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ABSTRACT
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Three new push—pull chromophores based on the 10-(1,3-dithiol-2-ylidene)anthracene core were synthesized and fully characterized. The new
chromophores display broad absorption spectra, nearly covering the whole visible region, with high extinction coefficients. Electrochemistry and
theoretical calculations allowed the understanding of these singular electronic properties. The molecular structures were unambiguously
confirmed by X-ray diffraction.

Solar energy currently represents one of the most realis- able to fulfill some energetic and electronic requirements.
tic alternatives to the use of fossil fuels. Photovoltaic Among these requisites, the ability of the material to
devices based on organic compounds (OPV) have experi- harvest sunlight in a broad range of the visible and NIR
enced tremendous development in the past years,' and spectrum is essential in order to obtain a suitable photo-
recently efficiencies around 8—10% have been reported.? response. In this regard, organic chromophores such as
One of the crucial points to understanding this improve- push—pull systems, displaying outstanding absorption
ment is the careful election of suitable organic materials properties, are promising materials to obtain highly effi-

cient OPV? and hybrid cells.*

;gg?éa Nanociencia. In this communication, we report the synthesis and the

1 Universidad de Valencia. optical and electrochemical properties of new push—pull
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molecules based on the 10-(1,3-dithiol-2-ylidene)-
anthracene core (see Scheme S1 in the Supporting Infor-
mation (SI)), absorbing in a broad region of the visible
spectrum. The chemical structures of the new push—pull
materials have been unambiguously confirmed by single-
crystal X-ray diffraction, and their electrochemical and
optical properties have been characterized with the help
of density functional theory (DFT) calculations. Recently,
we have described the preparation of 10-(1,3-dithiol-2-
ylidene)anthracene derivatives for their application in
dye-sensitized solar cells.” Molecular engineering of
this appealing core allows the design of materials with
improved light-harvesting properties. The new dyes
synthesized here bear the same electron-donor unit, the
10-(1,3-dithiol-2-ylidene)anthracene group, but a different
conjugated szz-bridge, 3,4-ethylenedioxythiophene (EDOT)
for 6 or phenyl for 4 and 5, as well as two kinds of electro-
accepting units, an ester group for 4 and a dicyanovinylene
group for 5 and 6 (Figure 1).

The synthesis of the key synthon 1, featuring two
terminal alkyne groups (Scheme S1), was carried out in
four steps in good yield.® The conjugated bridges were then
introduced by the Sonogashira cross-coupling reaction
using PdCl,(PPhs), and Cul as catalysts. The introduction
of the accepting units was achieved by 2-fold Knoevenagel
condensation of aldehydes 2 and 3 with malononitrile,
to afford the new dyes 5 and 6 in good to moderate yields
(75% and 50%, respectively; see the SI). Dye 4, with the
two decyl chains, displays excellent solubility in the main

Figure 1. Push—pull systems 4, 5, and 6.
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organic solvents. The structures of all the new compounds
and the new sensitizers were confirmed by 'H, 1*C NMR,
and high resolution mass spectrometry.

Slow evaporation of chloroform solutions of 2, 5, and 6
allowed the obtention of single crystals suitable for its
study by X-ray diffraction (Figures 2 as wellas S10and S11
in the SI).” The compounds adopt the typical butterfly- or
saddle-like shape observed for exTTF (2-[9-(1,3-dithiol-2-
ylidene)anthracen-10(9 H)-ylidene]-1,3-dithiole) derivatives.®
The existence of several C—H---x and 7 - -7t stacking
interactions plus other weaker C—H:--N=C and
C—H- - -S hydrogen bonds led to the formation of supra-
molecular networks of compounds 2, 5, and 6.

Figure 2. (a) X-ray crystal structure of 6. (b) Unit cell.

