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A new quinoxaline-fused tetrathiafulvalene-based sensitizer
has been prepared and characterized. The resulting power
conversion efficiency of 6.47% represents the best
performance to date for tetrathiafulvalene-sensitized solar
cells.

Dye-sensitized solar cells (DSSCs) have attracted interest for over
two decades as low cost and low environmental impact alternatives
to traditional silicon photovoltaics.'? Current research is focusing on
development of efficient organic dyes overcoming Ru(Il)-based dyes
which show a power conversion efficiency (PCE) of up to 12%.2
Such organic dyes offer many advantages such as ease of synthesis,
a vast flexibility in design strategy, and excellent light-harvesting
ability. Most of them have a donor-n-acceptor (D-m-A) structure as
the electron displacement from D to A units upon photoexcitation
facilitates the electron injection into the TiO, electrode.'” To tailor
the photo-accessible excited states of organic sensitizers, a variety of
molecular scaffolds such as triarylamine,* phenothiazine,” benzo[ 1,2-
b:4,5-b’]difuran® and porphyrin’ have been used as donor
components. Tetrathiafulvalene (TTF), as a strong nt-donor, has been
intensively investigated within the context of materials chemistry
towards molecular (opto)electronics.® However, only one publication
on n-extended TTF-sensitized solar cells has appeared in the
literature, showing a moderate efficiency of 3.8%.° The little
application so far of TTF-based dyes in DSSCs is mainly due to the
fact that they only absorb in the UV region and have an energetically
high-lying HOMO, therefore the dye-regeneration after electron-
injection is thermodynamically unfavorable. In response, we have
developed a new strategy for the attainment of rigid and planar D-A
ensembles by annulation of TTF to acceptor moieties via a Schiff-
base reaction.'” Such compactly fused D-n—A systems exhibit
intense optical intramolecular charge transfer (ICT) absorbances
over a wide spectral range and a substantially stabilized HOMO. In
the present work, we have reported the synthesis, characterization
and electronic properties of a quinoxaline-fused tetrathiafulvalene-
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based sensitizer (1, Scheme 1) and explored its application in
DSSCs.

The synthetic pathway to the target dye 1 is illustrated in Scheme
1, and involved the Sonogashira coupling of the TTF-quinoxaline
diyne precursor 2 with 4-iodobenzoic acid. The former was prepared
via a TMS-deprotection reaction of 3 in the presence of TBAF. The
synthesis of 3 is based on a phosphite-mediated cross-coupling
reaction of 4 with 4,5-bis(hexylsulfanyl)-1,3-dithiol-2-thione. The
key precursor 4 was achieved by the direct condensation of 5,6-
diamino-1,3-benzodithiole-2-thione with 1,6-bis(triisopropylsilyl)-
hexa-1,5-diyne-3,4-dione followed by the oxidation with Hg(OAc),.
All precursors are quite soluble in common organic solvents, which

allowed the easy purification by standard chromatographic
techniques and full characterization.
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Scheme 1 A synthetic route to the target dye 1: (a) ethanol, at reflux, 68%; (b)
mercuric acetate, CH,Cl,, 98%; (c) 4,5-bis(hexylsulfanyl)-1,3-dithiol-2-thione (2
equiv.), triethylphosphite/toluene, 130 °C, 71%; (d) tetrabutylammonium
fluoride, THF, -88 °C, 93%; (e) 4-iodobenzoic acid (5 equiv.), Pd(PPhs),Cl,,
diisopropylamine, 80 °C, 12%.
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To estimate the HOMO and LUMO energy levels and thus to
evaluate the feasibilities of two processes including electron
injection from the photoexcited dyes to the TiO, conduction band
and the dye regeneration, the electrochemical and optical properties
of organic dyes are of prime importance. The electrochemical
properties of 1 in THF were investigated by cyclic voltammetry.
Two reversible one-electron oxidations at E,,' = 0.47 V and E,,> =
0.64 V (vs Fc/Fc") for the successive formation of the TTF radical
cation and dication were observed (Fig. 1). From the onset of the
first oxidation potential according to the equation Eyomo = [-€(Eqnset
+ 4.8)] eV, where 4.8 eV is the energy level of ferrocene below the
vacuum level, the HOMO level is calculated to be -5.2 eV, which is
lower than the energy level of the iodine/iodide redox shuttle. Such a
relatively low-lying HOMO energy level ensures efficient
regeneration of the oxidized dye and also good air stability in the
DSSC device.
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Fig. 1 Cyclic voltammogram of 1 in THF (0.1 M BuyNPFs; Pt working electrode;
scan rate 50 mVs'l).

