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ARTICLE INFO ABSTRACT

Keywords: The synthesis and photovoltaic study of five dyes based on 4H-pyranylidene moiety as donor moiety is reported.
D-r-A dyes' A thiophene unit conjugated with/without an ethynyl bond acts as the n-relay and benzoic acid as the anchor
IA;I;Iéprranyhdene group with/without a trifluoromethyl group. Their electrochemical and optical properties are analyzed by using

a joint experimental and theoretical approach. The presence of the trifluoromethyl group leads to an enhance-
ment of the molar extinction coefficient, being slightly when a hexyl chain is introduced in the thiophene ring,
but does not modify the oxidation potential.

For the preparation of derived solar cells an antiaggregant is essential in all cases. The photovoltaic perfor-
mance is sensitive to the structural modification of the dye: the CF3 group and the hexyl chain of the thiophene
spacer were shown to improve the efficiency. The lack of a triple bond in the zn-spacer involves a lower
photovoltaic efficiency, and the trifluoromethyl group leads to a lower dye-load, but a decrease of the recom-
bination processes. These results are in accordance with the electrochemistry impedance spectroscopy studies
carried out. Moreover, the organic dyes have been also tested with a fluorescent lamp (indoor conditions),

Trifluoromethyl group

leading to an increase of the efficiency, reaching a 36% for the best dye.

1. Introduction

Dye-sensitized solar cells (DSSCs) have attracted much interest in the
search of alternative photovoltaics (PV) technologies based on cost-
effective and environmentally friendly materials [1-3]. Over the past
two decades a tremendous effort has been made to search for more
efficient sensitizers, but the power conversion efficiency values have
stagnated at around 14%, generally using a co-sensitization strategy
[4-7] and are still low when compared with silicon solar cells,
bulk-hetero-junction solar cells (BHJ) and perovskite solar cells (PSC).

Recently there has been a renaissance of DSSC due to its potential as
Building-Integrated Photovoltaics (BIPV) taking advantage of the pos-
sibility of preparing colored and long-term stable semi-transparent
modules [8-10].

DSSCs are also promising in the fields of wearable/portable elec-
tronics since they are lightweight, mechanically flexible and can be
easily integrated in other devices. A further strength of DSSC consists in
their high performance under indoor conditions in comparison to other
solar technologies [11-13].
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Metal-free organic dyes represent one of the main class of photo-
sensitizers for DSSCs because their chemical structures are tunable by
exploiting well-stablish synthetic strategies in the field. The architecture
of the most efficient organic sensitizers is based on Donor-n spacer-
Acceptor (D-n-A) structures [14,15]. A D-n-A configuration facilitates
the photoinduced intramolecular charge-transfer (ICT) from donor to
acceptor moieties promoting the electron injection into the conduction
band of the semiconductor. A great effort has been devoted to obtain
D-n-A systems with tailored optical properties, well-aligned electronic
levels, and high stability. The molecular structure of dyes can be
modulated to achieve the requirements previously mentioned to get a
significant power conversion efficiency (PCE) enhancement in DSSCs. A
wide number of donors and n-spacers have been explored, whereas a few
molecular groups have been studied as electron acceptor/anchoring
moieties [16].

The donor capability of 4H-pyranylidene ring has been widely sup-
ported due to its proaromatic nature [17]. This fact, together with its
synthetic versatility represents a great advantage keeping this unit into
focus for a myriad of areas: second nonlinear optics [17-21], organic
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photovoltaics [22], two-photon absorption materials [23],
hole-transporting materials for perovskite solar cells [24] or probes for
biological imaging [25].

Regarding DSSCs field, the y-pyranylidene moiety has been suc-
cessfully evaluated in various series of D-n-A systems [26-31]. The
donor properties of this unit are similar, if not higher than the ones
observed in triarylamines [32]. Efficiencies above 6% and 7% have been
achieved for 4H-pyranylidene dyes featuring a thienothiophene core
decorated by n-hexyl chains as n-spacer [33] or for twisted compounds
with an additional thiophene ring in the exocyclic C=C double bond
[34].

Among the spacer, the thiophene unit is frequently used as n-con-
jugated bridge due to its excellent charge-transport properties. A com-
mon strategy to avoid dye-aggregation involves the incorporation of
bulky groups, like alkyl groups, into the structure of the molecule. The
presence of alkyl chains in the structure promotes the hydrophobicity,
which contributes to the long-term stability, as well as increases the
electron lifetime, responsible of an improvement of the V. values [35].

The incorporation of triple bonds into a D-n-A dye could red-shift the
absorption spectrum and enhance the IPCE curve [36]. Moreover, the
presence of an ethynyl linkage in a sensitizer can fine-tune the energy
levels of the dyes [37].

Cyanoacrylic and benzoic acid are, by far, the acceptor units the most
studied and with the best results obtained. On certain occasions, with
the aim of tuning and enhancing the performance and the stability of
sensitizers, electron-poor functional groups have been incorporated in
the n-spacer with good results [38,39]. In this context, the tri-
fluoromethyl group as substituent of benzoic acid has been rarely
explored in DSSCs [40].

In light of the abovementioned, we present the study of four D-n-A
dyes (compounds 1la-b, 2a-b, Fig. 1) which have been designed ac-
cording to the following approach: i) the 2,6-diphenyl-4H-pyranylidene
ring acts as the donor moiety; ii) the thiophene unit conjugated with an
ethynyl bond plays the role of the n-relay, with compounds of series b
having a n-hexyl chain, and iii) the benzoic acid is the anchor group with
(compounds 2) or without (compounds 1) a trifluoromethyl group in
order to study the effect of this structural modification on the photo-
voltaic properties.

An analogous derivative to 2b, lacking the acetylene bond (com-
pound 3b, Fig. 1) is also included in the study for the sake of comparison.

The electronic and optical properties of the dyes were accomplished
by means of electrochemistry, spectroscopic techniques, and quantum
chemical methods. On the other hand, the influence of a n-hexyl chain
on the thiophene ring has also been studied.

In recent years, there has been again a growing interest in DSSC,

1 R=H;G=H 1b
2a R=H;G=CF,4 2b

R = CGH13; G=H
R = CeH13; G= CF3

CSH13

Fig. 1. Molecular structures of the targeted dyes.
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mainly due to their good response under ambient light conditions [12,
41-43]. Excellent efficiencies have been described by employing elec-
trolytes based on cupper [11,44] and cobalt [45] complexes or in
quasi-solid-state [46] at reduced light intensities. For this reason, the
organic dyes shown in Fig. 1 have been also tested at intensities lower
than 1 sun and with a fluorescent lamp.

2. Results and discussion
2.1. Synthesis

For the synthesis of the final compounds 1a-b and 2a-b, the previous
preparation of 4H-pyranylidene-containing protected alkynes 6a-b is
required.

Compounds 6a-b were prepared by a Horner reaction between (2,6-
diphenyl-4H-pyran-4-yl)diphenylphosphine oxide 4 [47] and the cor-
responding aldehyde 5a-b [48,49] (Scheme 1). After purification, 6a
was isolated as an orange solid and 6b as a dark yellow oil.

Next, the synthesis of dye 2a was accomplished as follows (Scheme
2): first, the deprotection of trimethylsylil group with BusNF in THF took
place, obtaining 7a, which was identified by 'H NMR (see Fig. S-5) and
used directly, without any purification, in a Sonogashira coupling with
the benzoic acid derivative 8 [50].

