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ABSTRACT

New push-pull dyes featuring π-extended tetrathiafulvalene (exTTF) as the donor group and tricyanofuran (TCF) as the acceptor group were
synthesized and characterized. Their broad absorption covers the entire visible spectral range and enters the near-infrared region.
Electrochemistry and theoretical calculations provided an understanding of these singular electronic properties. The new dyes are appealing
candidates as light harvesters in photovoltaic devices.

The development of new materials able to transform
sunlight into chemical energy or electricity efficiently is
currently amajor challenge in science. In this regard, organic
dyes are an appealing choice as light harvesters provided
their synthetic availability, high extinction coefficients,
and low contamination due to the lack of metal atoms.
The recent development of organic and hybrid solar cells,
which are able to reach 7% and 11% of power conversion
efficiency, respectively, has pointed out the crucial need for
neworganicmaterials to develop efficient photovoltaic (PV)
devices.1 For such applications, the targetedmoleculesmust

fulfill several chemical and electronic parameters to be
integrated intoadevice.Among them, chemical and thermal
stability, processability, anda favorablebandoffsetbetween
the donor and the acceptor (either a fullerene derivative for
organic solar cells or TiO2 for dye-sensitized solar cells
(DSSCs)) are critical requirements. Furthermore, the cap-
ability of the molecule to efficiently collect light in a large
portion of the solar spectrum, especially in the visible and
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the near-infrared (NIR) regions where the majority of the
sunlight intensity is displayed, is an essential issue for these
light-harvesting applications. In this context, the synthesis
of push-pull chromophores, extensively studied in the
field of nonlinear optics (NLO),2 recently appeared pro-
mising in the development of highly efficient “all organic”
and hybrid PV devices.3

In this communication, we report the synthesis and the
optical and electrochemical properties of new push-pull
molecules based on 2-[9-(1,3-dithiol-2-ylidene)anthracen-
10(9H)-ylidene]-1,3-dithiole (exTTF; see Scheme 1),whose
absorption covers the whole visible spectrum and enters in
the near-infrared region. Theoretical density functional
theory (DFT) calculations were performed to gain more
insight into the electronic properties of these systems that
appear as promising molecules for light-harvesting appli-
cations.
ExTTF, aπ-extended analogof tetrathiafulvalene (TTF),

is anorganicmoleculewhichpossesses a strongdonor ability
and singular butterfly shape.4 During the past decade, its

electronic and geometric features have been used in supra-
molecular chemistry5 aswell as inmaterials science (DSSCs,6

charge transfer complexes,7 molecular wires,8 NLO,9 etc.).
In order to improve the optical absorption properties of the
exTTF unit in the visible andNIR range, we have designed
new push-pull systems (3a and 3b, Scheme 1) in which the
strongly electron-deficient tricyanofuran (TCF) group10

hasbeencovalently connected throughaπ-conjugatedbridge
to the exTTFmoiety.The attachment ofSMegroups to the
dithiole rings allows for a fine-tuning of the electronic
properties of the donor unit.
The synthesis of the two exTTF-based aldehydes 1a and

1b (Scheme 1) was achieved according to an already
published multistep synthesis, starting from commercially
available 2-(hydroxymethyl)anthraquinone (see the Sup-
porting Information (SI) for full synthetic details).11 Then,
the TCF12 moiety 2 was introduced by means of micro-
wave-assisted Knoevenagel condensation to afford the
targeted molecules 3a and 3b in moderate yields (46 and
41%, respectively) as dark green solids. The compounds
displayed good solubility in the main organic solvents. In
the 1H NMR spectra (300MHz, CDCl3) of 3a and 3b, the
coupling constant of the vinyl bond (3JHH=16Hz; see SI)
proved the trans character of the oligoenic backbone.

Figure 1 displays the minimum-energy molecular geo-
metry computed for 3a at the B3LYP/6-31G* level (see the
SI for computational details). As expected, the exTTF
fragment possesses the typical concave saddle-like shape,13

inwhich the central ring of the anthracene unit folds up in a
boat conformation and the dithiole rings are tilted down.
As shown in Figure 1, the TCFmoiety is coplanar with the

Scheme 1. Synthesis and Structure of the New Dyes 3a and 3b

Figure 1. Minimum-energy B3LYP/6-31G** structure of 3a.
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(5) Isla, H.; Gallego,M.; Pérez, E.M.; Viruela, R.; Ortı́, E.;Martı́n, N.
J. Am. Chem. Soc. 2010, 132, 1772–1773. (e) Pérez, E. M.; Martı́n, N.
Chem. Soc. Rev. 2008, 37, 1512–1519.

(6) Wenger, S.; Bouit, P.-A.; Chen, Q.; Teuscher, J.; Di Censo, D.;
Humphry-Baker, R.; Moser, J. E.; Delgado, J. L.; Martı́n, N; Zakeeruddin,
S. M.; Gr€atzel, M. J. Am. Chem. Soc. 2010, 132, 5164–5169.

