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Abstract

We report herein the synthesis of nine new molecularly engineered metal-free organic
pyranylidene-based dyes as efficient photosensitizers for Dye-Sensitized Solar Cells (DSSCs).
Their photophysical, electrochemical, and photovoltaic properties were investigated, and their
excited states have been modelled using Time-Dependent Density Functional Theory (TD-
DFT). The investigation of the photovoltaic performances of this series of new dyes provided
structure-property relationships where their Power Conversion Efficiencies (PCE) could be
correlated to structural features, such as the length of the n-conjugated spacer and the nature
of the substituents on the upper (positions 2 and 6) and lower parts (substituents on the
exocyclic carbon) of the pyranylidene electron donor moiety. While these dyes fulfilled the
criteria of efficient sensitizers for TiO,-based DSSCs, their photovoltaic performances were
found to depend on the dye packing arrangements controlled by substituents on the
pyranylidene group. The highest Power Conversion Efficiency of 5.52% was reached with the
20a dye containing phenyl substituent groups in both upper and lower parts of the

pyranylidene fragment and with one thienyl ©-conjugated spacer.



1. Introduction

The increasing demand for energy along with the numerous environmental pollution issues
resulting from burning fossil fuel have triggered the expansion of research into clean,
affordable and renewable energy sources to accommodate and maintain the needs for a
modern life-style of a growing worldwide population [1]. In this respect, sunlight is one of the
most widely available natural renewable energy sources that can globally contribute to
resolving the environmental and energy issues of the present century [2]. Over the past thirty
years, several types of solar cells capable of efficiently harvesting the incident sunlight have
been developed [3]. Currently, traditional silicon-based solar cells involving long energy
payback time still dominate the photovoltaic market. However, new solar cell technologies
based on thin films have emerged as promising efficient substitutes [4].

As alternatives to silicon-based solar cells, Dye-Sensitized Solar Cells (DSSCs) embody a
new generation of photovoltaic devices exhibiting high potential in solar power conversion
efficiency (PCE) [5]. DSSCs are easy to fabricate, colorful, transparent and more importantly
they work well in low light conditions [5a, 6]. A typical DSSC is made of a photoanode
consisting of a crystalline mesoporous semiconductor (n-type TiO,) on which sensitizer dye
molecules are adsorbed, an electrolyte acting as redox mediator (I/13), and a counter
electrode (Pt). Among these components, the sensitizer dye is the key element defining the
efficiency and the lifetime of the solar cell since it captures the sun light and initiates the
electron transfer. Conventionally, transition metal complexes typically based on ruthenium
and osmium metals have been used as efficient sensitizers with remarkable Power Conversion

Efficiency (PCE) exceeding 10% [7].



However, these transition metals are on the verge of disappearing due to their limited natural
availability combined with extensive recent uses. Consequently, they have become quite
expensive, making them inappropriate for the development of cost-effective and
environmentally friendly photovoltaic devices. Therefore, low-cost copper and zinc
complexes have been investigated as DSSC dyes [8]. While such complexes exhibit good
conversion efficiency comparable to those of ruthenium complexes, their practical
applications in actual devices are hampered by their complicated and low-yield syntheses.

To circumvent the issues associated with transition metal complexes, metal-free organic dye
sensitizers, usually based on a donor—(z-linker)—acceptor type push-pull molecules have
attracted considerable attention due to their simple and affordable synthetic process, their
tunable structure, their high molar extinction coefficient, and their excellent intramolecular
charge transfer (ICT) properties [9]. Numerous metal-free organic dyes have been
investigated, and some have been found to exhibit conversion efficiency performances similar
to those displayed by ruthenium-based complexes [10]. Various chromophores containing
conjugated electron donor groups, such as triphenylamine [11], dialkylaminophenyl [12],
indoline [13], carbazole [14], dithiafulvene [15] and tetrathiafulvalene (TTF) [16] groups have
been investigated. While a variety of n-linkers have been incorporated into these organic dyes
to foster the ICT and improve the light-harvesting ability, cyanoacrylic acid remains the most
popular due to its dual role as electron acceptor group (cyano) and an anchoring (carboxylic

acid) moiety, resulting in excellent electron injection properties on titanium oxide [17].