When this method was applied in the synthesis of dyes 1a-b and 2b,
the purification of final compounds was particularly difficult and
tedious. Various purification techniques were unsuccessfully employed
(washing with different solvents and centrifugation, column chroma-
tography on silica gel, reversal phase HPLC, among others), obtaining in
all cases a minimum amount of the final products.

Hence, a modification to the synthesis showed at Scheme 2 was
carried out, using for the Sonogashira reaction the corresponding methyl
ester (9 [51] and 10 [52]) instead of the benzoic acid derivative (Scheme
3). Consequently, a basic hydrolysis of synthesized esters 11a-b and 12b
was required to afford the final compounds 1a-b and 2b, in yields that
ranged from 36 to 81%. Yields for Sonogashira step were moderate-low
due to the difficult purification of systems 11a-b, 12b, particularly for
the subsequent repeated chromatographic purification on silica gel (for
compounds 11a, 12b).

A different approach was adopted for compound 3b, which was
prepared in a three-step synthetic route (Scheme 4). First, a Suzuki
coupling [53] between the previously reported aldehyde 13b [49] and
the commercial (4-(methoxycarbonyl)-3-(trifluoromethyl)phenyl)
boronic acid 14 resulted in a mixture of esters 15b + 15b’ (proportion
25/75). Next, a Horner reaction with phosphine oxide 4 afforded com-
pounds 16b + 16b’ (proportion 25/75). Eventually, the basic hydrolysis
of this mixture gave dye 3b. It is important to note that it was not
necessary to separate the intermediate product mixtures since the final
hydrolysis produced only the desired product (3b). It may be striking to
propose a synthesis that results in a mixture of esters, but the use of
ethanol instead of methanol improved the overall yield of the process.
Nevertheless, although the synthetic process was optimized, a yield of
8% was obtained after the three steps.

2.2. Optical properties

The absorption spectra of the dyes in CH2Cl; and on TiO; electrodes
are shown in Fig. 2 and the photophysical data are collected in Table 1.
All dyes exhibit a broad absorption band ranging from 350 to 550 nm
which can be attributed to the ICT from the proaromatic donor to the
carboxylic acid. The energy of the ICT transition does not follow a
general rule. A bathochromic effect is observed upon the introduction of
a hexyl chain on the thiophene ring, being slightly in the case of 1a —1b.
The presence of the trifluoromethyl group has a different effect
depending on the structure of the thienyl spacer, since a hypsochromic
or bathochromic effect was observed for series a and b, respectively.
The introduction of this electron deficient group provides in series a
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Scheme 1. Synthesis of compounds 6a-b.

B Cul, Pd(PPh3),Cl,
THF, 'Pr-NH,
NBu4F, THF 60°C, 2h
6a ——> 2a
rt, 1h COOH
749
CF3 (74%)
7a R=H
I 8
Scheme 2. Synthesis of dye 2a.
NBu4F, THF
6a-b
rt, 1h
7a R=H 7b R=CgHy3 (quantitative)
COOMe
Cul, Pd(PPhj3)Cl, G
THF, 'Pr-NH,
60°C
| 9 G=H
10 G =CF,

Ma R=H;G=H (39 %)
11b R=CgHqi3;G=H (26 %)
12b R = CGH13; G= CF3 (50 0/0)

Scheme 3. Synthesis of dyes 1a-b and 2b.

COOMe NaOH/THF 1a-b (81 %; 67 %)
A 2b (46 %)

(R = H; Fig. 1) an increase of the molar extinction coefficient (¢), which
is an essential parameter to ensure a good light energy absorption. Thus,
compound 2a presents the highest value. Concerning series b (R =
CeHi3; Fig. 1), the variation of ¢ is slight on passing from 1b to 2b. On

the other side, it is important to remark that all dyes present ¢ values
exceeding those of the standard ruthenium dyes.

On the other hand, the absence of the triple bond in dye 3b compared
to 2b, provokes a blue-shift of the absorption, in agreement with the less
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Scheme 4. Synthetic route for dye 3b.
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Fig. 2. Absorption spectra of dyes in CHCl, (left) and on TiO, films (right).

n-extended system, together with a decrease of the ¢ value. This is in
accordance with the study of other D-n-A dyes lacking/containing a
C=C bond in their structure [36,37].

When the dyes are attached to TiO5 surface, the maximum absorp-
tion peaks are blue shifted around 30 nm as compared to those in so-
lution. In general, this hypsochromic shift may be attributed to the
deprotonation of the carboxylic acid upon adsorption onto the TiOy
surface, due to the weaker electron character of the carboxylate-TiO5
unit [54-56]. (See in the Supporting Information, the measure of ab-
sorption of films at different immersion times, Figures S-47—S-51).

2.3. Electrochemical study

The electrochemical properties of the dyes were studied by differ-
ential pulse voltammetry (DPV). The ground-state oxidation potential
(E,y) of each dye was determined in CH»Cly (Table 1). The voltammo-
grams (Fig. 3) were performed using 0.1 M tetrabutylammonium hex-
afluorophosphate as the supporting electrolyte, a glassy carbon working
electrode, a Pt counter electrode and Ag/AgCl reference electrode.

The E,, is in all cases higher than the redox potential of the iodide/
triiodide couple (+0.4 V vs NHE) [57] allowing the regeneration of the
oxidized form of the sensitizer. Except for the compound 2a, no large
differences have been observed in the measured oxidation potentials,
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Table 1
Optical properties and electrochemical data.
Dye  Aabs, nm (g, M} Jabs) Eoy," V (Vs Eo.o,” E*o,° V (Vs
em™H* nm” NHE) eV NHE)
la 455 (26260 + 410 +0.91 2.32 —-1.41
810)
1b 457 (22330 + 425 +0.88 2.31 —1.43
730)
2a 444 (34400 + 415 +0.98 2.34 -1.36
1300)
2b 462 (23550 + 426 +0.91 2.27 -1.36
460)
3b 434 (22990 + 416 +0.92 2.38 —1.46
360)

2 Absorption maxima in CH,Cl, solution.

b Absorption maxima on TiO; films (4 pm thick).

¢ First oxidation potentials measured in CH,Cl, with 0.1 M TBAPFg as elec-
trolyte, Ag/AgCl as reference electrode and Pt as counter electrode respectively.
Potentials were converted to normal electrode (NHE) by addition of 0.199 V.

4 Zero™-zero™ transition energies estimated from the absorption spectrum,
that is calculated drawing the tangent to the curve (Amax) on the side of lower
energy. The Planck-Einstein formula, E = hc/A is applied.

¢ Excited-state oxidation potential obtained from E,y — Eq.o.

1a
2,0x10° —1b
2a
—2b
1,5x10° —3b
<
‘g 1,0x10°
5
©®
5,0x107
0,0
L3 T L T L3 T L T ¥ T * 1
0,00 0,25 0,50 0,75 1,00 1,25 1,50

Voltage (V)

Fig. 3. Differential pulse voltammetry (DPV) in CH.Cl, solution for synthe-
sized dyes.

indicating that the presence of the trifluoromethyl group or the hexyl
chain in the thiophene ring hardly affect the oxidation of the donor
moiety.

The excited-state oxidation potentials (E*,x) were obtained from the
expression E,,—E(.o, with the band gap energies (Ey.) estimated from the
absorption spectra (Table 1). For all the cases, E*,, value is more
negative than the conduction band edge of TiO, (—0.5 V vs NHE) [58]
allowing an effective electron injection from the excited sensitizers to
the semiconductor conduction band.

