes 9a,b resulting from
acceptor 5b%° were obtained in significantly lower yidds of
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17—35%. Thefind step involving the akylation of the secondary
amine 9 with benzyl bromide afforded the dyes 10a—cin 79—83%
yidd.

Figure 1 displays the UV —vis spectra and the cyclic
voltammograms of reference 2 and merocyanine dye 10ain

s(10°M " em’)

A (nm})

Figure 1. UV—vis absorption spectra (2 x 10~° M, CH,Cl,) and
cyclic voltammograms (inset, CH,Cl,, calibrated against Fc/Fc*
couple) of 2 (blue line) and 10a (green line).

CH,CI,. Further data aong with those of dyes 10b,c are listed
in Table 1. The HOMO levels were derived from the half-
wave oxidation potentials determined by cyclic voltammetry
(CV), whereas the LUMO energies are calculated by the
equation ELumo = Enomo — (hCM.max)

All of these dyes possess one oxidation and two reduction
waves, both processes being fully reversible (Figure 1).

(7) (& Mayerhoffer, U.; Deing, K.; Gruss, K.; Braunschweig, H.;
Meerholz, K.; Wirthner, F. Angew. Chem., Int. Ed. 2009, 48, 8776. (b)
Bagnis, D.; Beverina, L.; Huang, H.; Silvestri, F.; Yao, Y.; Yan, H.; Pagani,
G. A,; Marks, T. J;; Faccetti, A. J. Am. Chem. Soc. 2010, 132, 4074.

(8) (a) Bouit, P.-A.; Rauh, D.; Neugebauer, S.; Delgado, J. L.; Di Piazza,
E.; Rigaut, S.;; Maury, O.; Andraud, C.; Dyakonov, V.; Martin, N. Org.
Lett. 2009, 11, 4806. (b) Fan, B.; de Castro, A.; Chu, B. T.-T.; Heier, J;
Opris, D.; Hany, R.; Nuesch, F. J. Mater. Chem. 2010, 20, 2952.

(9) Rousseau, T.; Cravino, A.; Bura, T.; Ulrich, G.; Ziessdl, R.; Roncali,
J. J. Mater. Chem. 2009, 19, 2298.

(10) (a) Tamayo, A. B.; Dang, X.-D.; Walker, B.; Seo, J.; Kent, T;
Nguyen, T.-Q. Appl. Phys. Lett. 2009, 94, 103301. (b) Walker, B.; Tamayo,
A. B,; Dang, X.-D.; Zalar, P.; Seo, J. H.; Garcia, A.; Tantiwiwat, M.;
Nguyen, T.-Q. Adv. Funct. Mater. 2009, 19, 3063.

(12) M, J; Graham, K. R.; Stalder, R.; Reynolds, J. R. Org. Lett. 2010,
12, 660.

(12) Lloyd, M. T.; Mayer, A. C.; Subramanian, S.; Mourey, D. A
Herman, D. J;; Bapat, A. V.; Anthony, J. E.; Malliaras, G. G. J. Am. Chem.
Soc. 2007, 129, 9144,

(13) Winzenberg, K. N.; Kemppinen, P.; Fanchini, G.; Bown, M.; Callis,
G. E,; Forsyth, C. M.; Hegedus, K.; Singh, T. B.; Watkins, S. E. Chem.
Mater. 2009, 21, 5701.

(14) Thompson, B. C.; Fréchet, J. M. J. Angew. Chem., Int. Ed. 2008,
47, 58.

(15) For another approach to utilize a broad spectral range, Matile and
co-workers have introduced the concept of oriented multicolored antiparallel
redox gradients (OMARG) in supramolecular heterojunctions (SHJ).
Kishore, R. S. K.; Kel, O.; Banerji, N.; Emery, D.; Bollot, G.; Mareda, J;;
Gomez-Casado, A.; Jonkheijm, P.; Huskens, J.; Maroni, P.; Borkovec, M ;
Vauthey, E.; Sakai, N.; Matile, S. J. Am. Chem. Soc. 2009, 131, 11106.

