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We report two novel systems based on calix[4]arene scaffolds with
one or two D—m—A dyes for DSSCs which present good optical and
photovoltaic properties as well as suitable electron lifetimes. The
system (Cx-2-TPA) opens up the possibility to prepare more D—m—A
branched dyes for increased light—current conversion efficiencies.

During the last two decades, a great variety of donor-r-spacer—
acceptor (D-1t-A)" dye sensitized solar cells have been prepared. This
molecular structure (D-71t-A) leads to effective photoinduced intra-
molecular charge transfer from the donor to the acceptor unit to
favour the electron transfer between the dye and the semiconductor
TiO,. These organic systems are characterized by their high molar
extinction coefficient and the lack of metal in their structure.
However, one disadvantage of organic sensitizers in DSSCs is the
aggregate formation, which leads to instability, and reduces electron
injection.”> Aggregation can be solved by both the use of different
co-adsorbents® and the introduction of different structures,* which
decreases charge recombination processes, and improves stability.
Moreover, the light-harvesting ability of the sensitizers is important
for the conversion efficiency from solar light to electricity. Organic
dyes with two D-mt-A units have enhanced the efficiency (1) values
of DSSC solar cells compared to the corresponding single D-w-A
sensitizers.” Moreover, several anchoring groups in one molecule
improve the photovoltaic properties and, at the same time, increase
the stability of the dyes adsorbed on the TiO, film. Therefore, to solve
these problems, we design a new series of dyes based on calixarene
scaffold to be used as DSSC sensitizers because the calix[4]arene is
a versatile scaffold which can be readily functionalized.® They have
been widely investigated in different applications” but, to the best of
our knowledge, no previous research reported organic dyes based on
calix[4]arene as scaffold to link chromophores for DSSC applications.
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The calix{4Jarene structure has been used to pre-organize several
chromophores in one single molecule® in non-linear applications
and the introduction of several light-harvesting units per mole-
cule favors high molar extinction coefficients® and allows to have
several anchoring groups to improve the photovoltaic properties.
The p-tert-butyl substituted calix[4]arene derivative has bulky
alkyl chains, which increase the solubility of the systems and it is
expected to impede dye aggregation. In addition, these systems
can be immobilized in cone conformation by the introducing
of propyl or longer groups into the lower rim." Despite the fact
that calix[4]arene derivatives possess so many applications,
the investigation of calix[4]arene-based sensitizers as a key
component in DSSCs has been scarcely reported, just one paper
is published with calix[4]arene as donor unit," not as scaffold
to orient the anchoring groups. We therefore prepared for the
first time systems for DSSC consisting of a tert-butyl-substituted
calix{4]arene used as scaffold, a triphenylamine, one of the
most common donor groups,'* a 2-cyanoacrylic acid acceptor,'®
and a thiophene™ spacer.

The structures of dyes (TPA), (Cx-1-TPA) and (Cx-2-TPA) are
depicted in Scheme 1. (TPA) is a well-known dye used for DSSC
as a control in order to compare the photovoltaic properties and
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Fig.1 Absorption spectra of solutions in CH,Cl, of dyes (TPA), (Cx-1-
TPA) and (Cx-2-TPA).

it has been prepared following the method described in the
literature." (Cx-1-TPA) and (Cx-2-TPA) dyes are synthesized
according with the detailed synthesis reported in the ESL{

The optical properties were studied by UV-vis spectroscopy with
dye solutions 10> M in CH,Cl,. The absorption spectra of the
dyes (TPA), (Cx-1-TPA) and (Cx-2-TPA) are shown in Fig. 1.
Inspection of spectra reveals that these compounds show a band
at 300 nm attributed to a m-m* transition of the conjugated
molecules and also a broad absorption band in the visible region
from 370 nm to 550 nm, which is attributed to a strong intra-
molecular charge transfer transition between donor and acceptor.
These studies have also established the molar extinction coeffi-
cient of these compounds. The molar extinction coefficient value
is directly related to the amount of radiation that is absorbed
by the molecule at a given wavelength. Table 1 shows that these
dyes have molar extinction coefficients ranging from 10 832 to
28136 M ' em™ ! and it is noticeable the increase of the value of
the (Cx-2-TPA) system with respect to (Cx-1-TPA) and (TPA). This
result implies that calixarene derivatives with two chromophores
in the same scaffold could have potential application in low-
luminosity conditions.