2.4. Theoretical calculations

Density Functional Theory (DFT) calculations provide a comple-
mentary theoretical study to obtain further information of the optical
and electrochemical behavior of the synthesized dyes. The CPCM
(Conductor-like Polarizable Continuum Model) solvation method has
been performed. The most relevant parameters deduced from the cal-
culations are summarized in Table 2.

Calculated absorption wavelengths are overestimated for all dyes by
14-49 nm, but the data are in reasonable agreement with the experi-
mental results. The experimental trends discussed in the optical prop-
erties section (2.2) are well reproduced except for the hypsochromic
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Table 2
Results of DFT calculations at the CPCM-M06-2x/6-311 + G(2d,p)//M06-2x/6-
31G* level in CH,Cl,.

Dye  Jabs’ Enomo Erumo Jem” Eo. Eo’ B
(nm) (eV) (eV) (nm) o (eV) W) (4%]
la 469 -6.21 -1.79 625 2.26 +0.77 -1.49
1b 480 -6.13 -1.77 648 2.22 +0.71 -1.51
2a 477 -6.24 -1.92 638 2.21 +0.84 -1.36
2b 490 -6.16 -1.91 663 2.14 +0.70 -1.44
3b 483 -6.17 -1.80 662 2.14 +0.70 -1.44

@ Calculated using equilibrium solvation.

b Referenced to NHE.

¢ The oxidation potential of the excited state of the dye was calculated from
E*ox = Eox — Ego.

effect due to the incorporation of the CF3 substituent when comparing
compounds 1a and 2a.

Likewise, theoretical oxidation potential values are underestimated
but correlate well with the experimental data.

Concerning the electron densities related to frontier orbitals (See
Fig. 4 for compound 2a and Supporting Information for the rest) the
HOMO is mainly supported by the 4H-pyranylidene unit and the thienyl
ring, while the ethynylbenzoic acid fragment contributes most for the
LUMO. The energy absorption between the ground state to the first
excited state involves an ICT mainly contributed by a one electron
promotion from the HOMO to the LUMO. Both frontier orbitals spread
along the whole D-n-A system leading to a large HOMO-LUMO overlap
that can explain the high ¢ values observed.

Regarding the geometrical configuration in the ground state, the
n—system for all dyes is almost planar except for compound 3b, lacking
the triple bond connecting the thiophene ring and the acceptor moiety.
This structural feature gives rise in compound 3b to a rotation between
the thiophene unit and the benzoic acid with a dihedral angle of 15° (See
Fig. S-39). This geometric arrangement implicates a less efficient
conjugation that is in accordance with the hypsochromic shift observed
on passing from 2b to 3b (see Table 1) and it allows to explain the very
low value of efficiency obtained (see photovoltaic properties, section
2.5).

The presence of an alkyl group does not alter the planar configura-
tion between the 4H-pyranylidene and the thienyl unit in compounds
1b, 2b and 3b, which guarantees the transfer of electrons from the donor
to the acceptor group, incorporating a bulky group than can prevent the
aggregation.

Considering the spin plots calculated for the oxidized radical cations
for all dyes, it should be noted that most of the spin density spreads
(Fig. 5 for compound 2a and Supporting Information for the rest) on the
4H-pyranylidene donor and the thiophene spacer, making difficult the
undesirable back electron transfer (BET) from the TiO, electrode.

2.5. Photovoltaic properties

The photovoltaic properties of the sensitizers were evaluated under
standard AM 1.5 G illumination (100 mW c¢m ™ 2) using a solar simulator
(See Supporting Information). The solar cells were fabricated following
a protocol that we have already described in previous papers. In this
series, the optimized concentration was defined as 0.1 mM for the
sensitizer and 0.3 mM for the antiaggregant additive chenodeoxycholic
acid in anhydrous CH,Cly. (Mixtures EtOH/CHoCl, (1:1) and increased
concentrations of antiaggregant were also tested, although there is not
improvement in the results). The liquid electrolyte was based on the
redox I /I3 system (1-butyl-3-methylimidazolium iodide (0.53 M), Lil
(0.10 M), I (0.050 M) and tert-butylpyridine (0.52 M) in anhydrous
acetonitrile). The photoanodes were prepared using the screen-printing
technique with a commercial TiO, paste (Dyesol® 18NR-AO) and an
effective area of 0.25 cm?. The thickness of active layer was optimized to
13 pm and the dipping time was set to 8 h.
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Fig. 4. Illustration of the HOMO (left) and LUMO (right) of compound 2a.

e

Fig. 5. Spin density plot of radical cation of compound 2a.

The photocurrent-voltage (J/V) curves of all dyes were measured
either under AM1.5G at different intensities (100 mW/cm? (1 sun), 77
mW/cm?), and under indoor light using a fluorescent lamp (OSRAM
930/18W) at 2000 lux (0.708 mW/cm?) and 1000 lux (0.350 mW/m?).

Table 3 shows a summary of the significant photovoltaic parameters
determined from the photovoltaic measurements, from which the per-
formance of the solar devices is evaluated. The current density-voltage
(J-V) curves and incident photon-to- current conversion efficiencies
(IPCE) at 1 sun are depicted in Fig. 6. (See Fig. S-53 for data at 2000 lux
and 1000 lux).

Table 3

The DSSC based on dye 2b achieved the highest PCE of series
(4.13%) with a Js. of 10.67 mA/cmz, Voc of 595 mV, and ff of 65.0%. A
significant reduction in PCE has been observed in the absence of anti-
aggregant, which may indicate that the compounds in this series have a
great tendency to form aggregates, due to the high degree of planarity of
the molecules. In any case, the increase in V, values for dyes 1b and 2b
are, probably due to the incorporation of the hexyl group which inhibits
the intermolecular n-n aggregation. PCE for compound 3b drops to
2.68% mainly due to a lower Jg value than compounds 1b, 2b which
indicates that the absence of the acetylenic bond significantly reduces
the electron transfer throughout the molecule, resulting in an inefficient
injection to the TiO electrode. The low efficiency could be explained by
a no planar arrangement to the donor and acceptor groups, as shown in
the theoretical calculations section (2.4).

In any case, it can be highlighted that the incorporation of a CF3
group in the benzene group (2a, 2b) improves the efficiency compared
to dyes lacking this structural modification (1a, 1b). The effect is
somewhat greater for the series a, without the hexyl group. In order to
find a possible explanation, a study has been carried out to determine
the amount of dye adsorbed on the titanium electrode. Table 3 sum-
marizes data obtained and it can be stated that the presence of a CF3
group leads to a lower dye loading, while the V,. values increase,
explaining the observed efficiencies.

The dyes were also measured in lower light conditions (77 mW/cm?)
observing, in all cases, practically identical PCE values (Table 3). The
efficiency values improved substantially when the measurements were

Photovoltaic parameters”: the open circuit voltage (V,.), the short circuit current (Js.), the fill factor (ff), solar-to-electrical energy conversion efficiency (1) and

electron lifetimes (7).

