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ABSTRACT

The first trichromophoric sensitizer, consisting of covalently linked boradiazaindacene (BODIPY), zinc porphyrin (ZnP), and squaraine (SQ) units,
has been synthesized by Heck alkynylation to obtain a panchromatic dye, for dye sensitized solar cells (DSSCs). Efficient intramolecular energy
transfers (ET) were observed between all chromophoric subunits and enhance the overall conversion efficiency by 25%. The antenna effect is
demonstrated by the photoaction spectrum which features all of a chromophore’s absorption bands.

Dye-sensitized solar cells (DSSCs) have emerged as a
realistic low cost technology to convert sunlight into
electrical energy. Although ruthenium complexes are still
the most efficient sensitizers,' the toxicity and the cost of
this transition metal have prompted researchers to inves-
tigate metal-free dyes.> Organic conjugated dyes generally
display higher molar extinction coefficients than ruthe-
nium complexes but at a price of narrower absorption
bands, leading thus to an incomplete solar spectrum cover-
age. In response, strategies have been developed to enhance
the absorption, wavelength-wise. A mixture of different
dyes (“cocktail dye”) can be loaded on the semiconductor
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(SC) surface and gave satisfying results in some instances.’
Nonetheless, cosensitization requires a tedious optimiza-
tion step to find suitable chemisorption conditions.* Be-
sides, the dye loading on the TiO, surface is necessarily
reduced, because it is shared with several distinct absor-
bers. While these difficulties can be handled with success
in some cases with two sensitizers, the challenge rapidly
increases when more sensitizers are envisioned. The mole-
cules prepared herein aim at developing another concept,
that we have previously reported,’ and which is inspired by
the light harvesting antenna found in biological photosyn-
thetic organisms.® Indeed, the operation principle of DSSCs
is sometimes compared to that of natural photosynthesis,
because the light harvesting function is performed by differ-
ent components (dye) as the charge transport (SC and
electrolyte). In the light harvesting antenna, an assembly
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Scheme 1. Synthetic Route to the Dyad D and the Triad T¢

“Coupling conditions: Pd,(dba);+- CHCls, AsPhs, EtsN, CH,Cl,/MeOH, 4 h, rt.

of different pigments spans complementary absorption
spectra to harvest photons over a large spectral window.
Then, the incident photonic energy is quantitatively trans-
ferred to a final acceptor: the special pair from which a
photoinduced electron transfer chain is initiated. The role
of the sensitizer anchored to a TiO, surface in a DSSC can
be considered as similar to that of the SP; therefore a panel
of complementary dyes can be used to feed the former in
energy. Surprisingly, the utilization of the antenna effect
via supplementary pigments counts only a few reports
in DSSCs.>” In this letter, we describe the synthesis
and characterizations of two novel dyes (D and T) using
successfully the antenna effect to improve the photoconver-
sion efficiency of a DSSC (Scheme 1). To realize our light
harvesting antenna mimic, we covalently linked chromo-
phoric subunits, acting as antenna, to feed with energy
(via ET) a sensitizer bearing the anchoring group, the latter
acting thus as both a chromophore and reaction center to
inject an electron into the conduction band of the semi-
conductor. We have selected three powerful dyes, a zinc
porphyrin (ZnP) and a boradiazaindacene (BODIPY), as
light harvesters and a squaraine (SQ) as a sensitizer for
electron injection into TiO,. SQ was reported as a quite
efficient sensitizer in DSSCs, and it exhibits a low lying
excited state, which makes it well-suited to act as both the
final energy acceptor and the electron injector.® Moreover,
SQ exhibits high molar extinction coefficients in the
red (>10° L-mol'-cm™"), but they do not display any
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significant absorbance between 400 and 600 nm whereas
the solar flux is particularly high in this region. Individu-
ally, these three dyes absorb in a narrow portion of the
solar spectrum, but altogether they contribute to a wide
spectral coverage (see below).