y-Pyranylidene fragments are pro-aromatic electron-donating groups widely developed by
Garin et al. [18] and our group [19]. Their electron-donating ability is based on the formation
of an aromatic pyrylium fragment resulting from an intramolecular charge transfer process. In
previous studies, the y-pyranylidene moiety has been incorporated as an electron-donating
group in various platinum- and ruthenium-based organometallic complexes and organic
molecules for the preparation of push—pull structures with large second-order Non-Linear
Optical (NLO) properties [20] or valuable behavior in DSSCs [21]. Pyranylidenes are easily
synthesized molecules and they can be directly modified by the addition of different
substituents in the 2 and 6 or on the exocyclic carbon, which allows to incorporate them as
electron donor groups in push-pull chromophores. Very recently, the modification and
optimization of pyranylidene derivatives, investigated as sensitizers for DSSCs, have led to

encouraging Power Conversion Efficiency results reaching up to 6% [22].

Herein, we present nine new push-pull organic dyes 10b-d, 12a-b, 19a, 20a, 21a and 22a
(Chart) based on the pyranylidene group as push (electron donor) unit. Our goal was to
investigate the structure-property relationships within this class of dyes. The compound 20a
was taken as reference. First, we studied the impact of the length of the thienyl w-conjugated
spacer (Chart Parameter I) on the photovoltaic properties (comparing 20a to both 21a and
22a). Then we evaluated how the nature of the substituents on the upper part (positions 2 and
6, Chart Parameter Il) or on the lower part (substituents on the exocyclic carbon, Chart
Parameter I11) of the pyranylidene moiety affects these properties by comparing 20a to 10b to
10c to 10d, and 20a to 12a to 12b to 19a, respectively.

In this paper, we describe the syntheses, characterizations, electronic properties and
theoretical investigations of this series of new dyes. The measurements of the photovoltaic

performances in TiO,-based DSSCs, coupled with Intensity-Modulated Photovoltage



Spectroscopy (IMVS) experiments enable us to establish structure-property relationships for
these dyes by correlating the changes of their efficiencies to their structural modifications, and
to show that the photovoltaic performances are predominantly controlled by the w-conjugated
spacer as well as by the substituents placed on the exocyclic carbon on the pyranylidene

electron donor.

Parameter |

Chart. Structures of the dyes investigated in this work. The dye 20a has been drawn as reference to
show the moieties corresponding to the investigated parameters within each series (highlighted in
yellow, blue and green).



2. Results and Discussion

2.1. Synthesis of the Dyes

The key intermediate for obtaining the push-pull dyes is the alkynes 5b-d, 7a-b, 13a, and 14a
(see Schemes 1-3). First, the two alkynes 13a and 14a are prepared following known
synthetic routes [19c, 21a]. ldentical synthetic methods have been used for 5b-d and 7a-b,
which are obtained in two steps from 4-(2-trimethylsilylethynyl)benzophenone 2 or 5-(2-
trimethylsilylethynyl)thienone 3 and the desired phosphonium tetrafluoroborate salt la-d
(Scheme 1). The syntheses of the precursors la-d and 2 are described in supporting
information. The first step is a Wittig reaction leading to the intermediates 4b-d and 6a-b in
good yield and the second step consists of the deprotection of the trimethylsilyl group in

quasi-quantitative yield.
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Scheme 1. Synthetic route of alkyne compounds 5b-d and 7a-b. Reagents and conditions : a) THF, n-
BuLi, -78°C to r.t., 2h b) K,COj3, CH,CIl,/MeOH, r.t., overnight.

The carboxaldehyde intermediates 9b-d, 11a-b, 15a, 16a, 17a, and 18a, are then obtained via
a copper/palladium catalyzed Sonogashira cross-coupling reaction between 5b-d or 7a-b and
the corresponding aldehydes (Scheme 2 and 3). Finally, the dyes 10b-d, 12a-b, 193, 20a, 21a,

and 22a are obtained in good yields (80-95%) by Knoevenagel reactions of the corresponding



precursors with cyanoacetic acid in the presence of piperidine and subsequent acid wash

(Schemes 2 and 3).
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Scheme 2. Synthetic routes of dyes 10b-d and 12a-b. Reagents and conditions: a) Pd(PPhs),, Cul,
THF, NHiPr,, 60° C, overnight. b) Cyanoacetic acid, piperidine, CHCIs, reflux, overnight.