Dye Irradiance (mW/cm?) Tlluminance © (lux) Ve (mV) Jse (mA/cm?) Ff (%) PCE (%) 7, (ms) Dye-load (mol/cm?)
1a 100" - 510 9.50 61.0 2.96 3.68 9.44 x 1078
77" - 503 7.16 63.0 2.99
0.350 1000 390 0.0482 69.6 3.74
0.708 2000 395 0.0940 68.6 3.59
1b 100° - 565 10.94 64.3 3.98 6.70 1.01 x 1077
77" - 551 8.36 66.3 3.97
0.350 1000 428 0.0543 71.2 473
0.708 2000 442 0.1095 71.3 4.81
2a 100° - 533 9.84 65.2 3.42 4.96 6.61 x 1078
77" - 528 7.507 67.0 3.45
0.350 1000 415 0.0451 73.6 3.93
0.708 2000 425 0.0886 72.5 3.86
2b 100° - 595 10.67 65.0 4.13 7.61 8.72 x 1078
77" - 589 8.21 66.1 415
0.350 1000 445 0.0597 74.4 5.64
0.708 2000 450 0.1167 75.0 5.56
3b 100° - 541 7.30 67.9 2.68 6.42 3.24 x 1078
77" - 537 5.74 68.2 2.73
0.350 1000 400 0.0375 71.5 3.07
0.708 2000 429 0.0720 71.9 3.18

2 Data obtained in all cases with devices of 0.25 cm? working area and 13 mm thick in presence of chenodeoxycholic acid (0.3 mM) in CH,Cl,.

b Data obtained under simulated AM1.5G solar light at different intensities (100 mW/cm? and 77 W/cm?).

¢ Data obtained with a fluorescent lamp OSRAM 930/18W at 1000 lux and 2000 lux. The lamp spectrum is illustrated in the ESI, Fig. S-52. The stabilized illumination

intensity was calibrated with a commercial photo/radiometer Delta Ohm HD2102.1 and a LP 471 phot probe.



R. Royo et al.

1a
— 1b
2a

12+
11
104
9]
8
74
6
5]
44
3
2
14

—3b

Corriente (mA/cm?)

T
0,2

03

T
0,4

T
0,5

T 1

0,0 0,1 06

IPCE (%)

Dyes and Pigments 206 (2022) 110566

70 5

1a

—1b

60 2a

1 —_—2b

50 ~ —3b
40 -
30
20 -
10

1 1 I
400 500 600

Fig. 6. Current density-voltage curves (left) and IPCE spectra (right) of the DSSC based on dyes 1a-b, 2a-b, 3b.

carried out with the fluorescent lamp. In most cases, the highest values
were obtained at 1000 lux and it is worth highlighting the compound 2b
with an increase of 36% (5.64% vs 4.13%). These results are not sur-
prising because the absorption UV-vis curves of the dyes overlap better
with the fluorescent light emission wavelength (See Fig. S-52).

IPCE spectra are shown in Fig. 6 and it can be observed that the
wavelength response range of the sensitizers is about 355-700 nm and
are consistent with their absorption properties. The highest J;. value
measured for 2b agrees with their most intense and broadest IPCE curve,
that exceeds 60% from 500 to 560 nm.

The lowest maximum of 42% for compound 3b indicates that the
injection of electrons is less favored. This is in agreement with a low Jg.
value and the lowest dye load on the electrode.

-Phase (°)

10

100 1000
Frequency (Hz)

10000 1000

2.6. EIS experiments

Electrochemistry impedance spectroscopy (EIS) [59,60] is an elec-
trochemical technique that allows the analysis of electron transport ki-
netics in DSSC and gives an idea of the recombination of charges, which
in turn can be correlated with the V,, values. The measurements were
carried out under AM 1.5G simulated solar light (100 mW cm 2 at open
circuit voltage conditions. (Fig. 7). The electron lifetimes (t) were esti-
mated from the Bode plots following the equation t = 1/2xf (where f =
frequency at the maximum of the curve). The interfacial charge
recombination resistances can be estimated fitting the EIS spectrum with
the equivalent circuit model (Fig. 7) when R is the total resistance of the
circuit, Ry is the transport resistance at the Pt/electrolyte interface
(small semicircles) and Ry, represents the electron recombination
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Fig. 7. Nyquist plot (left) and Bode plot (right) for DSSCs based on studied dyes.
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resistance on the TiOy/dye/electrolyte interface (big semicircles), CPE1
and CPE2 are constant phase elements that indicate the capacitance of
the interface and W is a Warburg element related to the diffusion of I3 in
the electrolyte.

The obtained values of R decreased in the order: 2b (20.0 Q) > 1b
(18.2Q) >3b (17.9 Q) > 2a (14.0 Q) > 1a (12.9 Q) and correspond to
the trend observed for V. (a higher recombination resistance usually
corresponds to a higher value of V,). These results seem to indicate that
the alkyl substituent and the CF3 group reduce the recombination pro-
cesses and are in agreement with the electron lifetimes estimated
(Table 3).

The charge-collection efficiencies [61] (#¢c) can be estimated from
the EIS parameters applying the formula 5¢c = Ryee/(Rrec + Rer). The
found values are for 1a (0.62), 1b (0.79), 2a (0.70), 2b (0.81) and 3b
(0.72), which show that devices based on dye 2b inject electrons more
efficiently, thus obtaining higher V. values.

3. Experimental
3.1. General experimental methods

See Supporting Information.

3.2. Device preparation and characterization

See Supporting Information.

3.3. Computational details

See Supporting Information.

3.4. Starting materials

Compounds 4 [47], 5a-b [48,49], 8 [50], 9[51] and 13b [49] were
prepared as previously described.
Boronic acid 14 is commercially available.

3.5. Synthesis and characterizations

3.5.1. ((5-((2,6-diphenyl-4H-pyran-4-ylidene)methyl)thiophen-2-yl)
ethynyDtrimethylsilane (6a)

A solution of (2,6-diphenyl-4H-pyran-4-yl)diphenylphosphine oxide
(4) (1.67 g, 3.84 mmol) in 20 mL of anhydrous THF was prepared under
argon and cooled to —78 °C. To this solution, n-BuLi 1.6 M in hexanes
(2.77 mL, 4.43 mmol) was added dropwise and the resulting mixture
was stirred at —78 °C for 20 min. Then, a solution of aldehyde 5a (800
mg, 3.84 mmol) in 10 mL of anhydrous THF was added dropwise, the
mixture was warmed up to room temperature and stirred overnight. The
reaction was quenched by the addition of aqueous saturated NH4Cl so-
lution, extracted with AcOEt and washed with water (2 x 20 mL). The
organic phase was dried over MgSO4 and the solvent was removed under
reduced pressure. The crude product was filtered through a layer of
silica gel with hexane, and the resulting solid was washed with cool
heptane. An orange solid (670 mg, 41%) was finally obtained.