The unsymmetrical monoiodinated squaraine, S5-car-
boxy-2-[[3-[(1,3-dihydro-5-iodo-3,3-dimethyl-1-octyl-2 H-
indol-2-ylidene)methyl]-2-hydroxy-4-oxo-2-cyclobuten-1-
ylidene]methyl]-3,3-trimethyl-1-octyl-3 H-indolium (SQI),
was obtained using modified, previously described meth-
ods (synthetic scheme available in Supporting Information
(SI)).” The two indolium’s octyl chains on the SQ enable
the increase of solubility, to limit the aggregation and to
prevent a close approach of the redox mediator I3~ to the
TiO, surface, thus reducing the counterproductive recom-
bination reaction. The dyad D was synthesized by a Heck
alkynylation reaction between the zinc porphyrin 8 and
SQI in 60% yield using triphenylarsine, palladium(0)
dibenzylideneacetone, and tricthylamine as a catalytic
system and a mixture of dichloromethane/methanol as sol-
vent (Scheme 1).'° The zinc(II) 5,10,15-trimesityl-20-(4-
ethynylphenyl)porphyrin 8 was easily available in a few
steps from a previously described methodology.'! Despite
the copper-free catalytic conditions and the freeze—
pump—thaw degassing cycles, the Glaser type homocou-
pling reaction of the zinc porphyrin occurs and decreases
the yield. Alternatively, classical Sonogashira cross-cou-
pling conditions (Pd(PPhs)4, Cul, Et;N in THF for 3.5 h)
were also tested but furnished D with only a 36% yield.
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Besides, the carboxylic acid group seems to also limit
the yield of this reaction, since the same reaction with
the corresponding ethyl squaric ester instead of SQI
increased the yield up to 75%. Unfortunately, all the
saponification attempts using different conditions (LiOH,
NaOH, Ba(OH), in various solvent: THF, THF /water,
toluene/methanol) caused the degradation of the com-
pounds. This is in line with the strong tendency of cyanine
dyes substituted with strong electron-withdrawing groups
to react with nucleophiles.'”

Several strategies were explored to synthesize the triad T.
Difficulties were linked to the presence of two ethynyl
groups. Initially, we prepared a dissymmetric bisalkenyl
porphyrin monoprotected by TIPS. Reactions with either
BODIPY-I or SQI enable the two respective bichromo-
phoric molecules to be obtained in good yields. Unfortu-
nately neither ZnP-SQ nor BODIPY-ZnP were resistant
to the tetrabutylammonium fluoride cleavage of the TIPS.
BODIPY’s deboration by fluoride ions was evidenced as
already reported, while the squaraine unit is degraded as
evidenced by mass spectrum analysis (data not shown
here).'? Finally, we chose to realize the synthesis of triad
T according to a statistical mixture by Heck alkynylation
coupling in one pot. Zinc porphyrin 9 and an excess of
BODIPY-I and SQI (to reduce homocoupling) were re-
acted under the same conditions as those for D. After
column chromatography purification, the triad T was
obtained pure with 28% yield. To the best of our knowl-
edge, this is the first trichromophoric dye ever reported for
TiO, sensitization.
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Figure 1. Absorption spectra of SQI (blue solid line), D (red
solid line), and T (black solid line) recorded in THF.

The UV—uvisible spectrum of compounds D and T is not
an exact linear combination of those of their monomeric
chromophores since the squaraine’s absorption band at 680
nm is red-shifted due to the extended ;r-conjugation brought
by the acetylene link. Interestingly, the three chromophoric
subunits display complementary absorption spectra and
cover a wide window of the solar spectrum (Figure 1).
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Thus, absorption bands at 664 nm, 524 and 426 nm,
556 nm were respectively attributed to the transitions as-
signed to the squaraine, the BODIPY, and the zinc porphy-
rin chromophores. The last porphyrin’s Q-band overlays
with the squaraine transition at 600 nm. To have an efficient
energy transfer between all the chromophores, a large over-
lap between the donor’s emission and acceptor’s absorption
spectrum (Forster mechanism) or between donor and ac-
ceptor orbitals (Dexter mechanism) is mandatory. In fact,
zinc porphyrin absorption Q-band and BODIPY’s emission
spectra overlap, while the zinc porphyrin overlap with the
squaraine absorption spectrum, thus fulfilling the through-
space Forster energy transfer theoretical conditions. More-
over Lindsey and co-workers had already demonstrated an
efficient internal ET between ZnP and BODIPY.'* Interest-
ingly, energy transfer between BODIPY and SQ is inefficient
owing to a poor spectral overlap, while ZnP acts as an energy
relay between BODIPY and SQ and assists energy migration
from BODIPY to SQ. Steady-state fluorescence experiments
in solution demonstrate a quantitative quenching of the emis-
sion bands of ZnP in D and of ZnP and BODIPY in T with
an exclusive emission from the squaraine unit (Figure 2).
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Figure 2. Overlay in THF of the normalized absorption spectrum
of dye T (black solid line) and respective fluorescence traces upon
excitation at 427 nm (Soret band of ZnP, red dashed line), 525 nm
(BODIPY, blue point-dashed line), and 665 nm (SQ, black solid
line).