(16) (a) Koeppe, R.; Hoeglinger, D.; Troshin, P. A.; Lyubovskaya, R. N.;
Razumov, V. F.; Sariciftci, N. S. ChemSusChem 2009, 2, 309. (b) Meiss,
J; Leo, K.; Riede, M. K.; Uhrich, C.; Gnehr, W.-M.; Sonntag, S.; Pfeiffer,
M. Appl. Phys. Lett. 2009, 95, 213306.

(17) Related chromophores have been investigated for nonlinear optics:
(a) Jang, S. H.; Luo, J. D.; Tucker, N. M.; Leclercq, A.; Zojer, E.; Haller,
M. A.; Kim, T. D.; Kang, J. W.; Firestone, K.; Bale, D.; Lao, D.; Benedict,
J. B.; Cohen, D.; Kaminsky, W.; Kahr, B.; Bredas, J. L.; Reid, P.; Dalton,
L. R; Jen, A. K. Y. Chem. Mater. 2006, 18, 2982. (b) Willets, K. A,;
Nishimura, S. Y.; Schuck, P. J.; Twieg, R. J.; Moerner, W. E. Acc. Chem.
Res. 2005, 38, 549.

3668

Table 1. Optical and Electrochemical Properties of 2 and 10a—c
and Photovoltaic Characteristics of BHJ Solar Cell Devices
Containing a MC Dye:PC¢;BM Blend

Jsc
MC Amax € M Anax Enomo Erumo wt % Voc (mA PCE
dye (nm)® cm 1) (nm)® (eV)* (eV)? PCBM (V) em 2 FF (%)

2 664 53300 640 —598 —4.11 70 0.55 0.05 0.31 0.01
10a 735 128600 783 —5.65 —3.96 70 0.71 2.28 0.28 0.46
10b 738 121800 783 —5.66 —3.98 75 0.74 2.00 0.29 0.43
10c 736 87400 771 —548 —-3.80 75 0.64 3.33 0.31 0.66
10c® 736 87400 771 —-548 —-3.80 75 0.66 4.83 0.31 1.00

a UV —vis measurements in CH,Cl,. P UV —vis measurements of a thin
film of the blend. © From CV measurements (E,™) in CH,Cl, cdibrated against
ferrocene/ferrocenium couple (Fo/Fe™, —5.15 eV) asinterna standard. © E umo
= Enomo — (hc/Amay). € Solar cell with PC1BM as acceptor.

Chromophore 2 exhibits an absorption maximum at 664 nm
with amolar extinction coefficient of 53 300 M~* cm™. The
rather low tinctorial strength and the broad absorption band
indicate amore polyene-like character of this dye.>® Notably,
2 shows very low-lying HOMO and LUMO levels at —5.98
and —4.11 eV, respectively. Dyes 10a and 10b with extended
m-systems differ only by the alkyl substituent (Me vs n-Bu)
at the donor unit and show a bathochromic shift of the
absorption maxima of 70 nm compared with that of 2 and
sharp cyanine-like absorption bands with high extinction
coefficients of 121 800—128600 Mt cm™%. Their HOMO
levels range at —5.65 €V, and their LUMOSs are sSituated at
energies around —3.96 €V. Replacement of the cyano substitu-
ent R! a the oxo-pyrrolidino acceptor unit by an ethyl ester
group in compound 10c results in a shift of both HOMO and
LUMO levelsby 0.18 eV to higher energies compared to those
of 10a,b, but without any ateration of the absorption features.

The presented dyes were characterized in solution-processed
BHJ solar cell devices with the generd structure ITO/PEDOT:
PSS (~40 nm)/dye:PC¢;BM (25/75% by weight; ~ 50 nm)/Al
(120 nm). The details for device fabrication are given in
Supporting Information. The photovoltaic characterigtics of the
solar cells are presented in Table 1.