(7) (a) Perepichka, D. F.; Bryce, M. R.; Perepichka, I. F.; Lyubchik,
S. B.; Christensen, C. A.; Godbert, N.; Batsanov, A. S.; Levillain, E.;
McInnes, E. J. L.; Zhao, J. P. J. Am. Chem. Soc. 2002, 47, 14227–14238.
(b) Shankara Gayathri, S.; Wielopolski, M.; Pérez, E. M.; Fernández, G.;
Sánchez, L.; Viruela, R.; Ortı́, E.; Guldi, D.M.;Martı́n,N.M.Angew.Chem.,
Int. Ed. 2009, 48, 815–819.

(8) Molina-Ontoria, A.; Fernández, G;Wielopolski,M.; Atienza, C.;
Sánchez, L.; Gouloumis, A.; Clark, T.; Martı́n, N.; Guldi, D. M. J. Am.
Chem. Soc. 2009, 131, 12218–12229.

(9) (a) Otero, M.; Herranz, M. A.; Seoane, C.; Martı́n, N.; Garı́n, J.;
Orduna, J.; Alcalá, J.; Villacampa, B. Tetrahedron 2002, 58, 7463–7475. (b)
González, M.; Segura, J. L.; Seoane, C.; Martı́n, N.; Garı́n, J.; Orduna, J.;
Alcalá, R.; Villacampa, B.; Hernández, V.; L�opez Navarrete, J. T. J. Org.
Chem. 2001, 66, 8872–8882.

(10) Liu, S.; Haller,M.A.;Ma,H.; Dalton, L. R.; Jang, S. H.; Jen, A.
K.-Y. Adv. Mater. 2003, 15, 603–607.

(11) Martı́n, N.; Pérez, I.; Sánchez, L.; Seoane, C. J. Org. Chem. 1997,
62, 5690–5695.

(12) Melikian, G; Rouessac, F. P.; Alexandre, C. Synth. Commun.
1995, 25, 3045–3051.

(13) (a) Martı́n, N.; Sánchez, L.; Seoane, C.; Ortı́, E.; Viruela, P. M.;
Viruela, R. J. Org. Chem. 1998, 63, 1268–1279. (b) Dı́az, M. C.; Illescas,
B.M.;Martı́n, N.; Viruela, R.; Viruela, P.M.; Ortı́, E.; Brede, O.; Zilbermann,
I.; Guldi, D. M. Chem.;Eur. J. 2004, 10, 2067–2077.



606 Org. Lett., Vol. 13, No. 4, 2011

ethylene bridge and the aromatic ring of the anthracene
skeleton towhich it is attached. This result suggests that an
efficient π-conjugation can operate between the donor and
acceptor units in these molecules.

Figure 2 shows the atomic orbital (AO) composition of
the highest-occupied (HOMO-2 to HOMO) and lowest-
unoccupied (LUMOandLUMOþ1)molecular orbitals of
3a. TheHOMO(-5.17 eV) andHOMO-1 (-5.76 eV) are

localized on the electron-donor exTTF unit and are calcu-
lated at lower energies than the HOMO (-4.64 eV) and
HOMO-1 (-5.22 eV) of the exTTFmolecule. In contrast,
the LUMO (-3.22 eV) spreads over the electron-acceptor
TCF unit with a large amount of participation of the
ethylene bridge and is obtained at lower energies than the
LUMO of TCF (-2.86 eV). Therefore, compound 3a

presents a small HOMO-LUMO energy gap of 1.95 eV
and low-energy charge-transfer (CT) absorption bands are
to be expected in the electronic spectrum. The electronic
communication between the donor and acceptor units is
evidenced by the shift to lower energies of theHOMOs and

by the charge transfer of 0.20 eV that takes place from the
exTTF unit to the TCF moiety.
The redox properties of 3a and 3b were examined by

cyclic voltammetry (CV) and compared with those of
exTTF and TCF (Figure 3, Table 1, and Table S1). 3a
undergoes a quasi-reversible, two-electron oxidation at
Eox

1/2= 0.25 V vsAg/AgNO3, which is slightly influenced
by the SMe substituents on the dithiole rings (3b: 0.35 V).
The oxidation process is assigned to the oxidation of the
exTTF fragment, by comparisonwith the reference exTTF
compound (Eox

1/2 = 0.24 V). No appreciable impact on
the oxidation of the exTTF unit is therefore detected
despite the presence of the electron-acceptor TCF unit
and in contrast with the lower energy predicted for the
HOMOof 3a. Using Koopmans’ theorem, a lower-energy
HOMOwould lead to amore positive oxidation potential.
The reason for this apparent discrepancy between experiment

and theory is that Koopmans’ theorem is a one-electron
approach and does not apply to the oxidation process of 3,
which involves two electrons. 3a and 3b also undergo a
nonreversible one-electron reduction at Ered = ∼0.55 V,
which is strongly shifted compared to the reduction of 2
(Ered=-1.17V). The anodic shift is in agreementwith the
lower energy predicted for the LUMO of 3a and is due to
the great conjugation introduced by the ethylene bridge
(Figure 2).