13a:R=H
14a: R =Ph

Br{S~}CHO
()
n
a)

73-84%

15a :
16a:
17a:
18a:

AXWOD

wononon
TITITTIT
FIT T
533

>

I}
-

WA =

19a:
20a:
21a:
22a:

Scheme 3. Synthetic route of dyes 19a, 20a, 21a, and 22a. Reagents and conditions: a) Pd(PPhs),,
Cul, THF, NHiPr,, 60° C, overnight. b) Cyanoacetic acid, piperidine, CHCls, reflux, overnight.

All the target sensitizer dyes have been characterized by 'H and *C NMR, and high-

resolution mass spectroscopy, see Supporting Information (SI). The prepared dyes are also

perfectly stable in their solid state form and did not require any specific storage conditions.



2.2. Electronic UV-visible absorption

The electronic spectra of compounds 10b-d, 12a-b, 19a, 20a, 21a, and 22a recorded in
dichloromethane solution (1.1 x 10®° M) in the 300-800 nm wavelength range are displayed in
Figure 1 and the positions of the bands are listed in Table 1. For all compounds, the least
energetic absorption band in the visible region can be assigned to an ICT process between the
donor and the acceptor moieties (see theoretical calculations below). The molar extinction
coefficients () of compounds 10b, 12a, 19a, 20a, 21a, and 22a exceed 20,000 M cm™ with a
maximum at 53,000 M™*cm™ for compound 22a. These coefficients exceed those of the
standard ruthenium N3 [23] and N719 [24] dyes (13,900 and 14,000 M™cm™, respectively),
indicating that most of the dyes of this series are good candidates for light harvesting. The
UV-visible spectra also show that the modification of the aromatic fragment on the exocyclic
carbon on 20a (phenyl) and 12a (thienyl) resulted in red-shifted ICT absorption bands. The
groups placed in the 2- and the 6- positions of the pyranylidene fragment, i.e., phenyl, thienyl,
naphtyl and biphenyl have a limited influence (10 nm) on the absorption spectra. The increase
of the intensity (molar extinction coefficients) of the maximum absorption of 21a and 22a, as
compared to that of 20a, can be explained by the enhanced electron delocalization over the
oligothiophene spacers of increasing length. Overall, among all the dyes, 12a and 12b
demonstrate the broader absorption spectra, while 10d and 10c appear as being the poorest

light collectors.



Table 1. Absorption properties of the dyes 10b-d, 12a-b, 19a, 20a, 21a, and 22a recorded in CH,Cl,
(1.1 x 10°° M) at room temperature.

Dye Mnax/M Donsed/nm®
(ex10* Mt.cm™)
10b 389 (5.3), 472sh (3.0) 568
10¢ 301 (5.0), 488sh (2.4) 581
10d 396 (3.0), 490sh (1.0) 568
12a 399 (3.5), 530 (1.9) 653
12b 406 (3.4), 520 (2.3) 655
19a 387 (3.9), 462 (3.3) 574
20a 387 (4.8), 480sh (2.3) 568
21a 443 (3.9) 550
22a 365 (2.8), 469 (5.1) 558

& Estimated from the wavelength with the intersections tangent method (Aonset).
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Figure 1. UV-Vis absorption spectra of dyes 10b-d, 12a-b, 193, 20a, 21a, and 22a in CH,Cl,solution
(1.1 x 10 M) at room temperature.