Mp (°C): 97-99. IR (KBr): 0 (cm™}) = 3064 (Csp>-H), 2957 (Csp°-H),
2138 (C=C), 1656 and 1577 (C=C, Ar), 1246 (Si-C). 'H NMR (400
MHz, acetone-dg): 6 (ppm) 7.90-7.87 (m, 2H), 7.83-7.80 (m, 2H),
7.58-7.44 (m, 4H), 7.20 (d, J = 3.9 Hz, 1H), 7.11 (dd, J; = 2.0 Hz, J, =
0.7 Hz, 1H), 6.93 (dd, J; = 3.9 Hz, J, = 0.7 Hz, 1H), 6.72 (d, J = 2.0 Hz,
1H), 6.19 (s, 1H), 0.26 (s, 9H). 13¢ NMR (100 MHz, acetone-dg): 5 (ppm)
154.8, 152.0, 144.8, 134.2, 133.8, 133.7, 130.8, 130.3, 129.8, 129.8,
129.7,126.4,126.0,125.4,120.1, 109.2, 108.5, 103.0, 100.1, 99.3, 0.0.
HRMS (ESI™) m/z: 425.1379 [M+H]™; calculated for CyyH,50SSi:
425.1390.
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3.5.2. ((5-((2,6-diphenyl-4H-pyran-4-ylidene)methyl)-4-hexylthiophen-2-
yDethynyDtrimethylsilane (6b)

A solution of (2,6-diphenyl-4H-pyran-4-yl)diphenylphosphine oxide
(4) (1.48 g, 3.42 mmol) in anhydrous THF (30 mL) was prepared under
argon and stirred at —78 °C, then n-BuLi 1.6 M in hexanes (2.32 mL,
3.83 mmol) was added dropwise. After 20 min, a solution of the alde-
hyde 5b (1g, 3.42 mmol) in anhydrous THF (7 mL) was added and the
reaction was warmed up to room temperature overnight. A saturated
solution of NH4CI (30 mL) was added and the product was extracted
with AcOEt (3 x 20 mL). The organic layer was washed with water (2 x
30 mL), dried over MgSO4 and evaporated. The crude product was
filtered through a layer of silica gel with hexane, affording compound 6b
as a dark yellow oil (1.44 g, 83%).

'H NMR (300 MHz, acetone-dg): § (ppm) 7.99-7.88 (m, 4H),
7.60-7.42 (m, 6H), 7.12 (dd, J, = 1.9 Hz, J, = 0.6 Hz, 1H), 6.88 (s, 1H),
6.75 (d, J = 1.9 Hz, 1H), 6.18 (s, 1H), 2.72-2.60 (m, 2H), 1.72-1.54 (m,
2H), 1.41-1.23 (m, 6H), 0.92-0.82 (m, 3H), 0.26 (s, 9H). 13¢ NMR (100
MHz, acetone-dg): § (ppm) 154.6, 150.1, 143.0, 133.8, 133.7, 130.8,
130.2, 129.9, 129.7, 129.6 ( x 2), 127.7, 125.9, 125.3, 109.2, 108.7,
103.1, 102.4, 99.1, 98.6, 32.3, 30.7, 29.9, 29.6, 23.3, 14.4, 0.1. MS
(MALDI) m/z 508.2 [M™'].

3.5.3. 4-((5-ethynylthiophen-2-yl)methylene)-2,6-diphenyl-4H-pyran (7a)

To a solution of 6a (115 mg, 0.3 mmol) in anhydrous THF (5 mL) was
added dropwise NBuyF 1 M in THF (0.27 mL, 0.3 mmol) under argon.
After stirring 40 min at room temperature the reaction was quenched by
the addition of water. The product was extracted with AcOEt (2 x 20
mL) and the organic layer was dried over anhydrous MgSO4. After the
removal of the solvent and volatile compounds, a waxy orange solid was
obtained and identified by '1{ NMR (96 mg, 0.3 mmol). It is used without
any purification.

H NMR (300 MHz, acetone-dg): & (ppm) 8.03-7.94 (m, 2H),
7.92-7.88 (m, 2H), 7.67-7.38 (m, 6H), 7.24 (d, J = 3.9 Hz, 1H), 7.16
(dd, J; = 2.0 Hz, J, = 0.8 Hz, 1H), 6.97 (dd, J; = 3.9 Hz, J, = 0.8 Hz,
1H), 6.77 (dd, J; = 2.0 Hz, Jo = 0.4 Hz, 1H), 6.23 (s, 1H), 4.09 (s, 1H).

3.5.4. 4-((5-ethynyl-3-hexylthiophen-2-yl)methylene)-2,6-diphenyl-4H-
pyran (7b)

This compound was prepared by following the same procedure as for
7a, starting from 0.3 mmol of compound 6b. A dark brown oil was
obtained and identified by 'H NMR. This compound is directly used for
the following synthesis without any purification (130 mg, 0.3 mmol).

'H NMR (300 MHz, acetone-dg): § (ppm) 8.04-7.81 (m, 4H),
7.61-7.42 (m, 6H), 7.14 (dd, J; = 2.0 Hz, Jo = 0.7 Hz, 1H), 6.89 (s, 1H),
6.75 (dd, J; = 2.0 Hz, Jo = 0.4 Hz, 1H), 6.18 (s, 1H), 4.18 (s, 1H),
2.73-2.63 (m, 2H), 1.70-1.59 (m, 2H), 1.41-1.28 (m, 6H), 0.93-0.85
(m, 3H).

3.5.5. Methyl 4-iodo-3-(trifluoromethyl)benzoate (10)

To a solution of acid 8 (500 mg, 1.58 mmol) in 10 mL of freshly
distilled methanol concentrated sulfuric acid (0.33 mL) was added. The
mixture was heated at 70 °C under argon atmosphere for 42 h, then, the
solution was allowed to cool to room temperature. It was diluted with
water and then, extracted with AcOEt (2 x 10 mL). The organic layer
was dried over MgSO4 and the solvent was removed under reduced
pressure. The crude was purified by centrifugal thin-layer chromatog-
raphy on silica gel with hexane/AcOEt (9:1) as eluent, obtaining 10 as a
colorless oil (297 mg, 57%).

'H NMR (400 MHz, CDCls): 5 (ppm) 8.08-8.07 (m, 1H), 7.96 (ddd,
J1 =8.1Hz, Jo,= 1.8 Hz, Js = 0.6 Hz, 1H), 7.51 (dd, J; = 8.1 Hz, J, = 0.8
Hz, 1H), 3.92 (s, 3H). 13C NMR (100 MHz, CDCls) 5 (ppm) 166.5, 141.0,
135.8(q,J=5.7 Hz), 131.8,130.3 (q, J = 33.2 Hz), 130.4, 122.2 (q, J =
274.2 Hz), 97.4, 53.0. 1°F NMR (376 MHz, CDCls) 5 (ppm) —59.9.
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3.5.6. 4-((5-((2,6-diphenyl-4H-pyran-4-ylidene)methyl)thiophen-2-yl)
ethynyD)-2-(trifluoromethyl)benzoic acid (2a)

To a solution of 7a (96 mg, 0.3 mmol), 8 (82 mg, 0.3 mmol), Cul (3
mg, 0.01 mmol) and Pd(PPh3),Cl, (9 mg, 0.01 mmol) in anhydrous THF
(5 mL), diisopropylamine was added dropwise (5 mL, 0.1 mmol) under
argon. After stirring 2 h at 60 °C, the reaction was cooled to room
temperature and the solvent was removed under reduced pressure. The
solid obtained was dissolved in AcOEt, acidified with HCl 2.5 M (2 x 10
mL) and washed with water (2 x 10 mL). The organic phase was dried
over anhydrous MgSO4 and the solid obtained from the removal of the
solvent was purified by washing with hexane (3 x 15 mL), then with
hexane/CHyCly (9:1; 3 x 15 mL). Compound 2a was obtained by
centrifugation (40,000 rpm) as a maroon solid (103 mg, 74%).