The molecular geometries of the three push—pull systems
were optimized using DFT calculations at the B3LYP/
6-31G** level (see the SI for computational details). The
decyl chains in 4 were replaced by a simple methyl group to
simplify the calculation. As obtained from X-ray analysis,
theoretical calculations predict concave saddle-like struc-
tures, in which the central ring of the anthracene unit folds
up in a boat conformation and the dithiole rings are tilted
down. The planes defined by the external benzene rings of
the anthracene unit are predicted to form an angle of 40.5°
for 5 and 38.6° for 6 slightly overestimating the angles
obtained by X-ray diffraction (36.2° and 34.5°, respectively)
due to the packing forces present in the crystal that tend to
reduce the folding. The dihedral angles of 35.5° computed
for the dithiole tilting in 5 and 6 nicely fit the X-ray values of
34.2° (5) and 34.1° (6). The same considerations apply for
the tilting of the acceptor moiety (see Table S1 in the SI).
The acceptor arms remain mostly planar in all dyes thus
favoring the sr-electron communication along the acceptor
moiety. This planarity is even more pronounced in the
crystal due to the efficient 7—sm coplanar interactions in
the packing (see Figure 2b and Table S1).

Figure 3 shows the atomic orbital (AO) composition
of the highest-occupied (HOMO-2 to HOMO) and
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Figure 3. Electron-density contours (0.03 e bohr™>) and orbital
energies calculated for the frontier molecular orbitals of 6 at the
B3LYP/6-31G** level. H and L denote HOMO and LUMO,
respectively.

lowest-unoccupied (LUMO to LUMO+2) molecular
orbitals of 6, as a representative example, The HOMO
(—5.10eV) and HOMO-—1 (—5.65 V) are localized on the
electron-donor 10-(1,3-dithiol-2-ylidene)anthracene unit,
hereafter named hemi-exTTF, whereas the HOMO-2
(—6.01 eV) spreads over the electron-acceptor moiety with
no hemi-exTTF participation. The LUMO (—3.06 ¢V) and
LUMO+1 (—2.81 eV) are located on the electron-acceptor
arms, and the LUMO+-2 (—1.85 eV) comprises both the
hemi-exTTF moiety and the acceptor fragment. Identical
topologies are predicted for the frontier molecular orbitals
of 4 and 5 (see Figure S13). A pronounced stabilization of
the LUMO is predicted in passing from 4 (—2.46 eV) to 5
(—=3.01 eV) and 6 (—3.06 eV) due to the higher electro-
negative character of the dicyanovinylene group compared
to the ester unit. The presence of the electron-donor EDOT
fragment in 6 slightly increases the energy of the HOMO
(—=5.10eV) compared to 5 (—5.17 eV). Theoretical calcula-
tions therefore predict small HOMO—LUMO energy gaps
of —2.64, —2.16, and —2.04 eV for 4, 5, and 6, respectively,
and suggest the presence of low-energy charge-transfer
(CT) absorption bands in the electronic spectrum.

The redox properties of 4—6 were examined by cyclic
voltammetry (CV) (Table 1). The anodic region of dye 4 is
characterized by one reversible wave (E°,x = 0.27 V)
attributed to the hemi-exTTF unit, whereas no reduction
is observed in the experimental conditions. The presence of
the stronger electron-accepting dicyanovinylene groups in
5 shifts the reduction potential to —1.31 V, whereas the
oxidation potential is only weakly affected (E°,, = 0.29 V).
This trend nicely correlates with the slight stabilization
of the HOMO (0.07 ¢V) and the significant stabilization
of the LUMO (0.55 eV) predicted by theoretical calulations
in passing from 4 to 5 (Figure S13). The presence of the
auxiliary electron-donor EDOT groups in 6 slightly reduces
the oxidation (E°,x = 0.25 V) and reduction (E°.q =
—1.26 V) potentials. CV measurements therefore obtain
a decrease of the electrochemical gap along the series 4
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(>2.07V),5(1.60 V), and 6 (1.51 V), which is in perfect
agreement with theoretical predictions and with the trend
observed from optical data (see below).