The perfect matching of the excitation and the absorption
spectra in D and T also confirm that the energy transfer
quantum yield is over 98% from any antenna toward the
squaraine (Figure S6 in SI). The squaraine’s optical gap was
determined by the wavelength at the intersection of the
absorption and the emission spectra, and it exhibits a
classical value of 1.85 eV. The oxidation potentials of each
chromophore were recorded in CH,Cl, by cyclic voltam-
metry using a saturated calomel electrode (SCE) as refer-
ence (Figures S1 and S2 in SI). ZnP and SQ are respectively
oxidized at 0.70 V, 0.58 V in the dyad, while BODIPY, ZnP,
and SQ are respectively oxidized at 1.01, 0.74, and 0.56 V in
the triad. Accordingly, the electron injection and dye regen-
eration free energies from the squaraine are respectively
~ —0.58eVand —0.26 eV bothin D and T. Therefore, these
processes are thermodynamically allowed and quite un-
changed with regard to plain squaraine.'
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Table 1. //V Measure for SQI, D, T under AM 1.5 (1000 W/m?)

Voc Jsc FF n
sensitizer (mV) (mA/cm?) (%) (%)
SQI 615 6.6 73 3.0
D 635 8.0 72 3.6
T 625 8.7 71 3.9
N719 745 12.9 73 7.0

Finally, we investigated the photoconversion efficiencies of
these new sensitizers in DSSCs and compare them to that of
the squaraine SQI as a reference (Table 1). The TiO» anodes
were prepared according to literature procedures (see SI) and
stained by the dye for 16 h in the presence of a deoxycholic
acid (DCA) as a coadsorbent to avoid aggregation.'® Opti-
mization of the concentration of DCA was investigated for
each dye. As intuitively anticipated, the larger the size of the
dye s, the lesser the concentration in coadsorbent is required.
The optimum DCA concentration for SQI and D is 5 mM,
whereas it is only 2.5 mM for T. Increasing the DCA con-
centration resulted in a photocurrent decrease, while reducing
it diminished the open circuit voltage (see Table S3 in SI).
Concerning the optimal TiO, thickness, we found that the
best performances were collected with a 12 um thickness
(besides diffusive layer), while a plateau was reached for
thicker layers, along with reduced Voc (Table S2 in SI). A
similar squaraine as SQI was recently reported to deliver a
4.5% photoconversion efficiency.® The lower performances
of SQI measured herein (3%) indicate that the preparation of
the solar cells was not optimal and that higher photoconver-
sion efficiencies could certainly be reached with more experi-
ence to master this technological aspect. However, we were
able to give a proof of concept of our design strategy because,
within the three sensitizers, the photoconversion efficiency
steadily increases in the order SQI < D < T (Table 1). In
fact, there is more than 30% photocurrent improvement
when we pass from SQI to T, which is consecutive to the
expansion of the absorption spectrum over a broader wave-
length frame brought by ZnP and BODIPY dyes.
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Figure 3. Overlayed IPCE spectrum of dye SQI (black solid
line), D (dashed line), and T (point square line).

The contribution of ZnP and BODIPY units to the
photocurrent generation is visible on the Incident Photon
to Current Efficiency (IPCE, Figure 3) spectra, which also
prove that efficient energy transfers from ZnP to SQ in both
D and T and from BODIPY to ZnP in T occur on TiO,
electrodes as the IPCE traces closely match the absorption
spectra (Figure S4 in SI). Inspection of the photoaction
spectra shows the maximum [PCE on squaraine experienced
almost no drop for the dyad D or the triad T compared to the
reference SQI, attesting thus that the grafting of the antenna
has not significantly diminished its intrinsic photovoltaic
performances.

In conclusion, the light harvesting antenna function of the
natural photosynthetic systems was implemented in DSSC.
We showed that the covalent grafting of three different com-
plementary dyes, acting as light collecting antenna, can effec-
tively boost the performance of a single sensitizer via light
harvesting antenna. This concept opens new possibilities to
develop panchromatic supersensitizers exhibiting high ex-
tinction coefficients over a large window of the solar spec-
trum thanks to the combination of different high absorbing
organic dyes.
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