For the device of reference 2, a very low PCE of 0.01%
was observed. Thislow efficiency arises from the small short-
circuit photocurrent (Jsc) of 50 uA cm™2, whichisvery likely
caused by alack of driving force for charge-carrier separation
owing to thelow LUMO level of —4.11 eV. The latter energy
level is not sufficiently high for electron injection into the
LUMO level of the PCBM acceptor (—4.08 €V, Figure 2).

Theintroduction of theindolenine donor group in merocyanine
dyes leads to the extension of the z-system and entailed better
matched HOMO levelsfor the dyes 10a—c. Moreover, these dyes
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Figure 2. lllustration of the HOMO and LUMO energies of dyes
2, 10a, and 10c in comparison with the LUMO energy of PCs;BM.

afforded solar cdlls with absorption in the NIR region (Figure S2
in Supporting Information), thus enabling the production of devices
that are trangparent in the visible range (Figure 3).

Figure 3. Picture of a transparent device containing a blend of
10c:PCe.BM (25/75 wt %) lying on the sedl of the Universitat Wiirzburg.

The devices built with 10a—c exhibit gopreciable open-circuit
valtage (Voc) vaues of 0.64—0.74 V, in particular, if we consder
their low bandgap. The observed fill factors (FF) of 0.3 aretypicd
for solution-processed M C-based solar cdlls? Devices containing
10a and 10b, whose chromophores soldly differ by the Sde chains,
displayed smilar Jg: values of 2.28 and 2.00 mA cm 2, respec-
tively, and PCEs of 0.43—0.46%, though their LUMO energies
are il quite smilar to the LUMO of PCBM, imparting adriving
force of only ~0.1 eV for eectron transfer according to the solution
data (which may, however, shift in the solid state). 22 In the literature,
an offsat of 0.3—0.4 eV isproposed astrade-off between sufficient
driving force and minimized energy loss upon charge injection.?*

To increase the LUMO energy leve, we have synthesized dye
10c, which bears a dightly weeker acceptor moiety owing to the
replacement of one cyano group by an ester group. Actudly, both
frontier molecular orbitals of 10c are shifted to higher energies by
0.18 eV compared to those of dyes 10a,b (Table 1).

While the higher-lying HOMO of dye 10c leadsto alowering
of Voc of the respective solar cell (0.64 V) relativeto the cdls
fabricated with 10a (0.71 V), the increased LUMO confers a
stronger driving force for electron transfer from the MC to the
fullerene and, thus, enhances the Jsc values by 46%, resulting
in an overall performance of 0.7% for 10c.
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Thehigh symmetry of PCsBM rendersforbidden low-energy
optical trangtions and results in only weak absorption in the
visible spectra region. For this reason PC7;BM has been applied
in BHJ solar cells asits lower degree of symmetry affords an
improved absorbance in the visible range.?®

Thus, we have built devices containing a spin-coated 10c:
PC#1BM (25/75% by weight) blend. Upon changing the
acceptor material, the fill factor and the Voc were not altered
but the photocurrent is increased by 45%, reaching a value
of 4.83 mA cm™2 and a PCE of 1% (Table 1). The EQE
characteristics emphasize that the enhanced absorption of
PC71BM especidly in the range of 400—600 nm isthe origin
of this significant improvement (Figure 4).

104 —
54

00 500 600 700 800
A (nm)

Figure 4. EQE characteristics of devices containing blends of 10c
with PCs;BM (filled squares) and PC;;.BM (empty squares) (each
75 wt % PCBM).

In summary, we have presented here a series of nove functiona
merocyanine chromophores that feature NIR absorption for bulk
hetergjunction solar cdlls. Upon optimizing the e ectronic properties,
we obtained dye 10c whose HOMO and LUMO levels are well-
suited for gpplication in organic solar cdlswith PCBM fullerenes
asdectronraccepting materids. Solar cdlsfabricated with the newly
synthesized merocyanine dyes afford appreciably high open-circuit
voltages of up to 0.74 V despite the low bandgap and maximum
power converson efficiency of 1.0%. Asaresult of thar absorption
in the NIR region, these merocyanine dyes are promising materids
for solar power windows or sun shading technologies as well as
for tandem cdll devices.
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