2.3. Electrochemical study and electron transfer driving forces

The synthesized dyes were studied by cyclic voltammetry (CV) at a Pt working electrode in
CH,CI,/NBu4PFg 0.1 M. The electrochemical data are gathered in Table 2. All dyes, except
19a, display two successive oxidation processes, as previously observed with pyranylidene
analogues [20a, 21a]. As shown in Figure 2 for compound 20a, the first process at E°(1) is
fully reversible at v= 0.1 V s™ (Figure 2A, black curve) and is ascribed to the mono-oxidation
of the pyranylidene moiety, leading to the formation of a pyrylium compound. The second
process at E°(2) is quasi-reversible for all compounds excepted for 19a and leads to the
formation of an unidentified species which is reducible at ca. -0.1 V vs. NHE on the backscan
(Figure 2A, red curve). Scanning towards negative potentials (Figure 2B) shows the presence
of broad and irreversible peaks in the -0.4 V to -0.8 V potential range, corresponding to the
reduction of the cyanoacrylic acid anchoring group [21a]. The specific redox behavior of
compound 19a is consistent with previous studies on H-pyranylidenes, which showed that the
oxidation of the pyranylidene is followed by fast dimerization yielding bis-pyrylium species
[25]. Such dimerization process does not occur when a substituent different than H (19a) is
linked to the exocyclic carbon. Analysis of the data for the oxidation processes indicates that
the nature of the phenyl or thienyl spacer has a significant effect on the redox properties. For
example, the simple switch from a phenyl to a thienyl spacer in close position to the
pyranylidene (20a to 12a) decreases both E°(1) and E°(2) values by 60 mV and 200 mV,
respectively (see Table 2). This effect probably results from an increase of the electron
density delocalization, (see computational part below). Hence, compound 12b displays the
lowest E°(1) value amongst the investigated compounds. Moreover, as previously concluded
for Pt complexes [21a], the increase of the chain length between the cyanoacrylic acid group
and the phenyl-substituted pyranylidene moiety from one to three thienyl groups (compounds

20a, 21a and 22a) does not induce any major changes on the voltammetric response, neither



in oxidation nor in reduction (Table 2). Finally, CV studies emphasize that groups in the 2,6

positions of the pyranylidene ring do not influence the redox behavior (compounds 20a, 10b-
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Figure 2. Cyclic voltammetry at a Pt electrode of compound 20a in CH,CI/NBusPFs 0.1 M (v=0.1V
s, C = 0.5 mM); A) in positive initial scanning; B) in negative initial scanning. Experimental curves
were measured against Fc and recalibrated by taking E° (Fc*/Fc) = 0.71 V vs. NHE in those conditions.

Table 2. Electrochemical data for 10b-d, 12a-b, 19a, 20a, 21a and 22a (0.5 mM) at a Pt working
electrode in CH,CI,/NBu,PFs 0.1 M (E / V vs. NHE?, v=0.1V s). AGijy and AGeq Values for 10b-d,
12a-b, 19a, 20a, 21a and 22a.

Dye Eo(l)a EO(Z)a Epc(3)a Epc(“’)a E(S*/S+)b AG regC AGinjC

10b 098 124 ¢ 065  -1.20 -0.63  -0.70
10c 095 128 -051 ¢ -1.19 -0.60 -0.69
10d 097 129 -044 083 -1.21 062 -0.71
12a 091 110 -053 -0.78  -0.99 -056  -0.49
12b 090 108 -055 -0.79  -0.99 -055  -0.49
19a 1.02¢ ¢ 039  -061  -1.14 -0.67"  -0.64"
20a 097 130 -047 -083 -1.21 062 -0.71
2la 096 127 -047 -075  -1.29 061 -0.69
22a 096 124 ¢ 084  -1.26 061 -0.76

# Values calibrated vs. NHE from the experimental curves obtained vs. Fc*/Fc, by

taking E° (Fc*/Fc) = 0.47 V vs. SCE in CH,Cl,/NBu,PFs (measured experimentally)

and E%(SCE) = 0.24 V vs. NHE.

® E(S*/S™): Fermi level (in V vs NHE) of excited molecules, calculated from :

E(S*/S") = E°(1) - Eq_o(S/S), where E, o is the stored excitation energy, obtained from Agnser.

©AGin eV, AG, = E°(I715) - E%(1) with E°(1715) = 0.35 V vs NHE; AG;; = E(S*/S") - Ecs (TiO,) with
ECB (TlOZ) =-0.5V vs NHE.

¢ Peak not detected.