Mp (°C): 343-345. IR (KBr): 0 (cm_l) = 3461 (O-H, broad), 3049
(Cspz—H), 2186 (C=C), 1704 (C=0), 1645 and 1611 (C=C, Ar), 1163
(C-F). IH NMR (300 MHz, acetone-dg): 5 (ppm) 8.01-7.86 (m, 6H),
7.63-7.44 (m, 7H), 7.38 (d, J = 3.9 Hz, 1H), 7.18 (d, J; = 1.9 Hz, J, =
0.5 Hz, 1H), 7.05 (dd, J; = 3.9 Hz, J, = 0.5 Hz, 1H), 6.80 (d, J = 1.9 Hz,
1H), 6.28 (s, 1H). 1°F NMR (376 MHz, acetone-de): 5 (ppm) —61.4. 13C
NMR (75 MHz, THF-dg): § (ppm) 167.3, 155.2, 152.5, 146.5, 134.8,
134.7, 134.1, 134.0, 132.1, 130.8, 130.5, 130.2, 129.9, 129.8, 129.7,
127.5, 126.7, 126.2, 126.1, 125.5, 122.6, 119.1, 109.4, 108.5, 103.3,
93.2, 88.2. HRMS (ESI") m/z: 539.0904 [M — HJ; calculated for
C3oH1gF303S:  539.0934; 495.1016 [M-COOH]; calculated for
C31H17F3OSZ 495.1030.

3.5.7. Methyl 4-((5-((2,6-diphenyl-4H-pyran-4-ylidene)methylthiophen-
2-yDethynyl)benzoate (11a)

To a deoxygenated solution of 7a (331.3 mg, 0.94 mmol), 9 (221.7
mg, 0.85 mmol), Cul (9 mg, 0.047 mmol) and Pd(PPh3),Cl; (33 mg,
0.047 mmol) in anhydrous THF (18 mL) freshly distilled diisopropyl-
amine (18 mL) was added dropwise under argon. After stirring 5 h at
60 °C, the reaction was cooled to room temperature and the solvent was
remove under vacuum. The crude product was filtered through a layer of
silica gel with hexane/CHCl, (1:1) as eluent and then, it was purified by
centrifugal thin-layer chromatography on silica gel using hexane/
CH,Cl; (6:4) to provide 11a as a red oil (197.8 mg, 39%).

Mp (°C): 181-182. IR (KBr): 0 (cm 1) = 2182 (C=C), 1721 (C=0),
1654 (C=C), 1601, 1581 and 1558 (C=C, Ar). 'H NMR (400 MHz,
CD2Cly) 6 (ppm) 8.03-8.00 (m, 2H), 7.91-7.87 (m, 2H), 7.81-7.77 (m,
2H), 7.60-7.57 (m, 2H), 7.54-7.40 (m, 6H), 7.25 (d, J = 3.9 Hz, 1H),
7.15 (dd, J; = 2.0 Hz, J, = 0.8 Hz, 1H), 6.89 (dd, J; = 3.9 Hz, J, = 0.8
Hz, 1H), 6.49 (dd, J; = 2.0 Hz J2 = 0.6 Hz, 1H), 6.13-6.12 (m, 1H), 3.91
(s, 3H). '3C NMR (100 MHz, CD,Cl,) 5 (ppm) 166.9, 154.5, 152.0, 145.5,
133.7, 133.6, 133.4, 131.5, 130.3, 130.1, 130.0, 129.9, 129.8, 129.3,
129.3, 128.4, 126.1, 125.6, 125.1, 119.2, 108.9, 107.8, 103.1, 94.1,
87.3, 52.7. MS (MALDI) m/z 486.10 [M"].

3.5.8. 4-((5-((2,6-diphenyl-4H-pyran-4-ylidene)methyl)thiophen-2-yl)
ethynylbenzoic acid (1a)

To a solution of ester 11a (80 mg, 0.16 mmol) in anhydrous THF (3
mL), an aqueous solution of NaOH (25.6 mg, 4 equiv) was added
dropwise and the reaction was stirred under argon at 70 °C for 2 h. The
solvent was removed under reduced pressure, and the reaction was
acidified to pH 2-3 with 10 mL of 1 M HCI. A red precipitate appears.
The solid was filtered and washed with H,O/EtOH (9:1) (61 mg, 81%).

Mp (°C): 209-211. IR (KBr): 0 (cm ™) = 3469 (0-H), 2184 (C=C),
1681 (C=0), 1653 (C=C), 1604, 1579 and 1555 (C=C, Ar). H NMR
(400 MHz, THF-dg) 6 (ppm) 8.03-8.00 (m, 2H), 7.93-7.90 (m, 2H),
7.86-7.83 (m, 2H), 7.58-7.55 (m, 2H), 7.51-7.40 (m, 6H), 7.25 (d, J =
3.8 Hz, 1H), 7.17 (dd, J, = 2.0 Hz, J, = 0.8 Hz, 1H), 6.93 (dd, J; = 3.9
Hz, J, = 0.8 Hz, 1H), 6.67 (d, J = 2.0 Hz, 1H), 6.18 (s, 1H). 13C NMR
(100 MHz, THF-dg) § (ppm) 167.2, 155.1, 152.5, 146.0, 134.3, 134.2,
134.0, 131.8, 131.6, 130.7, 130.4, 130.2, 129.8, 129.6, 128.6, 126.5,
126.1, 125.5, 120.1, 109.4, 108.6, 103.5, 94.5, 87.2. HRMS (ESI") m/z
471.0979 [M — HJ’; calculated for C31H1903S: 471.1049.
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3.5.9. Methyl 4-((5-((2,6-diphenyl-4H-pyran-4-ylidene)methyD)-4-
hexylthiophen-2-yl)ethynyl)benzoate (11b)

To a deoxygenated solution of 7b (400 mg, 0.92 mmol), 9 (241 mg,
0.92 mmol), Cul (11.68 mg, 0.061 mmol) and Pd(PPhs),Cl; (42.82 mg,
0.061 mmol) in anhydrous THF (16 mL) freshly distilled diisopropyl-
amine (16 mL) was added dropwise under argon. After stirring 1 h at
60 °C, the reaction was cooled to room temperature and the solvent was
removed under vacuum. The crude product was purified by column
chromatography on silica gel using CHyCly/hexane (1:1) as eluent to
afford 11b as a red solid (134 mg, 26%).

Mp (°C): 89-103. IR (KBr): 0 (cm™}) = 2186 (C=C), 1722 (C=0),
1649 (C=C), 1602, 1578 and 1558 (C=C, Ar). 'H NMR (400 MHz,
acetone-dg) 6 (ppm) 8.06-8.03 (m, 2H), 7.99-7.96 (m, 2H), 7.92-7.89
(m, 2H), 7.67-7.64 (m, 2H), 7.59-7.48 (m, 6H), 7.17 (td, J, = 1.4 Hz, J,
= 0.7 Hz, 1H), 6.96 (d, J = 0.7 Hz, 1H), 6.77 (dd, J; = 2.0 Hz, J, = 1.0
Hz, 1H), 6.23 (d, J = 0.7 Hz, 1H), 3.91 (s, 3H), 1.76-1.68 (m, 2H),
1.41-1.31 (m, 6H), 0.88 (t, J = 7.0 Hz, 3H). 13C NMR (100 MHz, CDCl3)
& (ppm) 153.8, 151.4, 149.2, 143.3, 133.3, 133.1, 130.9, 129.8, 129.7,
129.4, 129.2, 129.0, 128.9, 128.8, 128.5, 127.0, 125.3, 124.7, 114.6,
108.6, 107.7,102.9, 96.2, 87.0, 52.4, 31.8, 30.3, 29.7, 29.1, 22.8, 14.3.
MS (MALDI) m/z 570.2 [M*'].