When dyes are attached to TiO, surface, the maximum
absorption peaks are blue shifted as compared to those in solution
(Fig. S5. ESIT). In general, the blue shifts of the absorption spectra
on TiO, could be ascribed to deprotonation and/or formation of
H-aggregates (extended head to tail stacking)* of the dyes on the
TiO, surface. The UV-vis spectra of the dyes at different times of
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adsorption show that the aggregation is retarded in devices
prepared with (Cx-2-TPA) with respect to the ones prepared with
(TPA) dye (Fig. S6 and S7 ESI¥).

Moreover, the transition energy, E,_, is estimated from the
intersection between the absorption and emission spectra
(Fig. S8-510 ESIY).

The electrochemical properties of the dyes (TPA) (Cx-1-TPA)
and (Cx-2-TPA) were studied by Differential Pulse Voltammetry
(DPV). Voltammograms were performed under argon, in CH,Cl,
using 0.1 M tetrabutylammonium hexafluorophosphate as
supporting electrolyte, a glassy carbon as working electrode,
a Pt as counter electrode and a Ag/AgCl as reference electrode.
The solution of the dyes was 10~* M in CH,Cl,. The electro-
chemical data of these dyes are also listed in Table 1 which
shows the potential oxidation of both ground and excited states
of these dyes. The potential oxidation of the ground state, E, is
below the electrolyte potential (the redox potential I /I3~ has
a value of +0.4 V), which is necessary to ensure that neutral dye
is effectively regenerated after being oxidized'® and the potential
oxidation of the excited state, Eg,, is above the TiO, potential in
favour of efficient electron injection from the excited dye onto
the TiO, electrode."” The potential oxidation values of dyes (TPA),
(Cx-1-TPA) and (Cx-2-TPA) are very similar, +1.17 V, +1.21V, +1.24 V,
respectively and they have adequate potentials to be used as dyes
for DSSCs.

Dyes (TPA), (Cx-1-TPA) and (Cx-2-TPA) were applied in DSSC
as photosensitizers. In order to analyse if the use of additives
can reduce the recombination process increasing the V. values,
devices were prepared with and without a co-adsorbate (che-
nodeoxycholic acid, 0.3 mM CDCA). Electrodes were dipped
in dye solutions 10™* M in order to produce the adsorption of
the dye. The incident photo-to-current conversion efficiencies
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Fig. 2 (a) IPCE spectra, and (b) photocurrent density vs. photovoltage
plots for DSSCs based on studied dyes under AM 1.5 G simulated solar
light (100 mW cm™2).

Table 1 Linear optical and electrochemical properties of dyes (TPA), (Cx-1-TPA) and (Cx-2-TPA)

Dye Aabs‘Z (nm) Aabsb (nm) Aemc (nm) & X 1074 (M71 Cmil) IOg € ond (V) EO*Oe (BV) E:;xdf (V)
TPA 437 416 540 1.08 + 0.02 4.03 +1.17 2.40 —1.23
Cx-1-TPA 456 421 570 1.69 £+ 0.01 4.23 +1.21 2.38 —-1.17
Cx-2-TPA 451 418 583 2.81 + 0.03 4.45 +1.24 2.36 -1.12

4 Absorption in CH,Cl, solution. b Absorption on TiO, films. ¢ Emission in CH,Cl, solution. 4 The oxidation potentials were converted to normal
electrode (NHE) by addition of 0.199 V. € E,_, was estimated from the intersection between the absorption and emission spectra.” The estimated
oxidation potential of excited state of the dye was calculated from E,* = Eox — Eq_o.
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Table 2 Photovoltaic performance parameters of DSSC based on adsorbed dyes in the presence or absence of co-adsorbate (CDCA) under AM