® Irreversible anodic peak value.
"Values estimated by assuming that E%(1) = (Epa(1)

The measured oxidation potentials were used to estimate the injection (AGiy) and dye
regeneration (AGyeg) free energies (Table 2). As these dyes are not luminescent, the 0-0 energy
(Eo0) was estimated from Aqnset OF the absorption spectra. The results of Table 2 clearly
indicate that all the dyes display very significant Gibbs free energies, which is more than
sufficient to obtain efficient electron injection in the conduction band of TiO; (AGjy = -0.5 to
-0.8 eV) and to oxidize iodide into triiodide (AGrq = -0.6 V) (Table 2). In fact, these values
are quite constant within this series of dyes, suggesting that the photovoltaic performances
will not likely be controlled by these energetic parameters. Accordingly, AGrg and AGiy
values are slightly over-estimated for 19a, because E°(1) corresponds to an anodic peak
potential, not a half-wave potential, due to the irreversibility of the oxidation process for this

dye.

2.4. Quantum chemical calculations

To gain more insights into the nature of the electronic excited states, we performed Time-
Dependent Density Functional Theory Calculations on all dyes, with an approach taking into
account solvation effects (CH,Cl,) and detailed in the SI together with all HOMO and LUMO

plots and energies. One representative example is given on Figure 3.




Figure 3. Contour plots of the HOMO and -LUMO orbitals of dye 20a.

As illustrated in Figure 3, the HOMOs are systematically centered on the pyranylidene
segment, whereas the LUMO is located on the cyanoacrylic moiety and vicinal thienyl ring.
This represents a very favorable configuration for the efficient injection of electrons in the
TiO, conduction band, since, upon light absorption, the electron density undergoes a
significant shift from one extremity of the molecule to the other one at the site of the
anchoring group. More quantitatively, the computed lowest dipole-allowed transitions are
listed in Table 3 together with the ICT parameters as obtained by the so-called Le Bahers’ dct
approach [26, 27].

Although TD-DFT vertical transition energies do not strictly correspond to the absolute
experimental Anax, We note a good qualitative match between the computed values (Table 3)
and the measured ones (Table 1), with, in particular: i) almost no change of the absorption
band positions within a series of homologous dyes (10b, 10c, 10d and 12a, 12b); ii) a
significant bathochromic shift when going from 10 to 12 (computed value: ca. +60 nm,
measured value: ca. +40 nm), which can be explained by the more delocalized nature of the
HOMO in the latter compounds (see Sl); and iii) 19a-22a transition energies quite similar to
those of 10b-10d. In addition, the energies of the frontier MOs are not strongly affected by
the substitutions on the pyranylidene moiety (see Sl), consistently with the electrochemical
study described above. The data listed in table 3 show that the ICT parameters are large for all
dyes at the exception of the dyes 12a, 12b, and 22a, due to the absorption of light inducing a

charge transfer of ca. 0.6-0.7 electron over more than 5 A.

This ICT is illustrated in Figure 4 with the electron density difference plots clearly showing
strong variations of the densities. The cyanoacrylic moiety, mostly in red, exhibits the

characteristic electron density of an acceptor and the pyranylidene group, mostly in blue, that



of a donor, whereas the side rings of the donor do not play any significant role in the charge
transfer. In both 12a and 12b, the addition of thienyl groups on the exocyclic carbon on the
pyranylidene group results in an increased electron density delocalization, inducing
absorption redshifts. However, the theory shows that, as a consequence of this delocalization,
a smaller ICT is obtained, probably due to the diffuse nature of the HOMO (vide supra see Sl)
For 22a, the data in table 3 also show a less effective ICT, which is clearly explainable from
the plots of Figure 4: in this dye, the donating and accepting moieties are so far apart that the
charge transfer actually occurs from the r-linker to the accepting moiety, the donor playing
almost no role in the lowest electronic transition. This illustrates the well-known fact that

longer linkers do not necessarily yield strong CT [28].

Table 3. Theoretical vertical excitation wavelength [PCM-CAM-B3LYP/6-311+G(2d,p)] in nm,
oscillator strength (between brackets), together with the CT parameters of all dyes: dct and gcr given
respectively in A and in e.