3.5.10. 4-((5-((2,6-diphenyl-4H-pyran-4-ylidene)methyl)-4-
hexylthiophen-2-yDethynylbenzoic acid (1b)

To a solution of ester 11b (81 mg, 0.14 mmol) in anhydrous THF (3
mL), an aqueous solution of NaOH (16.8 mg, 3 equiv) was added
dropwise and the reaction was stirred under argon at 40 °C for 31 h. The
solvent was removed under reduced pressure. Then, the reaction was
acidified to pH 2-3 with 15 mL of 1 M HCl and a red precipitate appears.
The solid was filtered and washed first with EtOH/H-0 (9:1), then, cool
hexane. (52 mg, 67%).

Mp (°C): 301-303. IR (KBr): 0 (em™) = 3442 (O-H), 2180 (C=0),
1690 (C=0), 1653 (C=C), 1602, 1578 and 1555 (C=C, Ar). 'H NMR
(400 MHz, THF-dg): § (ppm) 8.02-8.00 (m, 2H), 7.91-7.89 (m, 2H),
7.84-7.82 (m, 2H), 7.56-7.38 (m, 8H), 7.15 (s, 1H), 6.83 (s, 1H), 6.63 (s,
1H), 6.13 (s, 1H), 2.77 (t, J = 7.6 Hz, 2H), 1.43-1.29 (m, 8H), 0.91-0.85
(m, 3H). '3C NMR (100 MHz, THF-dg) § (ppm) 167.2, 154.9, 152.3,
149.9, 144.4, 134.3, 134.1, 131.6, 131.3, 130.8, 130.7, 130.1, 129.8,
129.6, 128.9, 127.9, 126.0, 125.5, 115.7, 109.5, 108.9, 103.5, 97.1,
87.1, 32.8, 31.3, 30.5, 30.1, 23.6, 14.6. HRMS (ESI") m/z: 579.1513
[M+Na]*; calculated for C3;H3203SNa: 579.1964.

3.5.11. Methyl 4-((5-((2,6-diphenyl-4H-pyran-4-ylidene)methyl)-4-
hexylthiophen-2-yl)ethynyl)-2-(trifluoromethyl)benzoate (12b)

To a deoxygenated solution of 7b (135.35 mg, 0.31 mmol), ester 10
(102 mg, 0.31 mmol), Cul (4 mg, 0.02 mmol) and Pd(PPh3),Cl; (14.1
mg, 0.02 mmol) in anhydrous THF (10 mL), freshly distilled diisopro-
pylamine (6 mL) was added dropwise under argon. After stirring 14 h at
60 °C, the reaction was cooled to room temperature and the solvent
removed under vacuum. The crude product was filtered through a layer
of silica gel with hexane/CH>Cl; (1:1) as eluent and then, it was purified
by centrifugal thin-layer chromatography on silica gel using hexane/
CHCl; (8:2) to afford 12b as a red oil (99 mg, 50%).

IR (KBr): 0 (cm™ 1) = 2186 (C=C), 1727 (C=0), 1654 (C=C), 1603,
1580 and 1558 (C=C, Ar). 'H NMR (300 MHz, CDCls) § (ppm)
7.89-7.74 (m, 6H), 7.71-7.66 (m, 1H), 7.54-7.37 (m, 6H), 7.13-7.11
(m, 1H), 6.74 (s, 1H), 6.43 (d, J = 2.2 Hz, 1H), 6.06 (s, 1H), 3.95 (s, 3H),
2.74 (t, J = 7.6 Hz, 2H), 1.76-1.62 (m, 2H), 1.43-1.26 (m, 6H),
0.93-0.84 (m, 3H). '°F NMR (282 MHz, CDCl3) 5 (ppm) —59.92. 13C
NMR (100 MHz, CDCl3) § (ppm) 166.7, 153.9, 151.5, 149.8, 144.0,
133.5,133.2,133.1,130.9, 129.8,129.7, 129.6, 129.4, 129.2, 129.1 (q,
J = 6.27 Hz), 128.9, 128.8, 127.6, 126.9, 125.2, 124.7, 123.2 (q, J =
273.6 Hz), 113.8,108.6, 107.6, 102.8, 94.8, 88.1, 53.0, 31.8, 30.3, 29.7,
29.1, 22.8, 14.2. MS (MALDI) m/z 638.1 [M*'].
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3.5.12. 4-((5-((2,6-diphenyl-4H-pyran-4-ylidene)methyl)-4-
hexylthiophen-2-yDethynyD)-2 (trifluoromethyl)benzoic acid (2b)

To a solution of 12b (38 mg, 0.059 mmol) in anhydrous THF (3 mL),
an aqueous solution of NaOH (7.08 mg, 3 equiv) was added dropwise
and the reaction was stirred under argon at 40 °C for 72 h. The solvent
was removed under reduced pressure. Then, the reaction was acidified
to pH 2-3 with 15 mL of 1 M HCI and a red precipitate appears. The solid
was filtered and washed with a solution of hexane/CH,Cl, (9:1) (17.1
mg, 46%).

Mp (°C): 174-179. IR (KBr): 0 (em™) = 3450 (0-H), 2175 (C=0Q),
1709 (C=0), 1653 (C=C), 1602, 1579 and 1560 (C=C, Ar). 'H NMR
(300 MHz, CD4Cly) 6 (ppm) 7.98 (d, J = 8.1 Hz, 1H), 7.92-7.87 (m, 3H),
7.83-7.78 (m, 2H), 7.74 (dd, J; = 8.1 Hz, J, = 1.6 Hz, 1H), 7.53-7.43
(m, 6H), 7.15 (d, J = 2.0 Hz, 1H), 6.81 (s, 1H), 6.50 (d, J = 2.0 Hz, 1H),
6.10 (s, 1H), 2.77 (t, J = 7.6 Hz, 2H), 1.73-1.65 (m, 2H), 1.39-1.31 (m,
6H), 0.90 (t, J = 5.4 Hz, 3H). *C NMR (75 MHz, THF) § (ppm) 167.2,
155.0, 152.4, 150.6, 145.0, 134.6, 134.2, 134.0, 133.2, 132.1, 131.8,
130.8, 130.4, 130.2, 129.8, 129.7, 129.6, 128.0, 127.8, 126.0, 125.5,
114.9,109.4,108.8,103.4, 95.7, 88.1, 32.8, 31.3, 30.4, 30.1, 23.7, 14.6.
19F NMR (376 MHz, CD,Cl,) § —59.97. MS (MALDI) m/z 624.18 [M*'].

3.5.13. 4-(5-((2,6-diphenyl-4H-pyran-4-ylidene)methyl)-4-hexylthiophen-
2-yD)-2 (trifluoromethyl)benzoic acid (3b)
This compound was synthesized in a three step synthetic route:

i) To a deoxygenated and argon purged solution of aldehyde 13b (269
mg, 0.98 mmol) and (4-(methoxycarbonyl)-3-(trifluoromethyl)
phenyl)boronic acid 14 (250 mg, 0.98 mmol) in ethanol (2 mL) and
water (2 mL) was added PdCly(PPh3)), (35 mg, 0.049 mmol) and
NapCOs3 (262 mg, 2.47 mmol). The reaction mixture was deoxygen-
ated again and heated at 110 °C for 16 h. Then, it was cooled to room
temperature and solvents were removed under reduced pressure. The
crude was quenched with water (10 mL), and extracted with ethyl
acetate (3 x 30 mL). The organic layer was dried over MgSO4. The
obtained crude was purified by centrifugal thin-layer chromatog-
raphy on silica gel with hexane to afford a red solid (70 mg). This
solid was identified by 'H NMR as a mixture of methyl 4-(5-formyl-4-
hexylthiophen-2-y)-2-(trifluoromethyl)benzoate (15b) and ethyl 4-
(5-formyl-4-hexylthiophen-2-yl)-2-(trifluoromethyl)benzoate (15°b)
(25/75), and it was used in the following step.