1.5 G simulated solar light (100 mW cm™2)

Dye Additive Amount (mol cm?) Voe (mV) Jse (MA cm™?) ff (%) n (%)
TPA — 5.04 x 1077 590 5.97 64.39 2.27
Cx-1-TPA — 4.88 x 1077 705 6.88 64.74 3.15
Cx-1-TPA CDCA 1.10 x 1077 743 6.14 67.73 3.09
Cx-2-TPA — 2.11 x 1077 746 8.96 56.82 3.80
Cx-2-TPA CDCA 1.38 x 1077 732 7.82 62.11 3.56

(IPCEs) and the current-voltage (J-V) curves for the DSSCs are
plotted in Fig. 2 as measured at 100 mW cm > AM 1.5 G.

Table 2 lists the related performance parameters of the
DSSCs, the open circuit voltage (V,), the short circuit current
(Jsc), the fill factor (ff) and the overall efficiency () and also de
amount of adsorbed dye

The short circuit current (Js.) and the overall yield (n) lie in
the order (Cx-2-TPA) > (Cx-1-TPA) > (TPA) which is consistent
with IPCE data. The number of light-harvesting units adsorbed
onto TiO, determines the conversion efficiency (). The cells
based on dyes (Cx-1-TPA) and (Cx-2-TPA) work better without co-
adsorbate. The overall efficiency (7) is lower with co-adsorbate
due to the competition of dye and co-adsorbate for the active
sites of TiO,.*” Therefore, the amount of adsorbed dye is lower
in the device prepared with co-adsorbate which produces the
decrease of the Ji. values. Moreover, as the tendency to aggre-
gate of the calixarene derivative (Cx-2-TPA) is lower than the sole
(TPA) dye, a high V,. value of the cells prepared with this cal-
ixarene derivative (Cx-2-TPA) which might contribute to sup-
pressing the electron transfer from TiO, to the electrolyte or the
oxidized dye. In order to confirm this idea, impedance studies
show below the recombination resistance of calixarene
derivatives.

Electrochemical impedance spectroscopy (EIS) was carried out
to study the electron transport kinetics in the DSSC. The EIS
spectra were performed under forward bias (—0.65 V) in the dark.
For the frequency range investigated (0.1 Hz to 100 kHz), the larger
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Fig. 3 Nyquist plot of devices prepared with the dyes of (TPA), (Cx-1-
TPA) and (Cx-2-TPA).
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semicircle in the Nyquist plot (Fig. 3) is related to the charge
transfer resistance at the TiO,/dye/electrolyte interface.

The differences in larger semicircles are significant, indi-
cating that the electron recombination resistance increases
from (TPA) to (Cx-1-TPA) and (Cx-2-TPA). Moreover, the electron
lifetimes (7,) obtained from the Bode phase plot (It can be ob-
tained by means of equation'® t,, = 1/27f,) are 9.9 ms, 18.4 ms
and 38.6 ms for (TPA), (Cx-1-TPA) and (Cx-2-TPA), respectively,
which is in agreement with the higher V,. observed for the
(Cx-2-TPA). The electron lifetime has improved in cone-calix[4]
arene scaffold with two dyes.

Preliminary studies of the thermal (after 250 h) and temporal
(after 700 h) stability of the devices prepared with the dye
(Cx-2-TPA) have been carried out and the overall efficiency ()
and the V,. values of these devices remains, respectively, 97%
and 98% of their initial values.

In summary, it is the first time that systems based on the
calix[4]arene, used as a platform, have been used in DSSC and
have been linked to one or two TPA-based dyes. The device
prepared with these dyes has advantages such as the slower
aggregation of (Cx-2-TPA) than (TPA) dye; the noteworthy values
of open circuit voltage (V,.) and the increase on the short circuit
current (J.). In difunctionalized calixarene systems the molar
extinction coefficient has considerably increased. The (Cx-2-
TPA) dye has better both light-harvesting ability and electron
lifetimes than (Cx-1-TPA) and (TPA) dye. And finally, these new
systems could lead to the achievement of a panchromatic dye,
with a large variety of novel structures with more efficient dyes.
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