Dye AVenm der/A Ocrle
10b 485 (1.6) 5.44 0.73
10¢ 485 (1.7) 5.42 0.75
10d 485 (1.7) 5.40 0.73
12a 547 (1.4) 4.49 0.67
12b 554 (1.4) 455 0.68
19a 489 (2.0) 5.33 0.68
20a 480 (1.6) 5.50 0.75
21a 485 (2.3) 5.29 0.63

22a 495 (2.4) 4.56 0.58




22a

Figure 4. EDD plots obtained for all dyes. The blue (red) lobes represent regions of density decrease
(increase) upon excitation, that is donor (acceptor) regions. Contour threshold: 0.0008 au.



2.5. Photovoltaic measurements and Intensity-Modulated Photovoltage Spectroscopy (IMVS)
experiments

The synthesized push-pull dyes were used to prepare dye sensitized solar cells made of one
layer of nanocrystalline TiO, particles (12 um thick) and one layer of scattering TiO, particles
(4 um thick) and containing an iodide/triiodide-based electrolyte (see experimental part for
details). The naked electrodes were dyed overnight at room temperature in a
terbutanol/acetonitrile solvent mixture. All the cells were also studied by IMVS in order to
determine the electron lifetime (te-) for each dye. The electron lifetime (t..) corresponds to the
average time that the injected electrons in TiO, last before charge recombination either with
the oxidized dye or with triiodide redox mediator in the electrolyte takes place.

It is well known that organic dyes tend to aggregate after their chemisorption on TiO, surface.
This process induces an excited state quenching and is therefore detrimental to the electron
injection efficiency [29]. Accordingly, we first investigated the impact of the increasing
concentration of chenodeoxycholic acid (CDCA) in the dye bath for chemisorption of dye 20b
and found that the optimal concentration was 1 mM (Table S1). Indeed, in absence of CDCA
the aggregation adversely impacts the performances of the solar cell, but, since CDCA is a
competitor to the dye adsorption a large concentration of CDCA decreases the dye loading
and consequently the short-circuit current (Jsc). These optimal chemisorption conditions (dye
at 0.25 mM in CH,CI,/EtOH:1/1 with 1 mM of CDCA) and electrolyte composition ([tBuPy]
= 0.1 M) were used to determine the photovoltaic performances of the entire series of dyes.
The UV-Vis spectra of the photoanodes are given in the SI (Figure S60), and show that all
electrodes strongly absorb light in the visible and thus display more than 90% light harvesting
efficiency until 550 nm. Moreover, 12a and 12b dyed photoanodes exhibit particularly red-
shifted absorption, in agreement with their absorption spectra recorded in solution. The

metrics of the solar cells compiled in Table 4 are the average of at least 6 cells made with the



same dye. The incident photon-to-current efficiency (IPCE) spectra of the solar cells are

shown in Figure 5.
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Figure 5. IPCE spectra of the dyes.

Table 4. Metrics of the solar cells fabricated illuminated with a calibrated sunlight AM1.5 (100

550

wavelength / nm

640 690

mW/cm?). The electron lifetime was measured by IMVS at a power of 150W/m?,

790

Dye Jsc Voc FF P(SE E.'?Ctt.m“

(mA/cm?) (mV) (%) (%) v
10b | 108 (20.1) 588 (+4) 70 (1) | 444 (x0.03) | 2419
10c | 129 (0.2) 605 (+1) 70 (#1) | 541 (0.09) | 23.96
10d | 119 (+0.2) 594(+1) 71(x1) | 5.05(20.10) | 29.47
12a | 46 (20.1) 481 (+5) 66 (x1) | 1.47(x0.11) | 14.23
120 | 6.7 (x0.1) 505 (+1) 68 (+1) | 231 (20.05) | 13.70
192 | 7.3 (203) 480 (+2) 63 (x1) | 2.19(x0.10) | _ 25,50
20a | 13.1(x0.1) 603 (+1) 70 (#1) | 552 (:001) | 43.67
21a | 105 (20.2) 590 (+1) 72 (x1) | 4.44(x0.08) | 44.29
22a | 11.1(20.3) 566 (+2) 70 (£1) | 4.41(20.09) | 17.62




Overall, the best performing dyes are 20a and 10c, while the least efficient ones are 12a, 12b
and 19a. The dyes 12a and 12b were found to show a less effective CT than most dyes
investigated, whereas 20a and 10c showed amongst the strongest CT character (Table 3). In
this series of dyes, there is almost no correlation between the Light Harvesting Efficiency
(LHE) (broad and intense absorption spectra) and the Jsc delivered by the sensitizers.
However, it is worth noting that the small dcr estimated by TD-DFT in the case of 12a and
12b correlates well with the quite low Jsc measured for those two dyes.