'H NMR (300 MHz, CDyCly) 5 (ppm) Hydrogens that appear in
different signals for compounds 15b and 15’b are marked as bold; the
rest of hydrogens appear in the same signal. 9.89 (s, 1.3H), 7.92-7.83
(m, 2.7H), 7.75-7.69 (m, 2.7H), 4.41 (q, J = 7.2 Hz, 2H), 3.95 (s, 1H),
2.70-2.61 (m, 2.7H), 1.66-1.59 (m, 2.8H), 1.39 (t, J = 7.1 Hz, 3H),
1.31-1.23 (m, 8.1H), 0.88-0.83 (m, 4.1H). 13CNMR (75 MHz, CDyCly) §
183.4, 169.4, 166.6, 145.2, 145.1, 143.2, 142.6, 139.0, 138.2, 137.5,
137.3, 132.9, 131.8, 131.5, 131.4, 129.8, 128.0, 125.6, 122.0, 62.8,
53.5, 32.0, 31.2, 31.0, 29.5, 29.4, 29.1, 23.1, 14.3. '°F NMR (282 MHz,
CDyCly) 6 (ppm) —60.06, —59.73. MS (MALDI) m/z 398.1, 412.1.

ii) A solution of 2,6-diphenyl-(4H-pyran-4-ylidene)-diphenylphosphine
oxide 4 (74 mg, 0.17 mmol) in 4 mL of anhydrous THF was prepared
under argon and cooled to —78 °C. To this solution, n-BuLi 1.6 M in
hexanes (125 pL, 0.2 mmol) was added dropwise and the mixture
was stirred at —78 °C for 20 min. Then, a solution of the mixture 15b
+ 15’b (70 mg) in 4 mL of anhydrous THF was added dropwise, and
the solution was warmed up to room temperature and stirred for 3 h.
The reaction was quenched by the addition of aqueous saturated
NH,4Cl solution, extracted with AcOEt (3 x 20 mL), and washed with
water (3 x 20 mL). The organic phase was dried over MgSO4 and the
solvent was removed under reduced pressure. The crude was purified
by centrifugal thin-layer chromatography on silica gel with hexane/
ethyl acetate (9:1) to obtain a dark red solid. (74 mg). This solid was
identified by 'H NMR as a mixture of methyl 4-(5-((2,6-diphenyl-4H-
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pyran-4-ylidene)methyl)-4-hexylthiophen-2-yl)-2-(trifluoromethyl)
benzoate (16b) and ethyl 4-(5-((2,6-diphenyl-4H-pyran-4-ylidene)
methyl)-4-hexylthiophen-2-yl)-2-(trifluoromethyl)benzoate (16’b)
(25/75), and it was used in the following step.

'H NMR (300 MHz, CD,Cly) § (ppm) Hydrogens that appear in
different signals for compounds 16b and 16’b are marked as bold; the
rest of hydrogens appear in the same signal. 7.91-7.69 (m, 9.6H),
7.53-7.35 (m, 8H), 7.14 (dd, J = 2.0, 0.8 Hz, 1.3H), 6.91 (d, J = 0.8 Hz,
1.3H), 6.48 (dd, J = 2.0, 0.6 Hz, 1.3H), 6.10 (d, J = 0.8 Hz, 1.3H), 4.40
(q, J = 7.1 Hz, 2H), 3.94 (s, 1H), 2.71-2.64 (m, 2.7H), 1.72-1.61 (m,
2.8H), 1.40 (t, J = 7.1 Hz, 3H), 1.37-1.26 (m, 8.1H), 0.88-0.83 (m,
4.1H).

iii) To a solution of the mixture 16b + 16’b (74 mg) in anhydrous
THF (3 mL), an aqueous solution of NaOH (18.9 mg) was added
dropwise and the reaction was stirred under argon at 75 °C for 5
h. Then, the solution was cooled, and the solvent removed under
reduced pressure. The crude was acidified with 10 mL of 1 M HCl,
extracted with CH,Cly (2 x 30 ml), and finally washed with
saturated NaCl solution. The organic layer was dried over anhy-
drous MgSO4 and evaporated. The resulting solid was washed
with H,O/EtOH (9:1) to obtain 3b as an orange solid. (46 mg, 8%
overall the three steps).

Mp (°C): 177-179. IR (KBr): 0 (cm’l) = 3424 (O-H), 1711 (C=0),
1653 (C=C), 1602, 1579 and 1559 (C=C, Ar). 'H NMR (400 MHz,
CDyCly) & (ppm) 7.97 (d, J = 8.1 Hz, 1H), 7.83 (d, J = 1.8 Hz, 1H),
7.80-7.73 (m, 2H), 7.73-7.64 (m, 3H), 7.44-7.29 (m, 6H), 7.05 (d, J =
2.0 Hz, 1H), 6.82 (s, 1H), 6.39 (d, J = 2.0 Hz, 1H), 6.00 (s, 1H),
2.63-2.56 (m, 2H), 1.59-1.57 (m, 2H), 1.35-1.14 (m, 6H), 0.82-0.76
(m, 3H). '3C NMR (75 MHz, CD4Cl») 5 (ppm) 170.7, 154.0, 151.6, 142.7,
142.0, 140.1, 133.7, 133.5, 132.6, 132.2, 132.0, 130.2, 130.0, 129.8,
129.6, 129.3, 129.2, 127.6 (q, J = 5.0 Hz), 127.3, 125.6, 125.0, 108.9,
107.8, 103.1, 32.2, 31.3, 29.7, 29.5, 23.2, 14.4. 19 NMR (282 MHz,
CD,Cly) 6 —59.75. HRMS (ESI™) m/z: 599.1862 [M — HJ; calculated for
C36H30F303SZ 599.1873.

4. Conclusions

In summary, five novel dyes based on 4H-pyranylidene as donor
moiety, including an ethynyl group and a benzoic acid with or without a
trifluoromethyl group to modulate the acceptor properties of the sen-
sitizers have been synthesized and studied.

In this series, a great tendency to form aggregates is observed,
probably due to high degree of planarity of the dyes, enhanced by the
presence of the triple bond. Therefore, the use of an antiaggregant is
necessary to obtain moderate efficiencies.

The results obtained allow to conclude that, in general, the inclusion
of the CF3 group and the hexyl chain in the thiophene core lead to an
increase in the efficiency value.

Moreover, the presence of a trifluoromethyl group tends to reduce
both the recombination processes and the dye load on the electrode,
improving the V, values. On the other hand, the CF3 group enhances the
molar extinction coefficients (slightly if a hexyl chain decorates the
thiophene spacer), without altering the oxidation potential values.

The studied dyes have a better response under indoor conditions,
leading to an increase of the efficiency: 36% for compound 2b, having in
its structure a hexyl chain in the thiophene ring and the CF3 group.

All these observations indicate that, with a careful design of the
molecular structure, the incorporation of a trifluoromethyl group can be
promising for future more efficient sensitizers.
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