The optical absorption spectrum of 1 in THF solution is shown in
Fig. 2. Strikingly, strong electronic transitions cover the whole
spectral region from the UV out to the red range around 610 nm. In
particular, we evidence an intense and broad absorption band in the
middle of the visible region peaking at 526 nm (19000 cm™) with a
molar extinction coefficient close to 2 x 10* M ecm™’. Such an
optical absorption pattern is typical for fused donor-acceptor
molecules and it is a manifestation of the occurrence of a variety of
excited electronic charge-transfer (CT) states. Furthermore, the
spectrum reveals an optical HOMO-LUMO gap, based on the
absorption red-edge, of about 2.3 eV; thus the LUMO energy level
of 1 can be estimated to be -2.9 eV according to the equation £y o
= [Egopt T Enomol €V, providing a sufficient driving force for the
electron injection from the dye to TiO,.
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Fig. 2 Electronic absorption spectrum of 1 in THF solution, together with the
calculated So—> S, transitions using the PBEO xc-functionals.
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In order to assign the orbital nature of the electronic transitions of
1, quantum mechanical calculations were performed at the
DFT/PBEO level for geometry optimization, and employing
TDDFT/PBEO for the corresponding optical excitations (see SI).
Geometry optimization reveals a virtually planar m-conjugated
skeleton with only a slight bending, which is, however, typical for
neutral TTF units. This result compares well with an X-ray structure
of a fused TTF-quinoxaline type of molecule that has recently been
published."" Moreover, both phenyl groups exhibit only small
dihedral angles of = 18° with respect to the main molecular skeleton.
The planarity renders electronic coupling through the dye molecule
quite efficient. Upon photo-excitation, the electron is transferred
from the TTF to the carboxylic acid moieties. This can ensure good
coupling to the conduction band of TiO,, resulting in efficient
electron injection. The principal frontier Kohn-Sham orbitals
involved in the calculated electronic transitions and their respective
energies are shown in Fig. 3. The n-type HOMO exhibits its main
electron density localization on the TTF wunit, whereas the
coefficients for the n-type LUMO are essentially spread over the
quinoxaline moiety while also reaching all the way out to both
carboxylic acid groups. A similar picture holds for the LUMO+1 but
with even higher coefficient values on the peripheral anchoring
groups. Here it already seems clear that the light-induced CT
excitations will push the electron density in the “right” direction,
namely towards both anchoring groups. Indeed, the TDDFT
calculations show that the Sy — S; excitation corresponds to an ICT
transition with a one-electron HOMO to LUMO promotion (Table
S4). With its high oscillator strength of 0.47 at the wavelength of
566 nm, this excitation describes perfectly the absorption band
centred at 526 nm. As to be expected, this excited S| CT state reveals
a large dipole moment of 12.7 D (calc.). The stick plot of Fig. 2
together with the information given in Table S4 demonstrates the
overall good agreement between the experimental spectral data and
all the calculated electronic excitations up to Sio.
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Fig. 3 Molecular orbitals of 1 that are involved in the main transitions.

DSSC experiments were performed using the synthesized dye 1 in
the presence and absence of a prototype coabsorbent,
chenodeoxycholic acid (CDCA). It is suspected that dye 1 with a
rigid, planar and large aromatic system has a strong tendency to
aggregate on the TiO, film through n-7 stacking. As depicted in Fig.
4, the DSSC device performances are to some extent affected by dye
aggregation. With CDCA, the integrated IPCE values between 500
nm and 600 nm exceed 70%, indicating that 1 shows enhanced
photon to current conversion efficiency. The efficiency increases
from 5.19% with a short-circuit current (J,;) of 12.56 mA cm™, open
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circuit voltage (V) of 580 mV and fill factor (FF) of 0.70 to 6.47%
(Je = 13.76 mA cm?, V,, = 617 mV, fill factor (FF) = 0.75). These
results can be accounted for by the fact that the presence of CDCA
prevents both the dye aggregation and the side-on attachment of the
dyes, hence effectively increasing charge injection efficiency and
retarding the back electron transfer.*>%'?
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Fig. 4 Photovoltaic performance of 1 with (red) and without (black) a CDCA
coabsorbent. (a) Photocurrent action spectra showing the incident photon-to-
current conversion efficiency as a function of excitation wavelength. (b)
Photocurrent density (/) as a function of voltage (V) measured under standard air
mass 1.5 and simulated sunlight at 1000 W/ m? intensity.

In conclusion, we have developed a new strategy for the
attainment of a quinoxaline-fused TTF-based sensitizer 1 for
DSSC application. Such a compactly fused D-n—A system
exhibits an intense optical ICT absorbance over a wide spectral
range while the HOMO is substantially stabilized. As a
consequence, DSSC experiments with 1 exhibit a broad IPCE
exceeding 60% between 500 and 600 nm and high photocurrent
densities reaching 13.76 mA/cm? leading to a power
conversion efficiency close to 6.5%, which represents the best
performance to date for TTF-sensitized solar cells. We believe
that this work will open up new opportunities in the design of
high-performance organic sensitizers.
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