Conversely, the most efficient dyes are characterized by the longest electron lifetime in TiO»,
meaning that this parameter is the major key player for the efficiency. Below, we discuss the
influence of the dye structural modifications (parameters), as described on the chart given in
the introduction, on their photovoltaic performances.

The first parameter is the length of the spacer (i.e. the number of the thienyl units in the =-
conjugated spacer), which connects the pyranylidene moiety to the anchoring cyanoacrylic
acid group (20a versus 21a versus 22a). Although the Light Harvesting Efficiency (LHE)
increases, as expected, with the number of thienyl units (Figure 2 and table 1), since the
enhanced n-conjugation decreases the energy gap between the HOMO and LUMO, and
consequently, red-shifts the absorption bands (Figures 1 and S58) but without improving the
CT character (vide supra), the Power Conversion Efficiency (PCE) steadily decreases when
the spacer length increases, due to a decrease of both Jsc and Voc.

These results point to an increase of the charge recombination process, which is known to
reduce both the charge collection efficiency and the concentration of electrons in the
conduction band and thereby the Voc. Upon inspection, the electron lifetime of these three
dyes (20a, 21a and 22a) in TiO, can be ranked as follows: 20a ~ 21la > 22a, which is
consistent with the photovoltaic results of these three molecules. Indeed, when the electron

lifetime increases, the Voc improves (Figure S59). Logically and assuming a dye standing



upright, when the length of the spacer increases, the distance between the hole on the dye and
the electron in TiO, should increase and consequently the charge recombination should
diminish. However, the opposite result is obtained with the dyes 20a, 21a and 22a for which
an increase of the spacer length leads to an increase of the charge recombination process. As
shown in table 3, the calculated dcr for these dyes decreases when the length of the linker
increases, which is in agreement with a lower injection efficiency. However, it is also possible
that the 20a, 21a and 22a dyes are bent on the TiO, surface. Since the oligothiophene is not a
linear molecule, these dyes may not be able to stand perpendicular to the TiO, surface, thus
resulting is a distance between the hole on the dye and the TiO, surface being similar for all
three dyes. Conversely, the dye loading for 20a is significantly smaller than those of 21a and
22a (table S3) indicating that those dyes could be more aggregated at the surface of TiO, than
the 20a dye, thus resulting in smaller Voc and Jsc values.

The second parameter investigated was the influence of the nature of the substituents in the 2
and 6 positions of the pyranylidene moiety on the photovoltaic properties of the 20a, 10b, 10c
and 10d dyes. Within this series of dyes, the nature of these substituents does not seem to
significantly alter the electronic properties of the dyes, since the redox potentials (Table 2),
the absorption spectra (Figure 1 and Table 1) and the CT character (Table 3) of these dyes
(20a, 10b, 10c and 10d) are all quite similar. This is consistent with the topology of the
HOMO and LUMO that almost do not involve these substituents (Figure S59).
Unsurprisingly, the photovoltaic performances of all these dyes are also quite similar, at the
exception of the dye 10b containing thienyl groups as 2 and 6 substituents and displaying a
significantly lower PCE (see 20a versus 10b) due to a lower Jsc and VVoc. These results can be
explained by a lower electron lifetime in TiO, (Figure S61) observed for 10b compared to
those observed for 20a. Since both dyes exhibit similar electronic properties and similar

loading capacities (table S3), we infer that the thienyl groups (whose affinity for iodine has



been reported) [30] tend to increase the local I3~ concentration and thus favor interfacial
charge recombination. This is in line with the lower VVoc observed for 10b-based devices.