Table 1. Electrochemical and Optical Data for 4—6

Eoox Eored Egcv lmax €
compd vy vy (V) (nm)°  (L-mol t-ecm™1)
4 0.27 <—1.80 >2.07 491 19000
5 0.29 —-1.31 1.60 536 14000
6 0.25 —-1.26 1.51 590 19000

“Measured by CV (CH3CN, 0.1 M BuyClOy, v = 100 mV-s~!, Vs
Ag/AgNO3). ? Electrochemical gap determined as Eoy — Eyeq. ¢ Measured
in DCM, 10~> mol-L™".

The absorption properties of compounds 4—6 were
measured in dichloromethane solution (Figure 4a). 4 dis-
plays two main absorption bands in the UV and visible
range (A; = 364 nm; 1, = 491 nm). Both transitions
are red-shifted, first when a better acceptor is inserted in
the molecule (5, 1; = 366 nm; A, = 536 nm), then with the
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Figure 4. (a) Absorption spectra of 4 (red), 5 (blue), and 6 (green)
recorded in dichloromethane at room temperature. (b) Theo-
retical simulation of the UV-—vis absorption spectra for
push—pull compounds 4—6. Vertical lines indicate the vertical
excitation energies and oscillator strengths calculated for the
electronic transitions to the different singlet excited states S,,.
States S; to Ss are explicitly denoted for compound 6.
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presence of the EDOT units (6,1; = 443nm; A, = 590 nm).
As expected, a decrease of the optical band gap is observed
when the push—pull effect in the compound is reinforced.

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
(S,) were calculated for 4—6 using the time-dependent
DFT (TD-DFT) approach. TD-DFT calculations predict
that the lowest-energy absorption band observed for 5 and
6 above 500 nm is due to electronic transitions to the first
two excited singlets S and S, (see Table S2 and Figure 4b).
These states originate from the HOMO—LUMO and
HOMO—LUMO+1 monoexcitations, respectively, and
imply an electron density transfer from the hemi-exTTF
moiety, where the HOMO resides, to the acceptor moiety,
where the LUMO and LUMO+1 are mainly located
(Figure 3). In compound 4, S, stands higher in energy
(2.89 eV) due to the higher energy of the LUMO+1
(Figure S13) and does not contribute to the lowest-energy
band at 491 nm (Figure 4b). Calculations therefore con-
firm the CT nature of the lowest-energy absorption band
of 4—6. The moderately high intensities observed for this
band are in agreement with the oscillator strengths (f)
around 0.4—0.5 calculated for S; and S, (Table S2) and
are due to the significant overlap between the HOMO and
the LUMO/LUMO+1.

The intense absorption band observed at higher energies
mainly results from the HOMO—-2—LUMO excitation
(state S¢ for S and S5 for 6, Table S2 and Figure 4b), which
mainly implies the electron-acceptor part of the molecule
(Figure 3). This electronic transition is predicted to have
a high intensity (' & 1.00) and shifts to lower energies in
passing from 5 to 6 due to the EDOT groups that desta-
bilize the HOMO-2 from —6.46 (5) to —6.01 eV (6). For
compound 4, the transition is calculated to show a lower
intensity (f = 0.33) in good agreement with the experi-
mental spectra (Figure 4a). The HOMO—LUMO+2
excitation involving the hemi-exTTF moiety and the
CT HOMO—-1—LUMO and HOMO—1—LUMO+1 ex-
citations also contribute to this intense absorption band
(Table S2).
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In summary, a new family of anthracene-based chromo-
phores has been synthesized and fully characterized. The
new dyes capture light in a broad range of the solar
spectrum, compound 6 being the best light-harvesting
chromophore, absorbing in the UV and visible spectrum
(from 300 to 750 nm). The outstanding absorption proper-
ties stem from the efficient electronic communication
between the donor and acceptor moieties, giving rise to
very intense charge-transfer bands. The remarkable elec-
tronic and optical properties exhibited by the new com-
pounds make them promising materials for their further
incorporation in molecular solar cells.”'”
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