The absorption properties of the dyes were measured in
a diluted dichloromethane solution (Table 1 and Figure 4).
3a and 3b present a broad absorption covering the whole
visible region and entering the NIR, which can be divided
into three main absorption bands. In a first approach, the
lowest-energy band with absorption maxima at 635 (3a)
and 628 nm (3b) was attributed to a charge transfer (CT)
band, as this band appears with the insertion of the TCF
acceptor unit and it displays the typical shape of a CT
transition (broad absorption, low intensity). This band,
situated in the red part of the visible, indicates a small
HOMO-LUMOenergy gap in these dyes. The optical gap
(Eg

opt) obtained from the absorption onset recorded about
800 nm is ∼1.55 eV. The second band around 500 nm is
also associated with the insertion of the TCF unit and
presents a small red shift in passing from 3a to 3b.
Surprisingly for a polar compound, these transitions are
weakly solvatochromicwithout a clear trend depending on
the solvent polarity (see Figures S7 and S8).14 Although

Figure 2. Electron density contours (0.03 e bohr-3) and orbital
energies calculated for the HOMOs and LUMOs of 3a at the
B3LYP/6-31G** level. H and L denote HOMO and LUMO,
respectively.

Figure 3. CV trace obtained for 3a (CH3CN, 0.1 M Bu4NClO4,
v = 100 mV 3 s

-1, V vs Ag/AgNO3).

Table 1. Electrochemical and Optical Data for 3a and 3b

compd

Eox
1/2

(V)a
Ered

(V)a
Eg

cv

(eV)b
λmax

(nm)c
ε

(L 3mol-1
3 cm

-1)c

3a 0.25 -0.56 0.81 635 8800

3b 0.35 -0.55 0.90 628 9400

aMeasured by CV (CH3CN, 0.1 M Bu4ClO4, v= 100 mV 3 s
-1, V vs

Ag/AgNO3).
bElectrochemical energy gap determined as Eox - Ered.

cMeasured in DCM, 10-5 mol 3L
-1.
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exTTFshave proven that theydonot aggregate inDSSCs,6

leading to efficient materials for sunlight energy conver-
sion, a certain degree of aggregation between them in
solution cannot be ruled out. This could also have an effect
on the observed solvatochromism. Finally, a third and
more intense band is observed at 420 nm. This band is in
principle attributed to an electronic transition within the
exTTF unit which presents an intense absorption at 428
nm.15 These absorption properties, with an exctinction
coefficient superior to 5000 L 3mol-1

3 cm
-1 from 300 to

700 nm, make compounds 3a and 3b very interesting as
materials for light-harvesting applications.
To investigate the nature of the electronic transitions

that give rise to the absorption bands observed in the
electronic spectra, the lowest-energy singlet excited states
(Sn) were calculated for 3a using the time-dependent DFT
(TDDFT) approach.16 PBE0/6-31G** calculations pre-
dict that the absorption bands observed for 3a at 635 nm
(1.95 eV) and 499 nm (2.48 eV) are due to electronic
transitions to the first two excited singlets, S1 and S2,
calculated at 1.75 and 2.33 eV. These states originate in
the HOMOfLUMO and HOMO-1fLUMO monoex-
citations, respectively, and imply an electron density trans-
fer from the exTTF moiety, where the HOMO and
HOMO-1 reside, to the TCF unit, where the LUMO is
mainly located (see Figure 2). Calculations therefore con-
firm theCTnatureof the two low-energyabsorptionbands
of compounds 3. The medium intensities observed for
these bands are in agreement with the oscillator strengths
calculated for S1 and S2 (f = 0.17 and 0.32, respectively)

and are due to the planar structure of the conjugated
ethylene bridge that allows for a significant overlap be-
tween the HOMO/HOMO-1 and the LUMO.
The intense absorption band observed at 418 nm is

assigned to electronic transitions to the S3 and S4 states
that are computed close in energy at 2.99 eV (415 nm) and
3.12 eV (398 nm), respectively. The S3 state results from the
HOMO-2fLUMO excitation, which mainly implies
the TCF moiety and the ethylene bridge (Figure 2), and
is calculated to be very intense (f= 0.92). In contrast, the
S4 state originates in the HOMOfLUMOþ1 excitation
centered on the exTTF moiety and has a lower intensity
(f = 0.28). Therefore, the intense band at 418 nm mainly
results from the excitation of the TCF moiety. Excitation
of the exTTF fragment contributes to a lower degree to this
absorption band.
In summary, two new push-pull molecules associating

π-extended TTF as electron donor and tricyanofuran as
electron acceptor have been synthesized. The new chro-
mophores possess a broad optical absorption covering the
visible spectrum from 300 to 800 nm. The broad absorp-
tion is due to the efficient electronic connection between
the donor and acceptor units through the conjugated
ethylene bridge, which determines the appearance of
medium-intensity charge-transfer bands extending into
the near-infrared region. These low band gap molecules
may be used as new molecular materials in the field of
photovoltaics.17 Molecular engineering is currently in
progress in the laboratory in order to take advantage of
the outstanding optical properties of these compounds in
molecular bulk heterojunction devices18 or as photosensi-
tizers grafted on TiO2 in DSSCs.
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Figure 4. Absorption spectra of 3a (red) and 3b (blue) recorded
in dichloromethane at room temperature.
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