Finally, the influence of the nature of the substituents placed on the lower part of the
pyranylidene moiety (substituents on the exocyclic carbon) on the photovoltaic performances
of 20a, 12a, 19a, 12b and 10b dyes was examined. For those substituents, the replacement of
a phenyl by a thienyl (20a versus 12a or 10b versus 12b) naturally leads to a red shift of the
absorption band, but the Jsc of the DSSC made with 12a is lower than that made with 20a
(the same observation can be made when comparing 10b to 12b), indicating that either
electron injection quantum vyield or charge recombination come into play. The Gibbs free
energy of the electron injection of this series of dyes is ranked according to the same order
than their Jsc values (20a > 19a > 12a ~ 12b) suggesting that the differences of Jsc could be
partly related to the driving forces (Table 2). In addition, the Voc values follow the same
trend in relation with the electron lifetime in TiO,, implying that charge recombination
processes also significantly control the Jsc and the Voc values (Figure S63). Interestingly, the
dye loading for 19a and 12a is drastically higher than that of 20a, and it could be once again
inferred that 19a and 12a are more prone to aggregate, leading to overall poor
photoconversion efficiencies as well as very poor Voc and lower Jsc values. As mentioned
above, however, the thienyl groups can contribute to increase the I3~ concentration close to
TiO, and this will also lead to low Voc. Overall, the replacement of the phenyl substituents on
the lower part of the pyranylidene or their substitution on the upper part by a thienyl seems to
negatively impact the organization of the dyes on the TiO, surface, and consequently
increases the charge recombination, as demonstrated by the decreasing electron lifetime

measurements.



3. Conclusion

In this study, we present the synthesis of nine new organic push-pull dye sensitizers using
pyranylidene fragments, which have been scarcely investigated as potential electron donors in
push-pull chromophores so far. The dye electrochemical and light absorption properties were
studied and the excited state properties modeled by TD-DFT calculations. These analyses
show that all the dyes fulfill the criteria to act as efficient sensitizers for TiO, in DSSCs (large
Gibbs free energy of the electron injection and dye regeneration, presence of strong charge
transfer absorption bands and significant electron density of the LUMO on the anchoring
groups). We also found that small structural changes significantly impact the photovoltaic
performances, since the PCEs of this series of dyes vary from 1.5% to 5.5% depending on the
nature of the substituents on the electron donor group. Together, the measurements of the
photovoltaic performances and the IMVS experiment results show that the linker between the
pyranylidene and the cyanoacrylic acid plays an important role to optimize these dyes for
DSSC applications. The oligothiophene spacer brings m-conjugation, which is favorable to
Light Harvesting Efficiency (LHE), but is detrimental to the charge recombination processes.
Accordingly, new rod like molecules, such as oligophenylene of ethynylene or fused
dithienylene, could be attractive m-conjugated spacer candidates to engineer new push-pull
dye sensitizers. All the substituents on the upper part (2 and 6 positions) of the pyranylidene
electron donor moiety, except the thienyl group, poorly affect the electronic properties of the
resulting dyes and consequently have a limited influence on the photovoltaic performances.
The major role of these upper part substituents is most likely to control the packing
arrangement of the dyes on the TiO, surface. However, a variety of these substituents can be
used without affecting the photovoltaic properties of the dyes, since we found that the
replacement of a phenyl substituent by a biphenyl or a naphthyl substituent on the 2 and 6

positions of the electron donor group does not significantly change the PCE. On the other



hand, the nature of the substituents on the lower part (substituents on the exocyclic carbon) of
the pyranylidene moiety significantly affects the photovoltaic performances of the dyes, since
the replacement of a phenyl substituent by a thienyl substituent leads to a noticeable PCE
decrease.

This study shows that obtaining an optimal sensitizer dye exhibiting the highest photovoltaic
performance requires phenyl substituents being placed in the lower part (substituents on the
exocyclic carbon) of the pyranylidene electron donor group, since these groups provide the
most suitable dye packing arrangement and allow to control charge recombination reactions.
Overall, this study provides a better understanding of the factors controlling the efficiency of
these types of dyes and offers some molecular engineering rules to design dyes with improved

photovoltaic performances.
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